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mortars with recycled rubber aggregates subjected to varied 
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Kessale, Meriem Dridif, Ahmed Abderraouf Belkadig 
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Article Info  Abstract 

Article history: 
 
Received 26 Feb 2024 
Accepted 30 June 2024  

 Rubber waste represents a significant waste stream that can be used as a 
substitute for natural aggregates in concrete. The main objective of this 
innovative study is to evaluate the effectiveness of alkali-activated mortars 
(AAM) incorporating recycled rubber aggregates in the development of an 
environmentally friendly construction material. Different replacement rates of 
sand with rubber particles (10%, 20%, and 30% by volume) are analysed. 
Rubberized alkali-activated mortars (RAAM) were produced using a 
combination of 10 M sodium hydroxide (NaOH) and a Na2SiO3/NaOH ratio of 3. 
Additionally, the influence of three curing methods on the properties of RAAM is 
also examined: air drying, curing in a climate chamber, or in an oven. The 
properties of RAAM were evaluated through tests including the flow table test, 
density test, water absorption test, and compressive strength test. Furthermore, 
the study also assessed the cost-effectiveness and environmental impact of 
RAAM. This variable study is complemented by an ANOVA parametric analysis. 
The results show a decrease in the compressive strength and flowability of AAM 
proportionally to the increase in R content. Experimental and statistical analysis 
reveal that curing in an oven at 60°C significantly optimizes compressive 
strength by approximately 50.52%. It is worth noting that this curing method of 
RAAM has demonstrated superior economic and environmental benefits 
compared to OPC mortar. The study highlights the strong potential of RAAM 
cured at 60°C or in a humid chamber, combining mechanical performance with 
reduced CO2 emissions, as a sustainable and eco-friendly solution to replace 
traditional concrete. 

© 2025 MIM Research Group. All rights reserved. 

Keywords:  
 
Alkali-activated; 
Rubberized mortars; 
Curing methods; 
ANOVA analysis 

 

1. Introduction 

Geopolymers (GP) are increasingly attracting interest as a new class of sustainable 
construction materials, are subject to extensive research and practical applications [1, 2]. 
Contrary to ordinary Portland cement, which is estimated to contribute approximately 8% 
of global CO2 emissions  [3, 4], GPs are synthesized from aluminosilicate sources such as 
fly ash, slag, clay minerals, siliceous sand, or recycled aggregates, which are available 
locally [5, 6]. Their excellent mechanical strengths, durability, fire resistance, and low 
carbon footprint position them as next-generation binders in line with sustainable 
construction principles  [7-9]. 

mailto:nabil.maafi@univ-bba.dz
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In parallel with the rise of geopolymers, waste production has continued to grow due to 
industrial development in recent decades. Among them, rubber waste represents a 
significant problem. It is estimated that around 1 billion tires reach the end of their lifespan 
every year, and this figure could reach 5 billion per year by 2030 [10, 11]. These huge 
volumes of non-biodegradable waste take up considerable space and pose environmental 
risks. The incorporation of alternative materials to replace natural aggregates in concrete 
could help reduce pressure on resources, as these aggregates account for 70% of the 
composition of concrete[12-14]. 

The incorporation of rubber in geopolymers presents a trade-off between decreasing 
mechanical performance and improving ductility [15]. Several studies in the literature 
have looked at the properties of geopolymers incorporating rubber aggregates Zhao, J., et 
al [16] as well as Qaidi, S.M., et al. [17] have shown that an increase in rubber content leads 
to a decrease in volumetric weight, as well as compressive, tensile, and flexural strengths 
of the material. Quantitatively, the presence of 10% rubber causes a 32% decrease in 
compressive strength. Researchers investigated the partial replacement of sand with 
crumb rubber (up to 20%) in fly ash-based geopolymer concrete. This substitution, 
according to Park et al.[18] led to a 35% decrease in compressive strength. However, the 
increased rubber content also enhanced the material’s ductility. Similarly, Athira et al [19], 
partially substituted fines with rubber particles (0% to 20%) in fly ash and slag-based 
geopolymers, resulting in improved energy absorption at the expense of mechanical 
strength. Valente et al [20], highlighted enhanced interfacial compatibility between rubber 
aggregates and alkali-activated geopolymers, leading to improved porosity, flexural and 
toughness properties, albeit with compressive strengths consistently lower than 
equivalent Portland concretes. Parmender Gill  et al . [21] demonstrated that geopolymer 
specimens with crumb rubber substitution exhibit up to a 17% reduction in compressive 
strength. Additionally, adding of Ordinary Portland cement improves microstructural 
integrity, but exposure to acid results in surface disintegration. Furthermore, optimal 
reinforcement with glass fibers reduces acid permeability, while the addition of steel fibers 
enhances both compressive and flexural strength. Abdullah et al.[22] studied the effects of 
incorporating rice husk ash (RHA) on the characteristics of lightweight geopolymer 
concrete, along with the addition of waste tire aggregates (WTA). The inclusion of WTA 
also resulted in a decrease reduction in density and compressive strength, with a further 
decrease in the thermal conductivity coefficient when WTA replaced 50% of the pumice 
aggregate. 

In addition, various curing methods are commonly used for GPC, including ambient 
temperature curing, autoclave or steam curing, oven curing, and water curing. These 
processes aim to create the necessary conditions for the geopolymerization reaction, and 
to promote the development of the desired properties of the concrete [23, 24]. Liu et al. 
[25] have shown that GGBS content is crucial for mechanical properties, with better 
performance under thermal curing conditions. Accurate prediction models have been 
established for compressive strength. Specimens under optimal curing conditions 
exhibited a dense microstructure and characteristic hydrated gels. 

Previous work by Luhar,S et al. [26], has demonstrated the effectiveness of high 
temperature curing (from 60 to 90°C) for a period ranging from 24 to 72 hours in 
improving the strength of GPs. Additionally, Park, Y., et al. [18], have highlighted the 
effectiveness of steam curing (in an autoclave) of GPs at a temperature of 46°C for 7 days. 
The study conducted by Rajendran and Akasi [27] revealed that oven curing is about 56% 
more effective than steam curing in terms of enhancing the strength of geopolymer 
concrete. Furthermore, Luhar, S. et al. [28], have indicated that a curing duration of 48 
hours provides optimal compressive strength performance of rubber GPCs. 
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Expanding the study on the integration of rubber aggregates from used tires into AAM 
matrices represents a significant advancement towards more sustainable construction. 
This innovative approach aims to reduce environmental impact by incorporating recycled 
materials while enhancing concrete properties. What makes this study unique is the 
incorporation of recycled rubber fractions into AAMs, with the goal of designing concrete 
mixes that use a low carbon binder while improving characteristics such as lightness, 
mechanical strength, thermal and acoustic insulation, as well as durability. Based on 
previous research, a significant gap has been identified: the absence of studies 
investigating the synergistic effect between the presence of tire waste and the curing mode 
on AAM properties. 

In this study, thoroughly investigate the effects of different proportions of rubber 
aggregates partially substituting mineral sand at volume fraction of (0%, 10%, 20%, and 
30%) on the fresh and hardened properties of slag-based AAM. It also considers the impact 
of different curing modes, including air curing, chamber curing, or oven curing. The 
objective of this research is to mitigate the potential strength reduction in rubber-
substituted AAMs while employing eco-friendly and cost-effective curing methods. To 
assess the correlation between the different parameters studied, an analysis of variance 
(ANOVA) was conducted using JMP software[29]. By conducting a comprehensive analysis 
of fundamental mechanics and bonding interactions, this research aims to facilitate wider 
adoption of oven-cured rubber-substituted AAM composites as alternatives to ordinary 
Portland cement concretes. The complete set of experimental data allows for a quantitative 
how these critical parameters influence on key performance measures of recycled rubber-
substituted AAM composites. 

2. Materials and Methods 

2.1. Materials 

In this study, Ground Granulated Blast Furnace Slag (GGBS) was used as precursor in the 
production of alkali-activated mortars (AAM). The GGBS was sourced from the El Hadjar 
steel complex located in Annaba, Algeria. The microstructures of GGBS were analyzed 
using the X-ray diffraction (XRD) technique, and the resulting phases are illustrated in 
Fig.1. As shown in Fig. 1, the calcite compounds with an amorphous structure demonstrate 
significant peaks. According to a previous study [30], the incorporation of GGBS was found 
to have a positive effect on the formation of calcium silicate hydrate (CSH) gel.  

 

Fig. 1. X-ray diffraction of GGBS 
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This gel plays a crucial role in filling voids within the concrete matrix, thereby increasing 
the concrete’s density. Figure 2 displays the particle size distribution and SEM image of 
GGBS. Its physical properties and chemical composition are detailed in Tables 1 and 2, 
respectively. 

 

(a) 

 

(b) 

Fig. 2. (a) Particle size distribution measured by laser granulometry and(b)  SEM 
image of GGBS 

Table 1. Physical properties of sand GGBS and rubber particles 

Properties Sand GGBS R 

Absolute density (𝑔 𝑐𝑚3⁄ ) 2.6 3.08 0.93 
Fineness Modulus 2.2 __ __ 

Water Absorption (%) 2.7 __ 0.7 
Apparent density (𝑔 𝑐𝑚3⁄ ) 1.7 1.4 0.6 

Blaine surface area (𝑚2/kg) __ 4155 __ 

Table 2. Chemical compositions of GGBS. 

Specimens SiO2 AL2O3 F2 O3 CaO MgO SO3 K2O Na2O LOI 

GGBS 35.34 7.52 6.75 38.50 3.28 0.43 0.59 0.2 1.03 
 

For the preparation of geopolymer AAM, two different activators, namely sodium 
hydroxide (NaOH), with 99% of purity and sodium silicate (Na2SiO3) were commonly used 
as alkali activators. A 10 M NaOH solution was prepared by dissolving pellets in tap water 
and allowing them to rest for 24 hours before casting.  

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

Fig. 3. Materials used in this study: (a) GGBS,  (b)rubber, (c) river sand, (d) Na2SiO3 

solution and (e) Solid NaOH 

Additionally, a commercial Na2SiO3 solution was utilized in the process. The activators 
employed in this study are illustrated in Figure 3, and their properties are detailed in 
Table 3. 

Table 3. Properties of activators 

  Density (𝑔 𝑐𝑚3⁄ ) SiO2 (wt%) Na2O (wt%) H2O (wt%) 
NaOH powder 2.14 __ __ __ 

Na2SiO3 solution 1.53 29.8 14.43 55.77 
 

The investigation employed two types of aggregates: natural river sand and rubber 
particles. The river sand had a fineness modulus of 2.2 and was dried prior to use. Fig.4 
illustrates the particle size distribution within the sand sample. The rubber particles, 
sourced from discarded tires, had a size of 3 mm (as shown in Fig. 4). Table 1 provides the 
physical characteristics of these aggregates, while Figure 4 visually represents the 
aggregates used in the study. 

 

Fig. 4. Particle size distribution of natural sand and rubber 
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2.2. Rubber Treatment and Preparation of AAM Samples 

Based on previous studies[31, 32], the activator solution was prepared by combining a 
10M NaOH solution with Na2SiO3. The mixing process was carried out for 5-7 minutes. This 
activator solution was then kept at room temperature until the final mixing process. 
Furthermore, to evaluate the impact of rubber particles on the performance of AAM, sand 
was substituted with waste rubber particles at volume ratios of 0%, 10%, 20%, and 30%. 
The pretreatment of rubber particles involved washing them with tap water and then 
treating them with a NaOH solution. The rubber particles were initially rinsed with water 
to remove any impurities adhering to their surfaces. Subsequently, the particles were air 
dried for 48 hours at room temperature. After drying, the rubber particles were immersed 
in 5% NaOH solution at a temperature of 25°C for 24 hours. This NaOH treatment has been 
reported in a previous study to enhance the adhesion between rubber and other concrete 
ingredients [33]. Following the NaOH treatment, the rubber particles were washed 
multiple times to remove any remaining traces of NaOH from their surfaces. Finally, the 
pretreated rubber particles were dried at room temperature (60°C) for 48 hours. This 
pretreatment setup has been utilized in a previous study [34] and has demonstrated its 
effectiveness in achieving the desired results. Fig. 5 illustrates an organizational chart 
summarizing the processing steps for the different pretreatment methods of rubber 
particles.  

The solid particles (GGBS, sand and rubber particle) were mixed for 3 minutes to ensure a 
higher level of homogeneity in the AAM. Subsequently, the activator solution was mixed 
with the solid particles for 2 minutes, blending the alkali solution and binder portion. Table 
4 summarized the detailed compositions of all the mixes.  

 

Fig. 5. The method used for processing treatment of rubber particles 

The fresh mixtures obtained were poured into 25 mm cube molds in two separate layers, 
and each layer was compacted by applying 25 drops from a jolting table to remove air 
voids. After that, the specimens were subjected to three different curing modes. In the first 
curing mode (CM01), the molds containing the AAM samples are placed in an open-air 
chamber with an ambient temperature of 20°C and a relative humidity of 50% for 24 H. 
For the second curing method (CM02), the molded specimens were placed in an oven and 
maintained at a temperature of 60°C for a duration of 24 H.  



Benammar et al. / Research on Engineering Structures & Materials 11(2) (2025) 417-442 

 

423 

 

Fig. 6. Curing methods used for 24h, (CM01) an open-air chamber cured, (CM02) oven 
cured (CM 03) a humid room cured 

In the third curing mode (CM03), the molded specimens were transferred to a humid room 
with a relative humidity (H) of 90% and an ambient temperature of 20°C. They were kept 
in this environment for 24 H. After curing method, the AAM were de-molded and placed in 
the laboratory at 20°C chambre until the testing age. Fig.6 shows the different curing 
methods employed in this study. 

Table 4. Mixture proportions of AAM 

Mix proportions (unit weight: Kg m3⁄ ) 

Mixture GGBS Sand Rubber NaOH Na2SiO3 

CAAM 149 372 --- 22 67 

AAM-10R 149 335 13 22 67 

AAM-20R 149 298 26 22 67 

AAM-30R 149 261 39 22 67 

Note: CAAM control Alkali-Activated Mortars without rubber, AAM-10R: Alkali-Activated 
Mortars with 10% rubber, AAM-20R: Alkali-Activated Mortars with 20% rubber, AAM-30R: 
Alkali-Activated Mortars with 30% rubber. 

2.3. Experimental Procedure 

2.3.1 Fluidity Test 

To evaluate the workability of fresh AAM mixtures, a jolting table test was conducted 
following ASTM C1437 [35]. A cone-shaped container (dimensions in Fig.7a) was placed 
on the table and filled with the mixture. The mixture was then jolted 25 times, and its 
diameter was measured at two perpendicular points. The final result was reported as the 
average of these measurements. 

2.3.2 Density 

According to ASTM C642-13 [36], following the demolding process, the hardened density 
of AAM was determined using Equation (1):  

𝜌𝑟 =
𝑚𝑟

𝑣𝑡
 (1) 
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Equation 1 defines hardened density (𝜌𝑟) as the ratio of a hardened specimen's mass (𝑚𝑟) 
to its total volume (𝑉𝑡). This volume is calculated by multiplying the length, width, and 
height of the cubic specimens. To ensure accuracy, each specimen's side length was 
measured six times at different locations and averaged. The AAM's final density is 
calculated by averaging the hardened densities of all six specimens. 

2.3.3 Compressive Strength 

According to the NF EN 196-1 standard [37], the compressive strength of AAM was 
measured using 25 mm size cubes. The testing was carried out using a hydraulic 
compression testing machine with a maximum capacity of 3000 kN, as depicted in Fig.7b.  

2.3.4 Total Water Absorption 

According to the EN 1015-18 standard [38], the water absorption test was conducted for 
all AAM and RAAM specimens. The aim of this test is to measure the water absorbed by the 
mortars over a 24-hour period. Water absorption is a vital factor for assessing and 
predicting the durability of building materials. [15] To determine the total water 
absorption of AAM, three cubes from each series were subjected to oven drying at a 
temperature of 85°C for 24 hours until a constant mass was achieved.  

 

(a) 

 

(b) 

Fig. 7. Test equipment used, (a) flow test, (b) compression testing machine 

The weight of the cubes after drying, recorded as the initial weight, was then compared to 
the saturated surface dry weight obtained after the AAM cubes were soaked in water for 
24 hours or more at atmospheric pressure. The water absorption of the specimens was 
reported as the percentage increase in weight. The choice of an 85°C drying temperature 
was made to avoid potential disruptions in the microstructure of the AAM specimens and 
to ensure accurate water absorption values. 
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3. Results and Discussions 

Table 5 presents a comprehensive summary of all the experimental findings. It is worth 
noting that the recorded errors for each composition did not exceed 3%. This indicates that 
the modeling of the responses, specifically the compressive strengths at 28 days (CS28), 
was successful, as the errors remained within an acceptable range.  

Table 5. The experimental results 

Curing 
methods 

Mixture R 
(g) 

Flow 
table  
(mm) 

Fresh 
Density 

(Kg m3⁄ ) 

Hardened 
Density 

(Kg m3⁄ ) 

CS28 
(MPa) 

WA 
(%) 

CM01 CAAM01 0 195 2341 2387 35.36 7.361 
AAM-10R 50.92 179.5 2272 2354 30.32 7.77 
AAM-20R 101.84 172 2176 2238 23.07 8.15 
AAM-30R 152.76 155 2129 2156 17.78 9.13 

CM02 CAAM 02 0 195 2341 2403 53.24 6.42 
AAM-10R 50.92 179.5 2272 2370 39.74 7.34 
AAM-20R 101.84 172 2176 2322 34.60 7.86 
AAM-30R 152.76 155 2129 2173 23.72 

8.29 
CM03 CAAM 03 0 195 2341 2395 44.95 7.03 

AAM-10R 50.92 179.5 2272 2367 38.96 7.43 
AAM-20R 101.84 172 2176 2309 32.98 8.24 
AAM-30R 152.76 155 2129 2212 27.15 8.57 

3.1. Flow Table Test Results  

In order to determine the workability of various AAM mixes, flow table tests were 
conducted in compliance with the ASTM C1437 23 [35] standard. The flowability test 
results are shown in Fig.8. The CAAM exhibited the highest level of flowability among all 
the mixes, with a maximum measurement of 195 mm.  

 

Fig. 8. Effects of rubber content on RAAM fluidity 

The results showed the impact of rubber content on the fluidity of the rubber alkali-
activate mortar (RAAM). It can be observed that as the rubber content increases, the 
fluidity of the RAAM decreases. When the rubber replacement levels are increased to 10%, 
20%, and 30%, the fluidities of the RAAM mixtures decrease by 8%, 12%, and 20%, 
respectively, compared to the CAAM. This finding aligns with previous research on RAAM 
[9, 39, 40], which has shown that incorporating rubber particles can notably affect the 
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fluidity of geopolymer mixtures. As the rubber content increases, the fluidity decreases, 
reinforcing the understanding of the connection between rubber content and fluidity in 
geopolymer systems. The decrease in workability observed when incorporating rubber in 
AAM can be attributed to several factors. Firstly, the rough surface of rubber particles 
increases friction between the rubber particles and the other components of the AAM, 
resulting in reduced workability [41]; Secondly, the hydrophobic nature of rubber 
particles leads to increased air entrapment, further decreasing the flow resistance of the 
mixture. This can contribute to the reduction in workability of RAAM. Lower workability 
is also attributed to reduced friction, hindered flow of large rubber particles, and the 
texture of small rubber aggregates [41]. The low density of rubber particles may further 
contribute to the decrease in workability. Furthermore, incorporating waste rubber 
aggregates as aggregates in lightweight geopolymer concrete diminishes workability, 
consequently increasing the proportion of trapped air bubbles [42]. However, it is 
interesting to note that the rubber content has a lesser impact on the fluidity of RAAM. This 
implies that pretreatment with NaOH might have enhanced the interface performance of 
the rubber, thereby offsetting the adverse impacts of increased rubber content on fluidity 
[43]. The improved interface performance could be attributed to the hydrophilic nature of 
the rubber particles, which can serve as a standard for assessing the enhancement of 
rubber-cementitious materials [44]. Overall, the workability of all the AAM mixes fell 
within the acceptable range for their application in construction practices. 

3.2. Density 

Table 5 and Figure 9 illustrate the impact of rubber content on the fresh and hardened 
densities of the AAM specimens. The findings indicate that the addition of rubber particles 
in AAM leads to a decrease in its fresh density, and this reduction becomes progressively 
more pronounced with higher rubber content. 

 

Fig. 9. Fresh AAM density of various mixes 

As shown in Fig. 9, the fresh density of the RAAM ranged from 2272 Kg m3⁄  to 2138 Kg m3⁄ , 
while the hardened RAAM densities for CM01, CM02 and CM03 varied from  2354-2156 
Kg m3⁄ , 2370-2173 Kg m3⁄  and 2367-2212 Kg m3⁄  respectively (see table 5) , and were 
slightly lower than that of the control mix (without rubber), which is consistent with an 
earlier study [45, 46]. For example, the fresh densities of the AAM with 10%, 20%, and 
15% rubber were reduced by 2.9%, 7.4%, and 10.0%, respectively, in comparison to those 
without rubber. Using 30 % R decreases the hardened density of AAM to about 212, 230 
and 183 Kg m3⁄  for CM01, CM02 and CM03, respectively. This reduction in density 
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contributes to improved thermal and sound properties of the composite. It is widely 
acknowledged that rubber has a lower density compared to river sand [42]. The average 
specific gravity of rubber particles is approximately 0.93, which is 2.6 times lower than 
that of sand. Additionally, rubber particles serve as solid hydrophobic air-entraining 
agents [47], meaning they introduce more air into the alkali-activated mixture. 

3.3. Relationship Between 28-Day Compressive Strength and Water Absorption 

Linear regression analysis was employed to investigate the correlation between the 28-
day compressive strength and water absorption of AAM. The results of this analysis are 
presented in Fig.10. Linear regression is a statistical technique used to establish the 
relationship between two variables. By fitting a linear equation to the data, it becomes 
easier to comprehend the impact of different parameters. The linear equations developed 
in this study provide basic insights into the influence of various factors.  

 

Fig. 10. Relationship between 28-day compressive strength and water absorption of 
various mixes 

 
The average correlation value (R2) for the linear fitting curve of compressive strength and 
water absorption was approximately 0.88, indicating a strong correlation between the 
variables. The positive slope observed in the graph indicates a direct relationship between 
compressive strength and water absorption, implying that as water absorption increases, 
the compressive strength tends to increase as well. This finding aligns with the theory that 
reducing the presence of pores enhances the resistance of cementitious materials. Notably, 
Kirgiz et al. [48] also reported similar results, further validating this theory. 

3.4. Statistical Analysis Results 

Various designs, as described by Dean et al. [49] and Lawson [50], can be employed to 
investigate the relationships between factors and responses. In the experimental program, 
the focus was on evaluating the compressive strength and water absorption of AAM, while 
also studying the impact of curing methods and the incorporation of crumb rubber on 
these properties[51, 52]. The analysis of these factors was carried out using the "JMP 16" 
software [53].  

3.4.1 Analysis and Outcomes of The Variance Within The Model 

The ANOVA analysis presented in Figs 11 and 12 partitions the overall variability of the 
dependent variables, namely compressive strength, and water absorption, into two 
components: one attributed to the regression and the other to deviations around the fitted 
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model. The R-squared statistic (RSq), calculated by comparing the model sum of squares 
to the total corrected sum of squares, indicates that the model explains approximately 98% 
and 96% of the variability in compressive strength and water absorption, respectively.  

 
(a) 

 
(b) 

Fig. 11. Compressive Strength Actual by Predicted Plot for AAM cured in oven (CM02) 
and cured in a humid room (CM03) 

The mean squared error (EMSE) serves as an estimate of the variance of the deviations 
around the model, obtaining values of 0.222 to 3.134 and 0.04617 to 0.05229 for 
compressive strength and water absorption, respectively. The fact that the P value is less 
than 0.0004 for both compressive strength and water absorption demonstrates that the 
model is statistically significant, indicating a meaningful relationship between the 
predictors and responses.  

 
(a) 

 
(b) 

Fig. 12. Water absorptions at 28 days, actual by Predicted Plot (a) for AAM cured in 
oven (CM02) and (b) for AAM cured in a humid room (CM03) 

Table 6 presents the ANOVA analysis for all modeled responses. The Fisher test, based on 
the Fisher test distribution, allows us to evaluate the statistical significance of these 
models, indicating their overall importance. In this study, the Frisher rations for both 
curing modes CM02 and CM03 are 0001 and 0.0004 for CS28, 0.0004 and 0.0040 for WA 
respectively. With a 90% confidence interval, signifying a notable level of significance. The 
probability values (P-values) exceeding the F-statistic (Prob. > F) were all below 5% for 
every model, suggesting the presence of at least one factor with a statistically significant 
impact in each model. This suggests that the effect factors considered in the models have a 
notable impact on the responses. 
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Table 6. ANOVA (Analysis of Variance) for the derived models 

  Source Degree of freedom Sum of squares Mean square F -ratio 

CS28 Model 3 531.83018 177.277 798.8634 

Error 4 0.88764 0.222 Prob. > F 

Total 7 532.71782  <.0001* 

CS28 Model 3 869.45871 289.820 92.4891 

Error 4 12.53422 3.134 Prob. > F 

Total 7 881.99293  0.0004* 

WA Model 3 3.9250779 1.30836 28.3367 

Error 4 0.1846873 0.04617 Prob. > F 
Total 7 4.1097653  0.0037* 

WA Modèle 3 4.2770621 1.42569 27.2663 

Erreur 4 0.2091502 0.05229 Prob. > F 

Total 7 4.4862123  0.0040* 
 
 

 

According to the Table 7, it is clear that the contributions of each factor, rubber particle (R 
%), relative humidity (H%), and temperature (T °C), along with their interactions, to the 
responses are significant. The significance of each coefficient was assessed using the 
criterion P ≤ 0.05, and it was observed that the effects of the factors R %, H%, T°C, and their 
interactions on the responses are highly significant. 

Table 7. Effect test 

 Model term Estimation Standard Error t ratio Prob. > |t| 

CS28 
CM02 

 

Intercepts 31.320875 0.166354 188.28 <.0001* 

R (%)  -8.95425 0.223188  -40.12 <.0001* 

H (%) 4.68675 0.166354 28.17 <.0001* 

R (%)×H (%) 0.047025 0.223188 0.21 0.8434 

CS28 
CM03 

Intercepts 32.230063 0.62594 51.49 <.0001* 

R (%) -11.52769 0.839786 -13.73 0.0002* 

T(°C) 5.5959375 0.62594 8.94 0.0009* 

R (%)×T(°C) -2.526412 0.839786 -3.01 0.0396* 

WA 

CM02  

Constante 7.983825 0.07597 105.09 <.0001* 

R(%)(0.30) 0.93369 0.101925 9.16 0.0008* 

H(%)(50.90)  -0.069925 0.07597  -0.92 0.4094 

R(%)*H(%) 0.05064 0.101925 0.50 0.6454 

 Constante 7.7674125 0.080845 96.08 <.0001* 

WA 

CM03 

R(%)(0.30) 0.9023925 0.108465 8.32 0.0011* 

T(°C)(20.60)  -0.286413 0.080845  -3.54 0.0240* 

R(%)*T(°C) 0.0192075 0.108465 0.18 0.8680 

3.4.2 Expression for predicting the values of compressive strength and water absorption 

Based on the conducted statistical analysis, the following prediction expressions, 
represented by Eqs. (2)-(5), were derived to estimate the values of compressive strength 
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and water absorption in relation to the rubber incorporated (R%) and curing methods 
(oven cured (CM02) and a humid room cured (CM03)). 
The compressive strength of, which were cured in CM02, can be described with the 
following expression: 

𝐶𝑆(28 𝑑𝑎𝑦𝑠) = 32.23 − 11.527. (
𝑅(%) − 15

15
) + 5.595. (

𝑇(𝐶) − 40

20
)

− .5264. (
𝑅(%) − 15

15
) . (

𝑇(𝐶) − 40

20
) 

(2) 

The compressive strength of AAM, which were oven cured CM03, can be described with 
the following expression: 

𝐶𝑆(28 𝑑𝑎𝑦𝑠) = 31.32 − 8.954. (
𝑅(%) − 15

15
) + 4.686. (

𝐻(%) − 70

20
)

+ 0.047. (
𝑅(%) − 15

15
) . (

𝐻(%) − 70

20
)   

(3) 

 
The expression for water absorption (%) of AAM cured in CM02 can be given as follows: 

𝑊(%) = 7.767 + 0.9023. (
𝑅(%) − 15

15
) − 0.286. (

𝑇(𝐶) − 40

20
)

+ 0.0192. (
𝑅(%) − 15

15
) . (

𝑇(𝐶) − 40

20
) 

(4) 

The expression for water absorption (%) of AAM cured in CM03 can be given as follows: 

 𝑊(%) = 7.983 + 0.9336. (
𝑅(%) − 15

15
) − 0.0699. (

𝐻(%) − 70

20
)

+ 0.0506. (
𝑅(%) − 15

15
) . (

𝐻(%) − 70

20
) 

(5) 

3.4.3 Compressive Strength Results Analysis 

The different types of graphs from the analysis of the results of the compressive strength 
(CS) at 28 days, taking into account the factors of rubber particles content (%) and curing 
methods are presented in Fig 13, 14, 15 and 16. The compressive strength is assessed by 
the average force of three cubic samples (Table 5). For the control samples using the CM01 
curing method, a maximum compressive strength (CS) of 35.37 MPa was observed at 28 
days. With the partial substitution of sand by rubber particles, a significant decrease in the 
CS of AAMs was observed. AAM-10R displayed a reduced strength of 14%, this is 
equivalent to. 30.32 MPa, compared to CM01. Similarly, AAM-20R and AAM-30R recorded 
respective strength losses of 34% (23.07 MPa) and 49% (17.78 MPa). The CS of the 
samples subjected to CM02 and CM03 curing methods was measured at 53.24 MPa and 
44.95 MPa respectively. The results of partial substitution of sand by rubber particles in 
AAMs showed a downward trend in CS, similar to that observed with CM01. For CM02, 
AAM-10R revealed a 25% strength reduction, reaching 39.74 MPa, while for CM03, the 
reduction was 13%, 38.96 MPa. In addition, AAM-20R and AAM-30R showed more 
pronounced strength decreases: For CM02, the losses were 35% and 55%, while for CM03, 
they were 26% and 39%. These results reveal clear trends regarding the impact of sand 
substitution by rubber particles on the compressive strength of AAMs. It is evident that the 
integration of rubber negatively affects compressive strength, regardless of the curing 
method used (CM01, CM02, or CM03). This loss of performance varies according to the 
percentage of substitution and the curing method. Moreover, this decrease in load bearing 
capacity can be attributed to crucial factors such as reduced density and elasticity of 
rubber, increased porosity due to trapped air, and hydrophobicity of rubber, all of which 
contribute to decreased compressive strength [54] [55] [28]. 
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Fig. 13. Iso-response analysis of 28-Day compressive strength in RAAM CM02 
subjected to oven curing 

Re-focusing the analysis on the impact of curing methods, makes it clear that they are key 
in optimizing the CS strength of AAMs. Specimens treated with the CM02 method, oven-
cured at 60°C without adding rubber particles, demonstrated a marked improvement in CS 
compared to other techniques. After 28 days, CM02 shows a significant increase in CS of 
50.52% compared to CM01 and 18.44% compared to CM03. These data highlight the 
effectiveness of 60°C curing without rubber particles to increase the strength of AAM 
samples, this observation is in total agreement with the work of Mustafa Al Bakri et al. [56] 
who identified 60°C as the optimal curing temperature for geopolymer specimens. Their 
research also reveals that geopolymers cured at high temperatures suffer from a lack of 
moisture necessary for optimal strength development. Liu et al. demonstrated the 
significance of GGBS content in influencing mechanical properties, particularly showing 
improved performance under thermal curing conditions. They developed precise 
prediction models for compressive strength. Specimens cured optimally displayed a dense 
microstructure and distinctive hydrated gels. In a study by Joseph and Mathew [57], 
geopolymer concrete specimens were cured at different temperatures, ranging from 30 °C 
to 100 °C. The results showed that the compressive strength of the concrete increased 
significantly with higher curing temperatures. 

 

(a) 

 

(b) 

Fig. 14. (a) Main effects plot (b) interaction plot of the 28-day compressive strengths 
for AAMR oven cured CM02 

Figures 14 and 16 present the main effects plots on the 28-day CS response of AAM, taking 
into account factors of rubber particles content (%), T (°C) and H (%). Analysis of the data 
presented in Table 7, together with the graphical visualizations in Fig14a and 16a, reveals 
the complex dynamics governing the 28-day CS of AAMs. The negative influence of rubber 
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percentage on CS is highlighted by negative coefficients of -11.52769 for CM02 and -
8.95425 for CM03, underscoring an inverse proportional effect between CS and amount of 
R incorporated.  

  

Fig. 15. Iso-response curves and surfaces illustrate the variations in 28-day 
compressive strengths for AAMR cured in a humidity room CM03 

In parallel, a positive coefficient of +5.599375 for curing temperature (T in °C) indicates 
that increasing temperature promotes improvement in CS, up to an optimal point. This 
synergy is illustrated in Figure 14a for oven-cured AAM CM02, where rising T causes an 
increase in CS, while addition of rubber particles decreases it, a relationship that is 
graphically supported by the trends observed in the 14b interaction plot. 

Figure 16a exposes the effects of rubber particles (%) and humidity (H%) on chamber-
cured AAMs CM03. The decreasing CS with increasing rubber particles (%) is clearly visible 
in the downward curve of the plot. However, the 16b interaction plot reveals that the 
interaction between rubber particles (%) and H (%) does not have a pronounced impact 
on CS, deduced from the near-parallelism of the curves.   

 

(a) 
 

(b) 

Fig. 16. Main (a) and Interactive (b) Drivers of AAMR Compressive Strength in 
Humidity Room CM03 (28-Day Analysis) 

3.4.4 Water Absorption Results Analysis 

The water absorption responses of AAM for CM02 and CM03 curing methods are 
illustrated in Figures 17, 18, 19 and 20. Figures 17 and 19 illustrate the response surface 
curves and isometric plots of the 28-day water absorption (WA) of AAM as a function of 
the sand substitution rate by rubber particles, for the different curing methods studied. 
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Analysis of the data shows an upward trend in water absorption as the rubber proportion 
rises from 10% to 30%, regardless of the curing method used, oven-cured CM02 or 
chamber-cured CM03. Specifically, for CM02, water absorption increases from 7.34% to 
8.29%, and for CM03, it rises from 7.43% to 8.57%, revealing a direct and proportional 
relationship between the increase in rubber particles content and the material's WA after 
28 days.  

  

Fig. 17. Mapping the influence of process parameters on AAMR water absorption (28 
Days) using iso-response analysis 

According to Dehdezi et al. [58], weak bonding between the geopolymer and the rubber 
particles creates a poor interfacial transition zone (ITZ). This weak zone, in turn, increases 
the number of apparent pores in the material. These observations are validated by the 
coefficients presented in Table 7 and defined by Equations (4 and 5). The coefficients for 
rubber particles (%) are positive, with (+0.90) for CM02 and (+0.93) for CM03, confirming 
a positive correlation between the amount of rubber and the observed WA.  

 

(a) 

 

(b) 

Fig. 18. AAMR Water Absorption (28-Day): Main (a) & Interaction Effects (b) (Oven 
Cured CM02) 

The coefficients for temperature (T °C) and humidity (H %) are (-0.28) and (-0.08) 
respectively, indicating an inverse relationship between these parameters and water 
absorption suggesting that increases in temperature and humidity help reduce WA. This 
result highlights the overriding influence of rubber particle replacement rate and curing 
conditions on the hygral behavior of AAMs. 
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Fig. 19. Iso-response Modeling of AAMR water Absorption in Humidity Room CM03 

Figures 18b and 20b present detailed interaction plots of the dynamics governing the 28-
day WA of different AAM mixes. In oven-cured CM02 samples, the interaction plots display 
parallel behavior between the rubber particles content factor (%) and temperature (T°C), 
indicating an absence of marked synergy between these variables on water absorption. In 
contrast, the interactions in chamber-cured CM03 samples exhibit crossing curves, 
revealing a significant interdependence between the rubber particles content factor (%) 
and humidity (H%). This difference suggests that curing conditions significantly influence 
AAMs. Conversely, analysis of the results for AAM without rubber particles exposes a 
reduction in capillary absorption for the compositions subjected to CM02 curing with a 
respective decrease of 18% and 9% compared to the control compositions CM01 and 
CM02. 

 

(a)  

(b) 

Fig. 20. Main (a) and interactive (b) drivers of RAAM water absorption in oven-cured 
CM02 (28-Day Analysis) 

3.5. Economic and Ecological Analyses 

In this section, we offer an assessment of the carbon dioxide emissions and conduct a 
financial analysis for the AAM blends formulated in this research. The aim is to assess the 
environmental and economic implications of substituting rubber particles with natural 
sand in the AAM compositions, which are subjected to various curing techniques.  
To quantify the RAAM's cost-effectiveness and environmental footprint, we employed two 
indices developed by Ma [59] (Equations 6 and 7). 
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𝐶𝑃 =
𝐶𝑜𝑠𝑡

𝑓𝑐28
 (6) 

The cost-efficiency and environmental impact are calculated using a formula that 
considers the cost per unit of strength (C/$MPa), the total material cost per cubic meter 
(Cost), and the material's 28-day compressive strength (σ). The cost-efficiency and 
environmental impact are calculated using a formula that considers the cost per unit of 
strength (C/$MPa), the total material cost per cubic meter (Cost), and the material's 28-
day compressive strength (σ). 

𝐸𝑃 =
𝑒𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝐶𝑂2

𝑓𝑐28
 (7) 

Embodied CO2 per MPa (Ep (𝑘𝑔 𝑀𝑝𝑎. 𝑚3)⁄ ) and total embodied CO2 ((kgCO2)/(kg)) were 
calculated for the AAM, considering its 28-day compressive strength (fc28) and local raw 
material costs in Algeria. These calculations also incorporated the embodied CO2 data for 
the raw materials sourced from relevant research [16, 59, 60]. The findings from these 
calculations are detailed in Table 8. 

Figure 21a and Table 9 present the calculated CP values for the AAM subjected to various 
curing conditions. Notably, the CP values for each AAM mixture exceed those of Ordinary 
Portland Cement (OPC). When comparing AAM mixtures without rubber, it's evident that 
the CP values of CAAM01 and CAAM03 are nearly double that of OPC, while CAAM02 and 
OPC exhibit only a slight difference in CP values. Additionally, incorporating rubber into 
RAAM results in an elevated CP value. This can be attributed to two primary factors: firstly, 
the adverse impact of rubber on the compressive strength of the mixture, and secondly, 
the higher cost associated with using rubber compared to natural aggregate. These factors 
collectively contribute to the observed increase in the CP of the RAAM. 

Table 8. Cost and embodied CO2 of raw materials 

Materials 
Reel study Cost 

($ ⁄ 𝑘𝑔) 
embodied CO2(kgCO2 kg)⁄  

GGBS 0.035 0.067       [61] 

Sand 0.029 0.005       [16] 

Cement 0.12 0.830        [62] 

Rubber 0.67 0.004         [59] 

NaOH powder 4.06 1.915         [63, 64] 
Na2SiO3 solution 0.56 0.650         [64, 65] 

Water 0.00372 0.001       [16] 

Energy ($ ⁄ 𝑘𝑤ℎ) (𝑘𝑔𝐶𝑂2 kWh)⁄  

Heating 0.28 1.08      [60] 
 

Regarding the impact of curing methods on the CP values of RAAM, it was noted that the 
humidity curing method (CM03) demonstrated significant economic efficiency. This 
suggests that CM03 could be a viable option for real-world application in engineering 
projects, especially when compared to the preparation methods evaluated by CM02, which 
require more thermal energy (refer to Table 8). The EP values for different RAAM mixtures 
are depicted in Fig. 21b. It is clear that AAM exhibits a higher level of environmental 
friendliness compared to OPC.  While adding rubber increased the material's embodiedCO2  
per MPa (Ep), its inherently lower CO2 intensity per unit mass compared to natural 
aggregate could offer an environmental benefit. 
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(a) 

 

(b) 

Fig. 21.  (a) Cost efficiency and (b) environmental impact of curing methods on the 
AAM 

Table 9. AAM cost efficiency and environmental impact 

Curing 
methods 

Mix Compressive 
strength (MPa) 

Cp 
($ Mpa. m3⁄ )  

Ep 
 (kgCO2/ Mpa. m3) 

 
 

CM01 

CAAM01 35.37  4.04   2.56  
AAM-10R 30.32  4.96   2.98  
AAM-20R 23.07  6.85   3.91  
AAM-30R 17.78  9.32   5.06  

 
 

CM02 

CAAM 02 53.24  2.68   1.70  
AAM-10R 39.74  3.79   2.27  
AAM-20R 34.60  4.57   2.60  
AAM-30R 23.72  6.99   3.79  

 
 

CM03 

CAAM 03 44.95  3.18   2.01  
AAM-10R 38.96  3.86   2.32  
AAM-20R 32.98  4.79   2.73  
AAM-30R 27.15  6.11   3.31  

 OPCM  30.00   2.19   9.75  
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However, this advantage was offset by the decrease in compressive strength caused by the 
rubber, leading to a negative impact on the RAAM's overall ecological index. In addition, 
incorporating rubber particles into the RAAM mixture led to an increase in the EP value, 
indicating higher embodied CO2  emissions. It is important to note that rubber has a lower 
carbon footprint when compared to natural aggregates. However, the reduction in 
compressive strength resulting from the use of rubber had an adverse effect on the 
ecological index of the RAAM, affecting its overall ecological performance. A significant 
finding emerged from the study, revealing that the EP of RAAM was lower than that of 
OPCM. This discrepancy can be predominantly attributed to the substantial CO2 emissions 
generated during cement production. This discovery highlights the imperative need to 
promote the advancement and application of RAAM as a strategy to mitigate 
environmental impacts, particularly by reducing embodied CO2 emissions.  

In terms of the influence of curing methods on the 𝐸𝑃   values of RAAM, it was observed 
that the humidity curing method (CM03) exhibited notable economic efficiency. This 
indicates that CM03 holds promise for practical implementation in engineering projects, 
given the currently available preparation methods compared by CM02, which require 
more thermal energy (see Table 8). In terms of evaluating the embodied environmental 
impact, CM03 is identified as the most favorable choice for producing a cleaner AAM. It is 
subsequently followed by CM01, with CM02 being the least preferable option in terms of 
their respective environmental impacts. A comprehensive analysis of economics and 
environmental sustainability highlights CM03 as the preferred curing approach for RAAM. 
Furthermore, incorporating 5% rubber content proves ideal, meeting strength demands 
while unlocking significant economic and ecological benefits. 

3.6 Synthesis of Discussion  

The study provides a comprehensive analysis of the effects of rubber content on the 
properties of alkali-activated mortar (AAM), covering flowability, density, compressive 
strength, and water absorption. The results reveal that increasing rubber content 
decreases the flowability of AAM, with a reduction ranging from 8% to 20% in the 
flowability of RAAM mixes compared to CAAM. This decrease is attributed to increased 
friction between rubber particles and AAM components, increased air entrainment due to 
the hydrophobic nature of rubber, and lower density of rubber particles. However, pre-
treatment with NaOH appears to enhance interface performance, mitigating the adverse 
effects of rubber content on flowability. Additionally, incorporating rubber reduces both 
fresh and hardened densities of AAM, with reductions of 2.9% to 10% in fresh density and 
183 Kg m3⁄  to 230 Kg m3⁄  in hardened density for 30% rubber substitution levels. Curing 
methods significantly influence compressive strength, with higher curing temperatures 
generally favouring increased strength. However, a curing temperature of 60°C appears 
optimal for compressive strength development, with an increase of 50.52% compared to 
other curing methods. Furthermore, water absorption increases with higher rubber 
content, with increases from 7.34% to 8.29% for oven curing and from 7.43% to 8.57% for 
chamber curing. Economic and ecological analyses reveal that incorporating rubber 
increases costs and environmental footprint compared to natural sand, with a notable 
increase in costs per unit of compressive strength and carbon footprint. In summary, this 
study provides valuable insights for informed decision-making in construction practices, 
considering both performance and sustainability considerations. 
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4. Conclusions 

Based on this study, it is concluded that: 

• The results show a gradual decrease in compressive strength with increasing 
rubber particles content, indicating a negative correlation between rubber content 
and compressive strength. 

• Curing methods have a significant impact on AAM properties, with 60°C oven curing 
(CM02) markedly improves compressive strength compared to other conditions. 

• Flowability tests reveal that adding rubber particles reduces the flowability of AAM 
mixes, with decreases of up to 20%, highlighting the marked influence of rubber on 
the workability of the materials. 

• The incorporation of rubber particles reduces the density of AAMs, thereby helping 
to improve the thermal and acoustic properties of the composite, while exhibiting a 
significantly lower average specific density than that of sand. 

• A strong correlation (R2 ≈ 0.88) between 28-day compressive strength and water 
absorption was identified, suggesting that reduced porosity enhance the strength 
of cementitious materials. ANOVA analyses confirm the significant importance of 
the established models, with P values less than 0.05, indicating a significant 
relationship between predictors and responses. 

• The incorporation of rubber increases the water absorption of AAMs in proportion 
to the substitution rate regardless of the curing method. In contrast, the absorption 
of control samples without rubber decreases with CM02 heat curing by about 18%. 

• Economic and ecological analysis highlights that CM02 curing presents notable 
economic efficiency, suggesting significant practical application potential, in 
addition to being identified as the most favorable choice for producing 
environmentally cleaner AAM. 

These experimental results highlight that the integrating rubber into AAM materials 
significantly influences their physical and mechanical properties. Although the addition of 
rubber decreases compressive strength and flowability, it enhances the thermal and 
acoustic performance of the composite. Moreover, this research sheds light on the 
considerable impact of the MA02 curing method at 60°C on AAM properties. This approach 
stands out markedly by its significant enhancement of AAM compressive strength, 
outperforming results obtained with other methods. The economic and ecological analysis 
underscores the efficiency of 60°C oven curing offering a promising pathway for the 
production of a more environmentally friendly and economically viable material. 
 
5. Limitations of the Current Study 

While the study sheds light on the impact of rubber content on various properties of alkali-
activated mortar (AAM), it has several limitations. Firstly, its findings may not be widely 
applicable beyond the specific experimental conditions and materials used. Additionally, 
the focus on short-term analysis up to 28 days limits insights into long-term performance 
and durability. The study's emphasis on rubber content overlooks other factors that could 
influence AAM properties, such as the type of activator, precursor nature, etc. Recognizing 
these limitations underscores the need for further research to address these gaps and 
provide a more holistic evaluation of AAM's performance and applicability. 

6. Future Recommendations 

The study highlights the effects of rubber content on alkali-activated mortar (AAM) 
properties, but it has limitations. It primarily focuses on short-term analysis and overlooks 
other factors like the type of activator and curing conditions. Future research should 
explore long-term performance, optimize rubber incorporation methods, conduct field 
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trials, compare AAM with conventional materials, and expand economic and 
environmental assessments. These efforts will enhance understanding and optimize the 
use of rubber-incorporated AAM in construction for sustainable infrastructure 
development. 
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 This study investigates eco-friendly approaches for enhancing the early 
mechanical strength and durability of mortars utilizing slag. a byproduct of the 
steel industry. Mortars incorporating slag often exhibit inferior strength and 
durability compared to those made with cement. The objective is to ameliorate 
these properties through the incorporation of limestone filler (LF) and 
granulated ground blast furnace slag (BFS) at varying proportions. either 
independently or in combination. The physical properties (gas permeability). 
mechanical properties (compressive and flexural strength at 2. 7. 28. 365. 1095 
days). and durability (HCL chemical attack and carbonation) of the resultant 
mortars were assessed. along with their microstructure using scanning electron 
microscopy and mercury porosimeter. Experimental findings indicate that the 
inclusion of LF enhances the initial strength of ternary mortars containing 10-
17.5% LF and 10-25% BFS. while subsequent hydration of BFS yields mortars 
with comparable or superior compressive strength and resistance to chemical 
attack (HCL) relative to the reference mortar after 365 days. 
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1. Introduction 

The chemical production process of Portland cement, which involves the use of clinker. 
accounts for 60-65% of CO2 emissions during its manufacture [1,2]. Moreover. the 
clinkering process exerts a significant impact on natural sources of raw materials. which 
are depleting at an alarming rate [3]. Various strategies have been proposed to mitigate 
anthropogenic CO2 emissions linked to clinker production by 5-8%. Among the 
technological solutions suggested. substituting clinker with industrial or natural waste 
shows promise in reducing total CO2 emissions by approximately 37% [3,4].  

Blast furnace slag (BFS) isn't just an add-on in concrete production; it's a sustainability 
champion. By incorporating BFS. concrete gains improved workability for easier 
placement. reduced heat of hydration to minimize cracking. enhanced long-term strength 
for lasting structures. and all while significantly lowering greenhouse gas emissions thanks 
to its partial replacement of clinker in cement [5-8]. However. a significant drawback of 
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incorporating slag into Portland cement is its poor early-age strength. particularly evident 
at high replacement levels. attributed to the slow hydration kinetics of this cementitious 
additive [9-11]. To mitigate this limitation. numerous studies have been undertaken to 
expedite the hydration processes of slag within cementitious solutions [12,13]. Bougara et 
al. [12]. suggest that the activation of hydration mechanisms at an early stage can be 
achieved through physical. thermal. or chemical means. Additionally. limestone filler (LF) 
has emerged as a recent addition to binary cementitious systems incorporating BFS 
[14,15]. Ternary mortars comprising LF and BFS demonstrate a superior cost-
effectiveness ratio and reduced environmental footprint compared to slag-based materials 
[16]. leading to enhanced hydration levels attributed to the dilution effect within the 
cement paste containing slag [17]. 

The primary drawback of incorporating slag into Portland cement is the poor early-age 
strength. especially noticeable at high replacement levels. owing to the slow development 
of hydration in this cementitious addition[9-11].To mitigate this issue. various studies 
have endeavored to expedite the hydration reactions of slag within cement solutions. 
Bougara et al. [12]report that the activation of hydration processes at an early age can 
occur through physical. thermal. or chemical means. activation of hydration processes at 
an early age being physical. thermal or chemical [13]. The incorporation of limestone filler 
(LF) into binary blends containing blast furnace slag (BFS) is a recent innovation. This 
development has led to ternary mortars with LF and BFS boasting a more favorable cost-
effectiveness ratio and a reduced environmental footprint compared to traditional slag-
based materials  [14,15] [16].  This leads to improved hydration levels due to the dilution 

effect in the cement paste containing slag [17] [18].Berodier et al. [19]note that the rate of 

substitution and the fineness of the mineral addition introduced depend on this 
mechanism. Moreover. the presence of limestone in Portland cement leads to the 
formation of carboaluminate due to reactions between C3A and CaCO3. However. this 
production is limited to ages below 3 days because of the complete consumption of C3A. In 
contrast. in ternary mortars containing limestone and a source of aluminosilicate. the 
aluminate-carbonate reaction persists at later ages. For instance. mixtures based on fly ash 
and limestone exhibit carboaluminates present up to 90 days [20,21]. as do mixtures of 
metakaolin-limestone [22]. This results in an increase in compactness and mechanical 
strength due to the stabilization of ettringite, which causes an expansion in the volume of 
hydrates. thereby enhancing hydration levels [23,24] [17]. This study builds upon prior 
research investigating the properties of ternary composites combining ordinary Portland 
cement (OPC). LF. BFS. Previous studies have shown that these composites offer promising 
benefits. Gao et al. [25] found that incorporating 10% LF enhances the early-age 
compressive strength of BFS concrete while reducing CO2 emissions and production costs. 
Similarly. Carraco et al. [26]demonstrated that. within the LF-BFS-OPC ternary mixture. LF 
and BFS contribute to increased early and later compressive strength. respectively. 

Building on this concept. Menéndez et al. [27] developed a model to identify the ideal 
ternary mix for maximum strength and minimal porosity. Their model predicted a mortar 
containing 10% limestone and 10% slag for peak early-age compressive strength. 
Conversely. for later stages. the optimal mix shifted to an Ordinary Portland Cement (OPC) 
blend with 35% Blast Furnace Slag (BFS) and 7.5% Limestone Filler (LF) to achieve 
superior physical and mechanical properties. Deboucha et al. [9]studied how limestone 
and slag influence the chemical reactions in which water is absorbed by ternary cements. 
Their findings revealed that the degree of hydration is dependent on both the replacement 
level of these additives and the water-to-binder ratio employed. 

Yu et al. [28] suggested that LF and BFS have the potential to enhance cement hydration 
and homogenize mixtures. thereby reducing pores. particularly in regions near aggregates 
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due to their filling effect and nucleation sites. when used in fabricating ternary composites. 
Xuan et al. [29] found that limestone filler (LF) and slag (BFS) work together to enhance a 
certain process (synergistic effect). while Adu-Amankwah et al. [17] noted that these same 
ternary blends (OPC-LF-BFS) have a low aluminum to silicon ratio (Al/Si). Arora et al. [30] 
established a linear function correlating monocarbonate formation with carbonate 
consumption.  

Line with previous research. Bouaskeret et al. [14] reported that incorporating limestone 
filler (LF) between 10% and 20% effectively hinders the development of endogenous 
shrinkage and prevents initial cracking in cement-blast furnace slag (BFS) systems. 
Similarly. Itimet et al. [31]hey discovered that adding up to 15% limestone filler (LF) with 
the right amount of slag (BFS) can lessen the concrete's shrinkage caused by water loss. 
Investigating the impact of limestone fineness. Briki et al. [32]found that replacing 20% of 
clinker with finer limestone (BSS = 4.21 m²/g) resulted in comparable strength to OPC up 
to 7 days. This improvement is attributed to enhanced cement hydration. which 
compensates for the dilution effect of limestone. 

However. despite these prior studies. there remains a significant gap in research regarding 
ternary mortars. For instance. microscopic analyses to comprehend macroscopic 
phenomena must be undertaken. Therefore. an exhaustive investigation was imperative to 
elucidate the impacts of dilution and nucleation in ternary mixtures (OPC-LF-BFS). 
Additionally. the effects of Blaine specific surface area (BSS) of slag and limestone on 
ternary composites have not been thoroughly explored based on previous research. 
According to the authors of this study. no research was found on the long-term mechanical 
behavior (365 and 1095 days) of ternary mortars (OPC-LF-BFS). Consequently. the 
durability of ternary cement-limestone-slag mortars has seldom been examined. 

To address these existing research gaps. this study scrutinizes the microstructural. 
mechanical properties. and durability of OPC-LF-BFS ternary mortars. Various 
experimental tests were conducted to evaluate compression and bending resistance (at 
ages of 2. 7. 28. 365. and 1095 days). employing scanning electron microscopy (SEM). 
mercury porosimetry (MIP). gauze permeability. carbonation. and chemical attack (HCl). 

The principal findings of this study are as follows: firstly. the properties of the ternary 
mixture were analyzed using both macroscopic and microscopic tests. Secondly. the 
experimental results delineated the effects of limestone and slag fineness and substitution 
rate. Thirdly. the durability of OPC-LF-BFS ternary mortars was assessed through 
immersion in 1.5% HCl solution. carbonation testing. and gauze permeability analysis. 

2. Materials and Methods 

2.1. Materials 

In experimental tests. Portland clinker sourced from the Ain-El-Kébira cement plant (Sétif-
Algeria) was ground to a fineness of 350 m²/kg. Gypsum. obtained from natural rock 
quarries near the same cement plant. with a 3% content rate. was utilized. with a hydrated 
calcium sulphate (CaSO4•2H2O) level of 76.4%. Granulated blast furnace slag (BFS) from El 
HADJAR. consisting of spherical grains with a particle size class of 0/5 mm. and limestone 
fillers (LF) from limestone rock deposits. were also ground to various Blaine-specific 
surface areas (BSS). The particle size distributions of the raw materials are depicted in Fig. 
1. illustrating that limestone and slag contained a higher volume of fine particles compared 
to clinker. 

Chemical compositions. determined by X-ray fluorescence (XRF) analysis. and physical 
properties (Blaine-specific surface and density) of OPC. LF. and BFS are presented in 
Tables 1 and 2. respectively.  
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Table 1. Chemical compositions of all powders used (wt. %) 

 Clinker Gypsum Slag Limestone filler 
CaO 63.73 22.5 43.2 45.85 
SiO2 21.42 3.8 41.1 12.74 

Al2O3 4.58 0.5 7 1.65 
Fe2O3 4.96 0.1 2.8 0.58 
MgO 1.43 0.58 4.7 0.73 
Na2O 0.24 - 0.6 - 
K2O 0.32 - 0.32 0.24 
SO3 0.72 32.84 0.25 0.11 
L.O.I 2.62 39.09 - 37.54 

 

 

Table 2. The Blaine specific surface area (BSS) and density of all powders 

 

 

Fig. 1. Particle size analysis of clinker. slag and limestone 

 

Fig. 2. SEM images of the raw materials 

 Clinker Gypsum Slag 
Limestone 

filler 

BSS1 (m2/kg) 350 350 350 350 

BSS2(m2/kg) - - 550 550 
Absolute density (kg/m3) 3200 2340 2800 2600 

Apparent density(kg/m3) 1300 980 1000 1030 
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Additionally. standardized siliceous sand (0/3). meeting EN196-1 [33] standards. was 
employed. Fig. 2 showcases the particle morphologies of blast furnace slag and limestone 
filler powders. Coarse BFS particles larger than 10 µm exhibit a crushed gravel appearance 
with a uniform shape. a highly compact morphological structure. and a smooth surface. 

2.2. Preparation of Mixtures   

This study adhered to EN 196-1 standard [33] for mortar preparation. incorporating 
limestone filler (LF) and granulated blast furnace slag (BFS) as partial cement 
replacements (up to 35% by weight) in various combinations with differing fineness (refer 
to Table 3). A fixed water-to-binder ratio of 0.50 and sand-to-cement ratio of 3:1 were 
maintained for all mixtures. After casting in molds for 24 hours. the mortars were cured by 
immersion in water at a controlled temperature (23°C ± 2°C). The specific composition 
details for each mixture are provided in Table 3. 

Table 3. Mixtures proportions 

 Mixture (ID) 
Labels 

Clinker (%) Gypsum (%) BFS 
(%) 

LF (%) W/L 

1 0S-0L 97 3 - 0.5 0.5 
2 3S-0L 62 3 - 0.5 0.5 
3 0S-35L 62 3 35 0.5 0.5 
4 10S1-25L1 62 3 10 25 0.5 
5 10S2-25L1 62 3 10 25 0.5 
6 10S1-25L2 62 3 10 25 0.5 
7 10S2-25L2 62 3 10 25 0.5 
8 17S1-17L1 62 3 17.5 17.5 0.5 
9 17S1-17L2 62 3 17.5 17.5 0.5 

10 17S2-17L1 62 3 17.5 17.5 0.5 
11 17S2-17L2 62 3 17.5 17.5 0.5 
12 25S1-10L1 62 3 10 25 0.5 
13 25S1-10L2 62 3 10 25 0.5 
14 25S2-10L1 62 3 10 25 0.5 
15 25S2-10L2 62 3 10 25 0.5 

 

2.3. Experimental Tests 

Table 4 shows the experimental tests used in this study. their fields of application and 
measurement times. 

Table 4. Experimental methods and fields of applications 

Method Test sample Test time 

Compressive strength 
All samples (Mixtures from 1 to 

15) 
2. 7. 28. 365 and 1095 

days 

Flexural strength 
All samples (Mixtures from 1 to 

15) 
2. 7. 28. 365 and 1095 

days 

Permeability Mixtures (Mixtures1.2.3 and 8) 28 Days 

Carbonation Mixtures (Mixtures1.2.3 and 8) 
28 Days+15 Days (in the 
carbonation chamber) 

SEM Mixtures (5. 9.11. 13 and 14) 365 Days 

MIP 
Mixtures (1.2.3. 5. 9.11. 13 and 

14) 
365 Days 

Chemical attacks (1.5 % 
HCL) 

All samples (Mixtures from 1 to 
15) 

200 Days 
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2.3.1. Compressive and Flexural Strength 

The compression and flexural strength tests were conducted using an apparatus with a 
maximum capacity of 3000 KN. These mechanical properties were determined in 
accordance with standard [33]. The molds used had dimensions of 40 × 40 × 160 mm. Four 
samples of each mixture were tested at 2. 7. 28. 365. and 1095 days after casting. The 
average strength value was used to represent the ultimate flexural and compressive 
strength for each mixture. 

2.3.2. Scanning Electron Microscope (SEM) 

To better understand the macrostructural phenomena. a microstructural analysis of 
various mixtures was performed after 365 days using a Hitachi S-3400N scanning electron 
microscope (SEM). 

2.3.3. Mercury Porosimeter 

Mercury intrusion porosimeter (MIP) is a technique employed in this study to analyze the 
pore size distribution within the mortar samples [34,35]. An Autopore IV-Micromeritics 
mercury porosimeter was used. capable of applying high pressures (up to 414 MPa) to 
force mercury into pores as small as 3.6 nanometers and as large as 360 micrometers. By 
analyzing the pressure required for mercury intrusion. researchers can determine the 
distribution of pore sizes within the mortars. 

2.3.4. Oxygen Permeability 

The O2 oxygen permeability method. which evaluates gas penetration resistance and 
transfer properties in cementitious mortars. was employed. After drying in a 105°C oven 
until constant weight was achieved (48 hours). 11 cm diameter and 5 cm thick specimens 
were laterally sealed and vertically confined to ensure unidirectional radial oxygen flow. 
Intrinsic permeability (Kint) was then calculated from apparent permeability (Ka) 
measurements at three absolute pressures (2. 3. and 4 bar) using the inverse of the average 
pressure (refer to equation 1 for details). 

𝐾𝑎 = 2𝑄 ∗ 𝑃𝑎𝑡𝑚 ∗ 𝐿 ∗
𝜇

𝑃2 − 𝑃𝑎𝑡𝑚2
∗ 𝐴 (1) 

Where Q is the volume flow at the inlet (cm3/s). µ is the dynamic viscosity of oxygen at 
20°C±2°C equal to 2.0210−5 Pa. P is the absolute pressure at l input (bar). Patm is the 
atmospheric pressure (bar). L is the thickness of the sample (m) and A the section (m²). 

The Klinkenberg approach [36] was employed to isolate the intrinsic permeability. 
representing only the viscous flow of the permeating fluid. This value is determined 
through linear regression of various apparent permeability values in relation to the inverse 
of the average pressure (calculated as the mean between atmospheric pressure and gas 
inlet pressure) [37] [38]. It is defined as follows: 

𝐾 = 𝐾𝑖𝑛𝑡(1 +
𝛽

𝑃𝑚𝑜𝑦

) (2) 

𝑃𝑚𝑜𝑦 = (𝑃0 + 𝑃𝑎𝑡𝑚)/2 (3) 

With β: the Klinkenberg coefficient. P0: atmospheric pressure and β. Kint is the slope of the 
Klinkenberg line. 

2.3.5. Accelerated Carbonation 

To assess CO2 penetration resistance. an accelerated carbonation test based on the NF P18-
458 458 standard [39] was conducted. After 28 days of water curing. cylindrical mortar 
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specimens (110 x 220 mm) were sectioned into four discs (approximately 5 cm thick). To 
ensure unidirectional carbonation. all sides except the sawn face were sealed with self-
adhesive aluminum foil. Following a 14-day drying period at 60°C. one quarter of the 
specimens were placed in a dedicated chamber maintained at 4% CO2. 65% ± 5% relative 
humidity. and 20°C for a month. 

2.3.6. Chemical Attack 

Following 24 hours in molds. mortar samples were cured in water for 28 days. They were 
then conditioned in a controlled environment (50% relative humidity. 20°C) until reaching 
constant weight before immersion in a 1.5% hydrochloric acid (HCl) solution for 200 days. 
This process simulates chemical attack. and the samples were subsequently evaluated for 
physical and mechanical properties to assess their durability. 

3. Results and Discussion 

3.1. Compressive Strength 

The results of the evolution of the compressive strength of mortars formulated with slag 
and limestone in the short and long term were presented in Fig. 3a and 3b. respectively. At 
the two-day mark. the 0S-0L blend exhibited superior compressive strength compared to 
other mixtures. This can be attributed primarily to the dilution effect caused by the 
inclusion of limestone filler and slag [7,40]. Consequently. the compressive strength of 0S-
35L exceeded that of 35S-0L by 19%. attributed to LF acting as nucleation sites. facilitating 
additional C–S–H formation and enhancing cement hydration kinetics [5,41]. Moreover. LF 
was noted to fill voids. increasing mixture compactness and altering reaction rates at early 
stages [42]. However. the combination and fineness of LF and BFS had minimal effect on 
compressive strength at this early stage. 

Thermogravimetric analysis revealed that calcite consumption increased over time. 
particularly after 28 and 90 days. indicating slower calcite reaction kinetics with 
aluminates from slag to form hemi/monocarboaluminates [9] [30]. Although comparable 
compressive strengths were observed for 35S-0L and 0S-35L after 7 days. a remarkable 
increase in strength was noted in blends containing LF and BFS additions. For instance. 
mortars like 10S1-25L1. 17S1-17L1. 17S1-17L2. and 25S1-10L2 exhibited substantial 
increases in strength compared to 35S-0L and 0S-35L [30].  

 
(a) 
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(b) 

Fig. 3. The compressive strength of various mixtures in (a) the short-term and (b)long-

term  

This increase was attributed to the formation of hemi/monocarboaluminate. preventing 
ettringite transformation into monosulphate and resulting in higher total hydrate volume 
and hydration reaction rates [21]. However. the compressive strength of mortar with these 
additions was slightly lower compared to the control (0S-0L). indicating that while 
hemi/monocarboaluminate formation offset the dilution effect. it couldn't fully 
compensate for the decline in cement hydrates[43]. Additionally. LF with a higher specific 
surface caused higher resistance. and finely ground limestone was found to improve 
hydration and compensate for dilution caused by clinker reduction [32]. 

After 28 days. while the compressive strength of 35S-0L was significantly higher than that 
of 0S-35L. it remained lower than that of 0S-0L by 30.9%. Ternary blends with high slag 
content showed notable strength increases over 35S-0L and 0S-35L due to various factors 
such as nucleation of C-S-H. ettringite stabilization. and carboaluminate formation. 
However. the presence of LF with a high-rate induced performance decreases due to 
dilution. Compared to 35S-0L. certain composites like 25S1-10L1. 25S2-10L2. 25S1-10L2. 
and 25S2-10L1 showed increased strength. while slight decreases were observed 
compared to 0S-0L. Moreover. the higher fineness of additions. particularly LF. led to 
better performance. contributing to capillary pore filling and mortar property 
improvement. While ternary mixtures with low BFS content showed lower resistance 
compared to 0S-0L and other ternary composites after one and three years. 35S-0L 
exhibited higher strength compared to 0S-0L controls. Overall. the study highlights the 
importance of material fineness in short and long-term reactions. emphasizing the 
necessity of alumina sources for carboaluminates formation and the optimal LF content for 
improved mortar strength. Furthermore. an increase of 14% in compressive strength at 
the one-year mark was observed with the addition of 25% BFS and 10% LF to cementitious 
mortars. This underscores the significance of maintaining carboaluminate formation for 
extended periods. as observed in mixtures containing limestone and aluminosilicate 
sources [42]. The presence of AFm phases was linked to calcite and reactive aluminates 
from limestone and slag. potentially explaining the lower long-term resistance of certain 
mixtures [44]. Studies suggest that using an ideal limestone content ensures the utilization 
of all active alumina from pozzolans in ternary binders [45]. In this study. 10% LF was 
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deemed optimal. highlighting the importance of balanced material compositions for 
optimal mortar performance. 

In summary. the fineness of materials significantly influences the reactions in ternary 
mixtures in both short and long terms. particularly for limestone fillers. Maintaining the 
formation of carboaluminates for up to three years requires adequate alumina sources in 
the ternary mixtures. Adding 25% slag (BFS) and 10% limestone filler (LF) boosted the 
mortar's compressive strength by 14% after one year. This highlights the importance of 
precisely formulated compositions for achieving superior mortar performance. 

3.2. Flexural Strength 

The flexural strength of mortars containing various additions at different ages (2. 7. 28. 
365. and 1095 days) is illustrated in Figure 4(a) and (b). Similar to the compressive 
strength trend. flexural strength development varied across ages for different mixtures. 

• At early ages (2 days). 0S-35L containing LF exhibited the highest flexural strength. 
likely due to improved packing and reduced capillary porosity [41]. 

• By 7 days. ternary blends showed similar flexural strength to the control mortar 
(0S-0L) and surpassed the strength of 35S-0L (BFS only). The enhanced strength is 
ascribed to the combined effects of limestone filler (LF) promoting nucleation and 
the early formation of Hemicarboaluminates (HC). which contribute to a stronger 
structure. 

• Interestingly. long-term (1 and 3 years) results showed a greater increase in 
flexural strength compared to compressive strength for ternary blends with a low 
LF content (25% BFS. 10% LF). This suggests that carboaluminates formed in these 
mixtures are more effective in improving flexural strength than compressive 
strength [46]. This translates to stronger and more robust carboaluminate particles 
that contribute significantly to the enhanced mechanical performance of these eco-
friendly mortars. 

Overall, the flexural strength results support the findings from compressive strength 
analysis. highlighting the benefits of incorporating both BFS and LF in cementitious 
mortars. particularly at a 25% BFS and 10% LF ratio. The improved packing by LF and the 
formation of carboaluminates play a crucial role in strengthening these mortars over time. 

 
(a) 
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(b) 

Fig. 4. Flexural strength of different mixtures in (a) the short-term  and (b) long-term  

3.3. Compressive vs. Flexural Strength Correlation 

Figure 5 examines how well a mortar's compressive strength (resistance to crushing) 
translates to its flexural strength (resistance to bending) across the different mixture 
combinations. The results show a strong positive correlation (R² = 0.97). indicating that 
compressive strength generally increases along with flexural strength. Interestingly. the 
data points for early ages (2 and 7 days) are tightly clustered. while those for later ages (28 
days. 1 year. and 3 years) are more dispersed. 

 

Fig. 5. Relationship between compressive and flexural strength 

This suggests that at early ages. the variations in compressive and flexural strength 
between mixtures are relatively small. However. as the mixtures age and the effects of their 
composition and fineness become more pronounced. the mechanical properties diverge. 
leading to a wider spread of data points in the long term. 

3.4. Mercury Porosity 

To better understand the mechanical behavior of the different mortars studied. the pore 
size distribution was evaluated using a mercury porosimeter. Fig. 6 shows the results 
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obtained at 365 days. It can be seen that the 0S-0L mixture has a large number of pores 
with dimensions ranging between 0.02-0.4 µm. Additionally. for the same mixture. there is 
a wide distribution of pores between 0.2 and 2 µm. which corresponds to a high number 
of capillary pores. The 0S-35L mortar presents peaks between the ranges of 0.02-0.1 µm 
and 0.2-2 µm. indicating a considerable number of pores with these diameters. 

 

Fig. 6. Pore size variation in different mortars after one year 

However, the 35S-0L binary composite shows fine pores varying between 0.01 µm and 0.1 
µm. which is a result of the pozzolanic reaction of long-term slag producing a large volume 
of C-S-H that fills voids and capillary pores [47]. Additionally. the pore distribution of all 
mortars based on ternary types of cement is better compared to those based on binary 
binders or cement alone. as they evolve significantly towards fine pores. For example. the 
composites 25S2-10L1 and 25S2-10L2 reveal peaks between 0.01 and 0.03 µm with a total 
mercury intrusion of around 0.045 ml/g. indicating good compactness and homogeneity 
of these mixtures. Moreover. the decrease in pore size in the ternary mortars 25S2-10L1. 
25S2-10L2 and 17S2-17L2 results in high mechanical performances (see Fig. 3). This is 
due to the phenomena of nucleation of C-S-H on CaO surfaces. the stabilization of ettringite. 
and the formation of carboaluminates of the clinker phase the ternary composite. These 
results were confirmed by Hadj Sadok et al. [7,48]. which showed at 90 days a finer pore 
size distribution for mixtures containing slag and calcined sediment (15 %). 

3.5. Accelerated Carbonation and Gas Permeability 

The physical and chemical characteristics of building materials significantly influence their 
durability. Figure 7 explores how these properties affect transport phenomena. specifically 
focusing on accelerated carbonation and gas permeability. for the different mortar 
mixtures at 28 days of age. Figure 7 explores the relationship between material properties 
and transport phenomena (permeability and carbonation) for the different mortar 
mixtures at 28 days. 

• Permeability: The binary mixture with 35% LF (0S-35L) exhibited the lowest gas 
permeability (1.01 x 10-17 m²) compared to other mixtures. This aligns with findings 
by Tsivilis et al. [49] and Panesar et al. [50] who attributed reduced permeability to 
LF's pore-filling effect. Conversely. the 35S-0L mortar (high BFS) showed higher 
permeability due to the slow hydration of BFS at early ages. creating more pores 
[9,11,51]. Interestingly. the ternary blend (17S1-17L1) demonstrated a significant 
permeability reduction compared to 35S-0L. Suggesting a beneficial interaction 
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between LF and BFS. This improvement in pore structure is likely due to the 
combined effects of pore filling by LF and nucleation sites provided by both BFS and 
LF. as suggested by Yu et al. [28]  and Xuan et al. [29]. 

• Carbonation: The 0S-35L mortar displayed the lowest carbonation depth (0.25 
cm). likely due to its denser microstructure achieved through LF addition. 
Conversely. the 35S-0L blend showed higher carbonation depths. which aligns with 
findings by Gruyaert et al. [52]due to its higher porosityThe mixture combining 
limestone filler and slag (17S1-17L1) resisted carbonation better than the one 
without (35S-0L). This improvement may be due to the formation of particles 
within the mixture (carboaluminates) that fill in tiny gaps and make the structure 
denser. 

• The limited number of mixtures tested (four) due to travel constraints restricts 
broader conclusions. Further research is recommended to investigate the impact of 
varying BFS and LF contents and fineness on permeability and carbonation in 
ternary mixtures at later ages. 

 

Fig. 7. Permeability and depth of carbonation of different mortars at 28 days 

3.6. Scanned Electron Microscope (SEM) 

The fig. 8 shows the results of the morphological analysis of hydrates after 365 days. The 
control paste's portlandite formed into a dense hexagonal crystal [53].  The hydration 
products. appearing as needles and flakes. were identified as AFt and Ms. respectively. 
Additionally. some capillary pores were discernible in the control mixture (0S-0L). These 
findings align with the results from the mercury porosimeter test in section 3.4. 
Conversely. the ternary mortars mainly exhibit the initial hydration phase.  
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Fig. 8. The microstructures of various types of mortars 

Despite the low clinker content in the ternary mixture. there are more hydrates present 
(C-(A)-S-H gel). It is also noted that Ms manifests as plates in the mixture without additives 
(0S-0L). while the introduction of LF and BFS alters these particles into Hc and Mc. The 
presence of C-A-S-H in the capillary pores significantly impacts transfer properties. 
Crystalline phases such as CO-AFm in needle-shaped form [54] (observed in mixture 25S2-
25L1) effectively occupy capillary voids. The C-A-S-H resulting from the pozzolanic 
reaction can also play a significant role in masking the limestone dilution effect. The mortar 
25S2-25L1 exhibits the highest compactness. correlating with the highest compressive 
strength. However. microcracks were observed on samples 25S2-25L2. According to 
Khalifa et al. [55]. the high substitution rate and fineness of slag induce some microcracks 
due to the accelerated hydration rate of the composite. 

3.7. Hydrochloric Acid Attack 

In Fig. 9a and b. it can be observed that the loss of compressive strength and mass after 
200 days of various mortars immersed in aggressive media (HCL (1.5 %)) is shown. The 
behavior of all mortars varies according to the nature of the aggressive medium. 
Concerning hydrochloric acid resistance. a significant 78% decrease in compressive 
strength is observed after 200 days of HCl exposure in the 35S1-0L1 composite [56]. This 
reduced resistance is attributed to the presence of a high number of pores at the age of 28 
days. resulting in lower resistance to ionic penetration and compromising the stability of 
hydrated phases. Additionally. significant strength decreases of 75% and 68% are also 
observed in mortars 0S-0L and 0S1-35L1. respectively [57]. This is believed to be due to 
the sufficient amount of portlandite present in the OPC and LF. leading to the formation of 
gypsum. which is known to be expansive. Mass loss corroborates the compressive strength 
results. However. all ternary mortars exhibit a notable improvement in resistance against 
hydrochloric acid (HCl) attack compared to 35S1-0L and OPC. Mixtures 10S2-25L2. 17S1-
17L1. and 25S1-10L2 show respective strength decreases of 50%. 42%. and 46% after 200 
days in HCl. resulting in an approximately 85% increase in resistance to HCl attack for 
ternary mixtures. 

The addition of pozzolanic materials with limestone is identified as a potential solution to 
improve sulfate resistance. as observed by Boubekeur et al. Furthermore. the effect of 
fineness is noted. with higher Blaine specific surface (BSS) area resulting in a slight 
improvement in HCl resistance. Mixtures 10S2-25L2 and 25S2-10L2 show strength 
increases of 14% and 17% over 10S1-25L1 and 25S1-10L1. respectively. This is attributed 
to the accelerated hydration process. leading to a denser and more compact porous 
structure. as noted by Sia et al. Microstructural analysis reveals that the Si/Al-rich residues 
generated at the surface by the pozzolanic behavior of BFS effectively inhibit corrosion by 
acting as a barrier to chemical attack [58] [59]. 
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(a) 

 
(b) 

Fig. 9. Illustrates the percentage decrease in both compressive strength (a) and weight 
loss (b) for different mortar specimens 

5. Environmental Assessment  

The environmental analysis of the materials used in this study focuses on the energy 
consumption during the grinding process of each powder and the corresponding CO2 
emissions. These analyses are crucial for assessing the sustainability and environmental 
impact of the cementitious materials employed. The energy required to grind the various 
powders (clinker. gypsum. LF. and slag) was calculated based on Bond's third theory of 
comminution[60]. According to Bond's law. the energy consumption for grinding is 
proportional to the new surface area generated. which can be expressed as: 

𝐸 = 10 ∗ 𝑊𝑖 (
1

√𝑃80
−  

1

√𝐹80
) (4) 

Where; E is the energy consumption (kWh/ton); Wi is the Bond work index (kWh/ton); 
P80 is the 80% passing size of the product (µm); F80 is the 80% passing size of the feed 
(µm). 

Using this equation. the energy consumption for grinding 1 ton of each powder was 
calculated basing on the SME Handbook for Mineral Processing [61]. Table 6 summarizes 
the energy consumption values for clinker. gypsum. LF. and slag. The energy consumption 
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values were converted to CO2 emissions using the grid emissions factor specific to Algeria. 
which is 0.73 kgCO2/kWh [62]. The CO2 emissions for grinding each powder were 
calculated using the following formula: 

CO2 emissions (kg CO2/ton) = Energy consumption (kWh/ton) × 0.73 (5) 

Table 5. Energy consumption and Carbone emission for grinding 1 ton 
 

Wi (kWh/ton) P80 (µm) F80 (µm) E (kWh/ton) CO2 emissions 
(kg/ton) 

Clinker 13.6 32 5000 22.12 16.15 

Gypsum 7.42 36 3000 11.01 8.04 

Slag S1 13.4 14.6 3000 32.62 23.81 

Slag S2 13.4 10.23 3000 39.45 28.80 

LF L1 11.22 16.8 3000 25.33 18.49 

LF L2 11.22 11.25 3000 31.40 22.92 
 

Fig. 10 illustrates the CO2 emissions and the embodied CO2 parameters. which represents 
the ratio of CO2 emissions to the compressive strength after one year. for various mixtures. 
providing a clear visual representation of their environmental efficiency. The results of the 
energy consumption and the Carbone emissions for grinding 1 ton of each powder are also 
illustrated in Table 5. The analysis reveals that the grinding process for each material 
results in different levels of energy consumption and CO2 emissions. Slag and LF grinding 
is typically the most energy-intensive process. resulting in the highest CO2 emissions. 
Conversely. clinker and gypsum require less energy to grind. resulting in lower CO2 
emissions. However. when considering the embodied CO2 parameter. which represents the 
ratio of CO2 emissions to the compressive strength of the mixtures after one year. a more 
nuanced picture emerges. 

 

Fig. 10. CO2 emissions and embodied CO2 parameter results of each mixture 

Mixtures such as 35S-0L exhibit the highest embodied CO2 values due to the significant CO2 
emissions associated with high slag content and their low strength. On the other hand. 
mixtures incorporating higher proportions of LF and slag. such as 0S-35L and 25S1-10L2. 
demonstrate the lowest embodied CO2 values. This indicates that substituting clinker with 
LF and slag not only reduces CO2 emissions but also enhances environmental efficiency by 
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improving compressive strength relative to the carbon footprint. For instance. the mixture 
25S1-10L2. with an embodied CO2 value of 0.22 kgCO2/ton.MPa. represents the best 
environmental efficiency among the tested mixtures. achieving a balance between lower 
emissions and robust structural performance. 

4. Conclusion 

This study assessed various mortars containing different proportions of limestone filler 
(LF) and blast furnace slag (BFS) powder. commonly used as cementitious materials. The 
findings yielded the following conclusions: 

• Ternary mortars containing limestone filler (LF) and slag (BFS) exhibited 
significantly higher compressive strength compared to mortar with only 35% slag. 
After 7 days of curing. the ternary mortars showed a remarkable 62% increase in 
strength. and this improvement remained substantial at 31% after 28 days. 
Additionally. the compressive strength of ternary mortars was found to be 8.23-
14% higher than that of OPC-0L-0S after 365 days. 

• The fineness of materials significantly influenced the reaction of ternary mixtures 
(LF+BFS) in both short-term and long-term scenarios. particularly concerning 
limestone fillers. 

• Adequate amounts of alumina sources (BFS) were necessary in ternary mixtures to 
ensure the formation of carboaluminates for up to 3 years. 

• There were consistent variations in flexural and compressive strength. with a 
perfect linear relationship (R2 = 0.97) observed through correlation analysis. 

• Ternary mixtures exhibited a dense. compact. and less porous microstructure. as 
evidenced by SEM and mercury porosity tests. attributed to the presence of C-A-S-
H and carboaluminate. 

• The inclusion of LF with BFS in cementitious composites (17S1-17L1) improved 
resistance to CO2 diffusion by 80% compared to mixtures with only 35% BFS. 
resulting in a permeability decrease of over 100% at 28 days for 17S1-17L1 
compared to 35S-0L. These findings were consistent with mercury porosimeter 
tests. 

• The cement mixture containing 35% slag exhibited a significant decrease in 
compressive strength after 200 days in 1.5% hydrochloric acid compared to all 
other mixtures. However. all ternary mixtures demonstrated substantial 
improvement in acid resistance. ranging from 45-80%. 

• The optimal mix in terms of mechanical performance and durability was found to 
be 25S1-10L. with an optimal LF content of 10%. 

In conclusion. the development of eco-efficient materials with high performance and 
reduced cement content (substituted with a combination of slag and limestone filler) did 
not compromise long-term strength and durability against carbonation and hydrochloric 
acid attack. On the contrary. depending on the added fines. it significantly enhanced 
durability performance. ensuring longer-lasting constructions made with concrete 
containing such mortar formulations. 
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 This research investigates the application of Life Cycle Cost (LCC) analysis in the 
construction industry, focusing on reinforced concrete structures. LCC analysis 
goes beyond initial building costs, encompassing all expenses throughout a 
structure's service life. Among various service life prediction models, Life-365 
and DURACON are noteworthy. Life-365, a specialized computer program, 
predicts the life cycle cost of reinforced concrete exposed to chlorides. This 
paper presents a case study using Life-365 to compare the LCC of two concrete 
mixes, TM1 and TM2, in Mumbai, a location with conditions conducive to 
chloride exposure. The study uses average monthly temperatures and location-
specific input parameters to evaluate the LCC of M70-grade concrete mixes with 
different compositions, including Fly Ash, GGBS, and Micro Silica as partial 
cement replacements. Results indicate that quaternary blended M70 grade 
concrete, incorporating supplementary cementitious materials (SCMs), not only 
enhance durability but also offers economic benefits, reducing overall life cycle 
costs. These findings provide valuable insights for engineers and decision-
makers, promoting durable, cost-effective, and sustainable concrete structures. 
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1. Introduction 

Uncontrolled urban development poses significant challenges in both developing nations 
like India and developed countries globally. Unplanned expansions frequently lack 
adequate infrastructure, resulting in substantial maintenance, rehabilitation, and 
reconstruction costs that often exceed initial estimates. Addressing this issue necessitates 
the integration of all life-cycle costs (LCC) into the structural analysis [1]. The primary 
objective of this research is to apply Life Cycle Cost (LCC) analysis to reinforced concrete 
structures, particularly focusing on the use of quaternary blended concrete mixes. By 
employing Life-365 software, the study aims to compare the LCC of different concrete 
compositions and provide insights into their economic and durability performance. 

The study investigates the comprehensive costs associated with reinforced concrete 
structures exposed to chlorides, including initial construction and long-term maintenance 
expenses [2].The research utilizes Life-365, a specialized service life prediction model, to 
analyse the economic viability and durability of concrete mixes in chloride-exposed 
environments [3].A comparative analysis between two trial mixes, TM1 and TM2, is 
conducted to determine the most cost-effective and durable option for M70 grade concrete 
in a coastal setting like Mumbai [4]. Despite the extensive use of LCC analysis across 
various fields, its application in the construction industry, particularly in predicting the 
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long-term costs and performance of reinforced concrete with supplementary cementitious 
materials (SCMs), remains limited [5]. Existing literature lacks comprehensive studies that 
integrate LCC analysis with service life prediction models like Life-365, particularly for 
high-performance concrete mixes in chloride-rich environments [6]. This study addresses 
this gap by providing a detailed analysis of the economic and durability benefits of 
quaternary blended concrete, incorporating Fly Ash, GGBS, and Micro Silica [7]. 

The contemporary application of LCC analysis provides a holistic assessment of costs from 
initial construction to the end of a structure's service life [8]. This approach is increasingly 
important for optimizing construction costs while reducing energy expenses through 
innovative solutions. Unlike traditional emphasis on architectural and structural design, 
modern LCC analysis extends to operational costs over a structure's lifespan, facilitated by 
advancements in computer technology [9]. The concept of limit state design, incorporating 
ultimate strength and serviceability limits, further underscores the safety and longevity of 
structures [10]. LCC terminology varies globally, with terms such as 'Life Cycle Cost,' 'Cost 
in Use,' 'Whole Life Costing' (WLC), and 'Whole Life Appraisal' (WLA) being used 
interchangeably [11]. Despite these differences, the core principle remains the same: a 
holistic examination of a building's entire life cycle. This paper adopts LCC as equivalent to 
WLC, acknowledging the comprehensive approach necessary for accurate cost analysis 
[12]. 

While minimizing initial construction costs is a common objective, this study emphasizes 
that achieving the lowest cost does not guarantee optimal performance over a structure's 
lifetime [13]. Higher initial costs may, in fact, reduce total life cycle costs by enhancing 
durability and reducing long-term maintenance needs [14]. This research underscores the 
importance of demonstrating to clients the relationship between design choices and 
lifetime costs, incorporating energy analyses early in the design phase to ensure 
sustainable and cost-effective construction solutions [15]. 

2. Literature Review 

The concept of LCC originated in the mid-1960s with the U.S. Department of Defence, later 
evolving with contributions from institutions such as the Royal Institution of Chartered 
Surveyors and the British Ministry of Industries. Flanagan and Norman's work in 1983 
introduced data collection methods, while subsequent studies, including those by 
Abraham and Dickson, considered disposal costs in LCC [8, 9]. In 1992, British standards 
formally accepted the LCC concept, defining it as a technique enabling comparative cost 
assessments over a specified period, considering all relevant economic factors. 
Internationally, the Common European Methodology for Life Cycle Costing project by Davis 
Longdon addressed LCC, yet despite its advantages, LCC's utilization remains limited in the 
construction industry due to incomplete understanding among professionals [10]. Buyers 
often prioritize purchase costs without considering structural design, building 
architecture, and energy systems, neglecting future operation and maintenance costs. 
Recognition of life cycle costs, encompassing construction costs and subsequent expenses, 
allows for more effective decision-making [15, 16]. 

Service life prediction becomes crucial for LCC analysis, with models like fib (Model Code) 
and ISO being commonly used. In seismic zones, LCC incorporates earthquake-related 
damages, influencing future building ownership costs. Researchers like Takahashi et al. 
and Frangopol and Liu have explored seismic risk costs in LCC, considering both initial and 
expected damage costs [17,18,19,20]. Studies on LCC extend beyond traditional structures, 
with Frangopol and Liu analyzing bridges, and Kappos and Dimitrapoulos evaluating the 
feasibility of strengthening reinforced concrete buildings. Notably, Oberg emphasizes the 
substantial and enduring investments in buildings, both financially and in terms of 



Chavan et al. / Research on Engineering Structures & Materials 11(2) (2025) 465-480 

 

467 

resources [21,22]. In regions with cold climates, indoor design gains prominence for 
property buyers spending a significant portion of their time indoors. Despite this, reports 
by Bakis et al. and Flanagan and Jewell highlight the limited application of LCC, revealing 
that maintenance and other expenses can triple the initial capital cost of construction over 
a building's first 25 years [04, 23]. Kotaji et al. stress the importance of demonstrating the 
relationship between design choices and lifetime costs for effective decision-making [24]. 

Consideration of all aspects is imperative during structural design to ensure the fulfilment 
of functions throughout the designed service life. While predicting the service life for 
shorter periods, such as 20 to 50 years, is feasible, determining service life for extended 
durations, like 100 or 150 years, presents a significant challenge [25]. 

Service life design involves predicting the behaviour of a structure over an extended 
period. While current service life models are adequately predictive, challenges arise due to 
variations in construction quality across different sites. The prevalent use of prescriptive 
designs in many countries poses a significant problem for quality assessment and service 
life prediction. Thus, there is a pressing need to adopt a performance-based approach for 
accurate prediction of service life [26]. For structures in mild or non-aggressive 
environments, a minimalist approach may be sufficient. However, site engineers should 
pay attention to good construction practices, including optimal mix design, compaction, 
and curing, to ensure adequate durability. 

A performance-based approach is implemented following ISO – 13823. This standard, 
based on the limit-state method, covers various service life design approaches. The fib 
Model Code (2010) [27] adopts the methodology outlined in ISO-13823, offering 
advantages over current simplistic approaches. 

3.Materials and Method 

3.1. Concrete Mix Design Trials: TM1 and TM2 Composition Analysis  

In this study, M70 Grade concrete mix design trials are conducted and designated as TM1 
and TM2. Trial Mix 1 (TM1) is formulated with a primary component of Ordinary Portland 
Cement (OPC), constituting 90% of its composition. This OPC is sourced from Ambuja, a 
renowned provider of 53 Grade cement. Unlike TM2 and subsequent trial mixes, TM1 does 
not incorporate Ground Granulated Blast Furnace Slag (GGBS) in its composition, making 
it solely reliant on OPC for its binding properties. Additionally, TM1 does not include Micro 
Silica or any other supplementary cementitious materials apart from a minor inclusion of 
Pulverized Fly Ash (PFA) at a ratio of 10%. This PFA is sourced from Adani-Dahanu. 
Moreover, TM1 utilizes a Super Plasticizer, specifically Sika Viscocrete 5210 N, at a 
proportion of 0.8% to enhance its workability and reduce water content, thereby 
potentially improving its overall strength and durability 

In contrast, Trial Mix 2 (TM2) exhibits a different composition, aimed at exploring 
alternative materials and proportions for enhanced concrete properties. TM2 incorporates 
a lower percentage of OPC, accounting for 57% of its composition, still sourced from 
Ambuja 53 Grade Cement. However, TM2 introduces GGBS, sourced from JSW and certified 
for quality, constituting 25% of the mix. This addition of GGBS aims to improve the long-
term durability and strength characteristics of the concrete. Moreover, TM2 includes 8% 
Micro Silica, further enhancing its strength and reducing permeability. Similar to TM1, TM2 
also includes 10% PFA sourced from Adani-Dahanu, providing additional benefits in terms 
of sustainability and durability. Finally, both TM1 and TM2 utilize the same Super 
Plasticizer, Sika Viscocrete 5210 N, at a consistent ratio of 0.8%, ensuring uniformity in 
workability and strength enhancement across the trial mixes. 
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3.2. Manufacturing Cost of Concrete: 

• Material Costs: The primary components of concrete—cement aggregates, water, 
and admixtures—contributed to the manufacturing cost. The prices of these 
materials are taken in to account for determining the initial manufacturing cost (All 
costs in INR). The initial cost of production is taken as an input value for calculating 
the Life Cycle cost over 70 years.  

• Equipment and Energy Costs: The use of machinery, transportation equipment, 
and energy resources during the manufacturing process contributed to the overall 
cost. The total manufacturing cost of 1 m3 concrete for TM1(Control sample) & 
TM2. 

Table 1.  Comparison of production cost of M70-Grade concrete mix TM1 and TM2 for 
1m3 

Material Rates (Rs.) Unit 

Cement 7.1 Per Kg. 

Fly Ash 3 Per Kg. 

Metal 1000 Per MT 

Cr. sand 1100 Per MT 

SikaViscocrete 5210 NS 

Admixture 
151 Per Kg. 

Micro silica 28.50 Per Kg. 

GGBS 4.14 Per Kg. 

water 0.190 Per Kg. 

Diesel 104.8 Per Lit 

Grade/ 
Mix 

Material in Kgs. A B C D E F 

Prod. 

cost 

(E+F) 

  

Total 
Mater

. 
Cost 

Wastage 
on (A) 
Cost 
2% 

Mater. 

 + 

wastage 

A+B 

Op. 
 &  

Plant 
cost 

+ 
Profit 

Total  
Cost  

(C+D) 

GST 
on  
E 
 

18% 

(Rs.) 

TM1 M-
70 

475.0 0.00 145 460 590 615 6.0 50 147        

Cont.Sa
m. 

3372 0.00 435 460 590 676 910 1425 28 7869 157.3 8026 950 8976 1615 
1059

3 
TM2 M-

70 
237.5 237 145 460 590 615 3.8 50 147        

(50:50) 1686 983 435 460 590 676 365 1425 28 6649 132.9 6782 950 7732 1391 9124 

 

3.3. Life Cycle Cost Analysis Using Life-365 ver.2.2.3  

Life-365 serves as both a Service Life Prediction Model and a Computer Program designed 
for predicting the Service Life and Life-Cycle Cost of reinforced concrete exposed to 
chlorides. Initiated in 1998 by the ACI’s Strategic Development Council (SDC), a 
consortium including representatives from various entities developed Life-365 for service 
life prediction and life-cycle cost analysis (LCCA). 

Life-365 predicts the start of corrosion and the time required for corrosion to reach a level 
necessitating repair. It estimates initial construction costs, predicted repair costs, and 
costs over the entire design life of a structure. The required inputs include geographic 
location, construction type, depth of clear concrete cover to the reinforcement, and details 
of corrosion protection strategies used. The analysis done by Life-365 involves predicting 
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the initiation period of corrosion (ti), the propagation period of corrosion (tp), and the time 
of the first repair (tr), which is the sum of these two periods (tr = ti + tp). A repair schedule 
is then calculated for the entire design life after the initial repair of the structure. 
Estimation of Life-Cycle Cost (LCC) is based on the initial concrete costs, corrosion 
protection system costs, and future repair costs. 

The total life cycle cost is the sum of initial construction costs and discounted future repair 
costs over the service life of a structure. The initial cost of construction includes the cost of 
concrete, reinforcing steel, and the cost of surface protection membrane or sealer used, if 
any. Future repair costs are calculated using software, considering present worth along 
with the discount rate provided by the user. Life-365 expresses these costs on the unit area 
of the structure. While the current version has limitations and makes several assumptions 
to address complex phenomena, the software allows users to run user-defined scenarios 
by making minor changes to selected values. However, uncertainties in concrete material 
properties, structural geometry, boundary conditions, and project costs are not fully 
addressed. Users are encouraged to input data based on exposure conditions and project-
specific economic factors. 

Life-365 calculates the initiation period using the Fickian diffusion model (One or two-
dimensional). Default corrosion propagation times are provided for different types of 
reinforcement. ASTM E 917 -05, ‘Standard practice for measuring Life cycle costs of 
building and building systems,’ is followed in Life-365v2.0, initially setting the design life 
at 75 years. The most recent model, Life 365v 2.2, allows users to insert the value of 
Chloride diffusion (Cs) obtained from testing specimens on-site using the ASTM C1556 
method of testing, which is similar to NT Build 443 [28]. 

3.4 Data Gathering Procedure   

• Geographic Location: Data includes average monthly temperatures, humidity levels, 
and chloride exposure conditions specific to the structure's location. 

• Concrete Composition: Details on the mix design, including the proportions of OPC, 
GGBS, Micro Silica, PFA, and any other supplementary cementitious materials. 

• Exposure Conditions: Information on the environmental conditions the structure 
will face, such as chloride concentration from seawater or deicing salts. 

• Economic Factors: Cost inputs for materials, labour, maintenance, and repair 
activities, as well as discount rates for future cost calculations. 

3.5 Standardization Followed   

Life-365 adheres to several international and industry standards to ensure the reliability 
and accuracy of its predictions: 

• ASTM Standards: Life-365 follows ASTM E917-05 for measuring life cycle costs of 
building and building systems. This standard provides a methodology for cost 
estimation, ensuring consistency and comparability in LCC analysis. 

• ISO Standards: The software incorporates methodologies aligned with ISO 15686-
5, which focuses on building and construction asset management and service life 
planning. 

• Testing Methods: For input parameters such as chloride diffusion, the software 
utilizes data from standardized testing methods like ASTM C1556 and NT Build 443, 
which measure chloride penetration in concrete. 
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Flow Chart 1. The flow chart above explains how the software works 

• Input Parameters: The software begins with the collection of various input 
parameters essential for accurate predictions. These parameters include the 
geographic location of the structure, which influences environmental exposure 
conditions; the specific composition of the concrete mix, including any 
supplementary materials; and economic factors such as material costs and 
maintenance schedules. 

• Service Life Prediction: Life-365 uses these inputs to predict chloride diffusion 
into the concrete over time, estimate the time until corrosion initiation, and 
determine the propagation period until significant damage occurs. This step 
involves complex modelling of chloride ingress and the resulting deterioration 
processes. 

• Life Cycle Cost Analysis: The software calculates initial construction costs based 
on the concrete composition and other materials used. It then estimates future costs 
for maintenance and repairs, considering the predicted timing and extent of 
corrosion-related damage. These costs are discounted to present value to facilitate 
a comprehensive cost-benefit analysis over the structure’s expected service life. 

• Output Results: Finally, Life-365 generates detailed reports that include predicted 
service life, total life cycle costs, and recommendations for cost-effective and 
durable concrete mix designs. These results provide valuable insights for engineers 
and decision-makers, helping them to select materials and design strategies that 
optimize both economic and performance outcomes. 

4. Results and Discussions  

4.1 Life Cycle Cost of Concrete    

The decision-making between manufacturing and life cycle costs hinges on project-specific 
requirements and constraints. While short-term projects may prioritize minimizing 
manufacturing costs, long-term projects benefit from life cycle cost analysis. Recognizing 
that decisions made during manufacturing have far-reaching implications, a holistic 
approach considers factors like energy efficiency, environmental impact, and maintenance 
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requirements. This report utilizes Life-365 software for a case study, comparing TM1 and 
TM2 composite mixes over their entire life cycle. 

4.2 Average Monthly Temperatures   

Life-365 facilitates the analysis of chloride migration's impact on the structure's entire life 
and the effects of temperature variation on durability. Using Mumbai as a study location, 
average monthly temperatures are input into the software to assess the life cycle cost of 
M70-grade concrete mixes. The study employs Life-365 to analyze the impact of 
temperature variations on life cycle costs, considering different compositions with 
supplementary materials. 

The M70 grade concrete mixes were designed with a base mix containing 450 kg/m³ of 
Ordinary Portland cement (OPC), fine and coarse aggregates, and water. Different trial 
mixes are formulated, incorporating supplementary cementitious materials using Fly Ash, 
Ground Granulated Blast Furnace Slag (GGBS), and Micro Silica as partial cement 
replacement with different proportions. The water-cement ratio is maintained at 0.22 for 
all mixes. Life-365 software, a comprehensive life-cycle cost analysis tool, is employed to 
assess the impact of average monthly temperatures on the life-cycle cost of the concrete 
structure. The software is given inputs on material costs, maintenance, repair, and 
replacement costs. The average monthly temperatures as input to the software as shown 
below:  

 

Fig. 1. Shows that the change in average temperature for the period of 12 months 

4.3 Cumulative Current Costs   

Cumulative current cost graphs visually represent the accumulation of costs over time in 
life cycle cost analysis. "Life 365" generates these graphs, illustrating cost evolution 
throughout a project's life cycle. The graph allows stakeholders to understand cost trends 
over time. For comparison, a cumulative current cost graph is plotted for TM1 and TM2, 
providing a clear representation of their life cycle costs. 
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Fig. 2. Shows the cumulative current cost against age of structure in number of years 

4.4 Cumulative Present Value     

This section assesses the durability of quaternary blended M70 grade concrete, focusing 
on Cumulative Present Cost. Utilizing Life-365, the study compares two trial mixes over 70 
years, incorporating supplementary cementitious materials. Fig. 3 summarizes the 
cumulative present cost analysis, indicating a positive impact on economic sustainability 
due to the addition of Fly Ash, GGBS, and Micro Silica in Trial Mix 1 compared to Trial Mix 
2. 

 

Fig. 3. Shows the cumulative constant cost  

Trial Mix 1, which is a control mix, demonstrated a 26.31 % reduction in cumulative 
present cost compared to Trial Mix 2 when observed at 40 years’ age of structure. It is also 
observed that in Trial Mix 1, the cumulative present cost started increasing at the age of 32 
years whereas the same started at 38 years in the case of Trial Mix 2. It is further to be 
noted that at the end of the life, the cumulative present cost of Trial Mix 1 is 15.68% more 
than that of Trial Mix 2. This suggests that the addition of Fly Ash, GGBS, and Micro Silica 
positively influenced the economic sustainability of M70 grade concrete over the 70 years. 
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4.5 Current Costs      

This section focuses on the Current Cost analysis for quaternary blended M70 grade 
concrete. Figure 4 depicts the outcomes of the current cost analysis for TM1 and TM2, 
emphasizing the positive influence of supplementary materials on economic sustainability 
over the total life of the structure. 

 

Fig. 4 shows the current cost  

It is also observed that in Trial Mix 1, the current cost started adding its value at the age of 
32 years whereas the same is started at 40 years in the case of Trial Mix 2. It is further to 
be noted that at the end of its life current cost of Trial Mix 1 is 24.32 % more than that of 
Trial Mix 2. This suggests that the addition of Fly Ash, GGBS, and Micro Silica positively 
influenced the economic sustainability of M70 grade concrete over the total life of the 
structure i.e. 70-year period [29]. 

4.6 Diffusivity Versus Time  

Employing Life-365, the study analyses diffusivity over 70 years for two trial mixes. Figure 
5 illustrates the results, showing that Trial Mix 1, incorporating Fly Ash and GGBS, reduces 
diffusivity. 

 

Fig. 5. Shows the change in diffusivity as a function of time 

Trial Mix 1, which included Fly Ash and GGBS, demonstrated a 15% reduction in diffusivity 
compared to the control mix over 70 years. This suggests that the addition of Fly Ash and 
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GGBS had a positive impact on reducing the diffusion of harmful substances in M70-grade 
concrete, contributing to enhanced durability. Trial Mix 2, incorporating Fly Ash, GGBS, 
Silica Fume, and OPC, showed a further 10% reduction in diffusivity compared to Trial Mix 
1.  

4.7 Comparison of Initiation and Propagation of Chloride Penetration:       

The study employed Life-365 software to scrutinize the initiation and propagation of 
chloride penetration over 70 years for two trial mixes incorporating supplementary 
materials. Graph 6 visually represents the outcomes of this analysis. 

 

Fig. 6. shows the initiation of chloride penetration  

Figure 6 indicates that Trial Mix 2 displayed a delayed initiation of chloride penetration 
compared to Trial Mix 1, emphasizing the enhanced resistance to chloride ion initiation. 
Furthermore, the propagation of chloride penetration in Trial Mix 2 exhibited a 
significantly slower pace than in Trial Mix 1, underscoring the effectiveness of the 
quaternary blend in preventing chloride ingress [30]. 

4.8 Chloride Concentration (% Weight) vs. Time in Years at a Depth of 60 mm      

The study, utilizing Life-365 software, examined Chloride Concentration (% Weight) vs. 
Time at a depth of 60 mm over 70 years for two trial mixes with different compositions. 
The graphical representation of the chloride concentration analysis is presented below. 

 

Fig. 7. Shows the effect of chloride concentration as a function of time at the depth of 
60 mm 
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Figure 7 illustrates that Trial Mix 2 exhibited a considerably slower increase in chloride 
concentration compared to both the control mix and Trial Mix 1. This suggests that the 
additional inclusion of PFA, GGBS, and Silica Fume enhanced resistance to chloride 
penetration in Trial Mix 2, highlighting the effectiveness of the quaternary blend [31]. 

4.9 Life Cycle Cost Comparison Between Two Alternatives      

The life cycle cost comparison analysis results for the two trial mixes are summarized and 
graphically presented in figure 8. 

 

Fig. 8. Shows the comparison of life cycle cost 

Figure 8 reveals that Trial Mix 2, incorporating PFA, GGBS, and Silica Fume, achieved a 
further 10% reduction in life cycle costs per square meter compared to Trial Mix 1. This 
underscores the cumulative positive impact of supplementary materials in Trial Mix 2, 
contributing to extended service life and reduced overall costs [32]. 

4.10 Surface Concentration of Chloride (% Weight) vs. Time in Years       

The study utilized Life-365 software to analyse the surface concentration of chloride over 
70 years for two trial mixes. The outcomes of the surface concentration of chloride analysis 
for the two trial mixes are presented graphically below. 

 

Fig. 9. Shows the surface concentration of chloride as a function of time 

Figure 9 demonstrates that Trial Mix 2 exhibited an even slower increase in surface 
chloride concentration compared to Trial Mix 1. This suggests that the additional inclusion 
of PFA, GGBS, and Silica Fume further improved the resistance to chloride penetration at 
the concrete surface, highlighting the effectiveness of the quaternary blend [33]. 
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4.11 Constant Cost Incurred in the Life of a Structure       

The study, utilizing Life-365 software, analysed constant costs per square meter over 75 
years for two trial mixes. The outcomes of the constant cost analysis for the two trial mixes 
are summarized and presented graphically below. 

 

Fig. 10. Shows the constant cost as a function of time 

5. Limitation of the Work 

5.1 Dependence on Assumptions and Approximations 

 The Life-365 software relies on several assumptions and approximations for predicting 
chloride ingress, corrosion initiation, and life cycle costs. These assumptions may not 
always accurately represent real-world conditions, leading to potential discrepancies 
between predicted and actual performance. 

5.2 Data Quality and Availability 

 The accuracy of Life-365's predictions heavily depends on the quality and completeness 
of the input data. In cases where precise data on environmental conditions, material 
properties, and economic factors are unavailable or unreliable, the software's outputs may 
be compromised. 

5.3 Simplification of Complex Processes  

While Life-365 models the essential aspects of chloride-induced corrosion and concrete 
deterioration, it simplifies many complex processes. Factors such as varying 
environmental conditions, load-induced stresses, and interactions between different 
degradation mechanisms are not fully accounted for, which can affect the robustness of the 
predictions. 

5.4 Geographic and Climatic Variability 

 The software's performance may vary significantly based on geographic and climatic 
conditions. While it includes generalized environmental data, local variations in 
temperature, humidity, and chloride exposure may not be precisely captured, potentially 
leading to inaccuracies in service life predictions. 
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5.5 Limited Consideration of Non-Chloride Aggressors 

 Life-365 primarily focuses on chloride-induced corrosion and does not comprehensively 
address other potential aggressors such as carbonation, sulfate attack, or alkali-silica 
reaction. Structures exposed to multiple or combined deterioration mechanisms may 
require additional analysis beyond the capabilities of Life-365. 

5.6 Economic Factor Variability 

 The economic analysis within Life-365 assumes static costs for materials, labor, 
maintenance, and repairs. However, these costs can fluctuate due to market conditions, 
inflation, and regional economic factors, potentially affecting the accuracy of the life cycle 
cost analysis. 

5.7 User Expertise and Interpretation 

 The effectiveness of Life-365 depends on the expertise of the user. Incorrect input data, 
improper calibration of the model, or misinterpretation of the results can lead to 
suboptimal decision-making. Training and experience are essential to maximize the 
software's potential benefits. 

5.8 Software Limitations and Updates 

 As with any software, Life-365 is subject to limitations in its algorithms and computational 
capabilities. Additionally, the need for regular updates to incorporate the latest research 
findings, standards, and technological advancements can be a challenge. Users must ensure 
they are using the most current version of the software. 

5.9 Scope of Applicability 

 The study primarily focuses on quaternary blended M70 grade concrete. While the 
findings provide valuable insights for this specific mix design, the applicability of the 
results to other concrete grades or mix designs with different proportions or 
supplementary materials may be limited. 

5.10 Site-Specific Variability 

 The performance of concrete structures can vary significantly based on site-specific 
factors such as construction practices, workmanship quality, and on-site environmental 
conditions. These factors are not fully captured in the software's predictions, potentially 
affecting the real-world applicability of the study's conclusions. 

These limitations highlight the need for cautious interpretation and application of the 
study's findings. While Life-365 provides a valuable framework for life cycle cost analysis, 
supplementary analyses and considerations are necessary to ensure comprehensive and 
accurate assessments for concrete infrastructure projects. 

6. Conclusions 

The contemporary construction industry is progressively prioritizing the integration of 
cost optimization and energy-efficient strategies. This necessitates a comprehensive 
approach that encompasses both the initial acquisition costs and the long-term service life 
costs of structures. Life Cycle Cost (LCC) analysis emerges as a crucial tool in this 
endeavour, providing a holistic framework to evaluate the economic feasibility and 
sustainability of construction materials and methodologies. 

In this study, we conducted a detailed LCC analysis using Life-365 software, focusing on 
two specific concrete mix design trials: TM1 and TM2, both designed for M70 grade 
concrete. TM1 consists predominantly of Ordinary Portland Cement (OPC), while TM2 
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incorporates supplementary cementitious materials such as Ground Granulated Blast 
Furnace Slag (GGBS) and Micro Silica, reflecting a quaternary blended composition. Our 
objective was to not only compare their immediate performance but also project their 
long-term economic and durability implications. 

The findings from the Life-365 analysis indicate significant differences in the long-term 
cost efficiency and durability between TM1 and TM2. TM2 demonstrated a substantial 
reduction in life cycle costs due to its enhanced resistance to chloride penetration, leading 
to extended service life and lower maintenance requirements. This underscores the 
economic advantages of incorporating supplementary materials in concrete mixes, which 
enhance durability and reduce the frequency and cost of repairs over the structure’s 
lifespan. 

One of the critical insights from this study is the necessity of making informed adjustments 
and considerations when using predictive tools like Life-365. While the software provides 
valuable approximations, the accuracy of its prediction’s hinges on the precise calibration 
of input parameters based on site-specific conditions and material properties. 

Furthermore, the study highlights the broader implications of LCC analysis for sustainable 
construction. By demonstrating the long-term cost savings and durability benefits of 
quaternary blended concrete, we provide a compelling case for the adoption of such 
materials in construction projects, particularly in environments exposed to aggressive 
conditions like chloride ingress. 

For engineers and decision-makers, these insights are invaluable. They emphasize the 
importance of looking beyond initial construction costs and considering the total cost of 
ownership over the structure’s life. This approach not only promotes economic efficiency 
but also aligns with the principles of sustainable development by minimizing resource 
consumption and environmental impact over the long term. 

In conclusion, our study reinforces the critical role of LCC analysis in guiding sustainable 
construction practices. By integrating economic and durability assessments, we can make 
more informed decisions that ensure the construction of cost-effective, durable, and 
environmentally friendly infrastructure. The adoption of quaternary blended concrete, as 
evidenced by the superior performance of TM2, represents a significant step forward in 
achieving these goals. 

References 

[1] Durairaj SK, Ong SK, Nee AYC, Tan RBH. The valuation of Life Cycle Cost Analysis 
Methodologies. Corporate Environmental Strategy. 2002;9:30-9. 
https://doi.org/10.1016/S1066-7938(01)00141-5  

[2] Hooton RD. Canadian use of ground granulated blast-furnace slag as a supplementary 
cementing material for enhanced performance of concrete. Canadian Journal of Civil 
Engineering. 2000;27(4):754-60. https://doi.org/10.1139/l00-014  

[3] Dave N, Misra AK, Srivastava A, Sharma AK, Kaushik SK. Study on quaternary concrete 
micro-structure, strength, durability considering the influence of multi-factors. 
Construction and Building Materials. 2017;139:447-57. 
https://doi.org/10.1016/j.conbuildmat.2017.02.068  

[4] Jeong Y, Park H, Jun Y, Jeong JH, Oh JE. Microstructural verification of the strength 
performance of ternary blended cement systems with high volumes of fly ash and 
GGBFS. Construction and Building Materials. 2015;95:96-107. 
https://doi.org/10.1016/j.conbuildmat.2015.07.158  

https://doi.org/10.1016/S1066-7938(01)00141-5
https://doi.org/10.1139/l00-014
https://doi.org/10.1016/j.conbuildmat.2017.02.068
https://doi.org/10.1016/j.conbuildmat.2015.07.158


Chavan et al. / Research on Engineering Structures & Materials 11(2) (2025) 465-480 

 

479 

[5] Golewski GL. Concrete Composites Based on Quaternary Blended Cements with a 
Reduced Width of Initial Microcracks. Applied Sciences. 2023;13(12):7338. 
https://doi.org/10.3390/app13127338  

[6] Hashemmoniri S, Fatemi A. Optimization of Lightweight Foamed Concrete Using Fly 
Ash Based on Mechanical Properties. Innovative Infrastructure Solutions. 2023;8:59-
68. https://doi.org/10.1007/s41062-022-01016-2  

[7] Manatkar PA, Koratkar VJ, Lonkar YN, Parmar KS, Sonawane DA, Thombare RR. Life 
Cycle Cost Analysis of Commercial Building (Collector Office Pune) with Sustainability 
Approach. International Journal for Research in Applied Science & Engineering 
Technology (IJRASET). 2018;6(VI). https://doi.org/10.22214/ijraset.2018.6078  

[8] Abraham DM, Dickinson RJ. Disposal costs for environmentally regulated facilities: LCC 
approach. Journal of Construction Engineering and Management. 1998;124(2):146-54. 
https://doi.org/10.1061/(ASCE)0733-9364(1998)124:2(146)  

[9] Reis JML, Chianelli-Junior R, Cardoso JL, Marinho FJV. Effect of Recycled PET in the 
Fracture Mechanics of Polymer Mortar. Construction and Building Materials. 
2011;25:2799-804. https://doi.org/10.1016/j.conbuildmat.2010.12.056 

[10] Sterner E. Life-cycle costing and its use in the Swedish building sector. Building 
Research and Information. 2000;28(5/6):387-93. 
https://doi.org/10.1080/096132100418537  

[11] Clift M, Bourke K. Study on whole life costing. DETR Report No. CR 366/98; 1999. 
[12] Larsson N, Clark J. Incremental costs within the design process for energy-efficient 

buildings. Building Research and Information. 2000;28(5/6):411-6. 
https://doi.org/10.1080/096132100418573  

[13] Cole RJ, Sterner E. Reconciling theory and practice of life-cycle costing. Building 
Research and Information. 2000;28(5/6):368-75. 
https://doi.org/10.1080/096132100418519  

[14] Flanagan R, Kendell A, Norman G, Robinson GD. Life cycle costing and risk 
management. Construction Management and Economics. 1987;5:53-71. 
https://doi.org/10.1080/01446193.1987.10462093  

[15] Jakob M. Marginal costs and co-benefits of energy efficiency investments. The case of 
the Swiss residential sector. Energy Policy. 2006;34:172-87. 
https://doi.org/10.1016/j.enpol.2004.08.039  

[16] Kovacic I, Zoller V. Building life cycle optimization tools for early design phases. 
Energy. 2015;92:409-19. https://doi.org/10.1016/j.energy.2015.03.027  

[17] Chen S, Wang H, Guan J, Yao X, Li L. Determination Method and Prediction Model of 
Fracture and Strength of Recycled Aggregate Concrete at Different Curing Ages. 
Construction and Building Materials. 2022;343:128070. 
https://doi.org/10.1016/j.conbuildmat.2022.128070  

[18] Zhang MH. Microstructure, Crack Propagation, and Mechanical Properties of Cement 
Pastes Containing High Volumes of Fly Ashes. Cement and Concrete Research. 
1995;25:1165-78. https://doi.org/10.1016/0008-8846(95)00109-P  

[19] Frangopol DM, Bruhwiler E, Faber MH, Adey B, editors. Life-cycle performance of 
deteriorating structures: assessment, design, and management. Reston, VA: ASCE/SEI; 
p. 229-36. 

[20] Takahashi Y, Der Kiureghian A, Ang AH-S. Life-cycle cost analysis based on a renewal 
model of earthquake occurrences. Earthquake Engineering and Structural Dynamics. 
2004;33:859-80. https://doi.org/10.1002/eqe.383  

[21] Frangopol DM, Liu M. Maintenance and management of civil infrastructure based on 
condition, safety, optimization, and life-cycle cost. Structure and Infrastructure 
Engineering. 2007;3(1):29-41. https://doi.org/10.1080/15732470500253164  

[22] Kappos AJ, Dimitrakopoulos EG. Feasibility of pre-earthquake strengthening of 
buildings based on cost-benefit and life cycle cost analysis, with the aid of fragility 

https://doi.org/10.3390/app13127338
https://doi.org/10.1007/s41062-022-01016-2
https://doi.org/10.22214/ijraset.2018.6078
https://doi.org/10.1061/(ASCE)0733-9364(1998)124:2(146)
https://doi.org/10.1080/096132100418537
https://doi.org/10.1080/096132100418573
https://doi.org/10.1080/096132100418519
https://doi.org/10.1080/01446193.1987.10462093
https://doi.org/10.1016/j.enpol.2004.08.039
https://doi.org/10.1016/j.energy.2015.03.027
https://doi.org/10.1016/j.conbuildmat.2022.128070
https://doi.org/10.1016/0008-8846(95)00109-P
https://doi.org/10.1002/eqe.383
https://doi.org/10.1080/15732470500253164


Chavan et al. / Research on Engineering Structures & Materials 11(2) (2025) 465-480 

 

480 

curves. Natural Hazards. 2008;45(1):33-53. https://doi.org/10.1007/s11069-007-
9155-9  

[23] Flanagan R, Jewell C. A Practical Approach to Whole Life Appraisal for Construction. 
Whole Life Appraisal for Construction; p. 129-48. 

[24] Yuan B, Wang H, Jin D, Chen W. C-S-H Seeds Accelerate Early Age Hydration of 
Carbonate-Activated Slag and the Underlying Mechanism. Materials. 2023;16:1394. 
https://doi.org/10.3390/ma16041394  

[25] Alexander MG. Durability and service life prediction for concrete structures - 
developments and challenges. MATEC Web of Conferences. 2018;149:01006. 
https://doi.org/10.1051/matecconf/201714901006  

[26] International Organization for Standardization. ISO 13823-1 General Principles on the 
design of structures for durability. Geneva: ISO; 2008. 

[27] Alyousef R, Abbass W, Aslam F, Gillani SAA. Characterization of High-Performance 
Concrete using Limestone Powder and Supplementary Fillers in Binary and Ternary 
Blends under Different Curing Regimes. Case Studies in Construction Materials. 
2023;18. https://doi.org/10.1016/j.cscm.2023.e02058  

[28] Suchorab Z, Franus M, Barnat-Hunek D. Properties of Fibrous Concrete Made with 
Plastic Fibers from E-Waste. Materials. 2020;13:2414. 
https://doi.org/10.3390/ma13102414  

[29] Aghajanian A, Cimentada A, Fayyaz M, Brand AS, Thomasa C. ITZ Microanalysis of 
Cement-Based Building Materials with Incorporation of Siderurgical Aggregates. 
Journal of Building Engineering. 2023;67:106008. 
https://doi.org/10.1016/j.jobe.2023.106008  

[30] Juenger MCG, Snellings R, Bernal SA. Supplementary Cementitious Materials: New 
Sources, Characterization, and Performance Insights. Cement and Concrete Research. 
2019;122:257-73. https://doi.org/10.1016/j.cemconres.2019.05.008  

[31] Pacewska B, Wilińska I. Usage of Supplementary Cementitious Materials: Advantages 
and Limitations: Part I. C-S-H, C-A-S-H and Other Products Formed in Different Binding 
Mixtures. Journal of Thermal Analysis and Calorimetry. 2020;142:371-93. 
https://doi.org/10.1007/s10973-020-09907-1  

[32] Menéndez G, Bonavetti V, Irassar EF. Strength development of ternary blended cement 
with limestone filler and blast-furnace slag. Cement and Concrete Composites. 
2003;25:61-7. https://doi.org/10.1016/S0958-9465(01)00056-7  

[33] Liu F, Zou Y, Wang B, Yuan X. The Effect of Stray Current on Calcium Leaching of 
Cement-Based Materials. Materials. 2022;15:2279. 
https://doi.org/10.3390/ma15062279  

https://doi.org/10.1007/s11069-007-9155-9
https://doi.org/10.1007/s11069-007-9155-9
https://doi.org/10.3390/ma16041394
https://doi.org/10.1051/matecconf/201714901006
https://doi.org/10.1016/j.cscm.2023.e02058
https://doi.org/10.3390/ma13102414
https://doi.org/10.1016/j.jobe.2023.106008
https://doi.org/10.1016/j.cemconres.2019.05.008
https://doi.org/10.1007/s10973-020-09907-1
https://doi.org/10.1016/S0958-9465(01)00056-7
https://doi.org/10.3390/ma15062279


Corresponding author: nagaraj_ekbote@kletech.ac.in, ekabotenagaraj@gmail.com  
aorcid.org/0000-0002-5711-7416 
DOI: http://dx.doi.org/10.17515/resm2024.251me0419rs  

Res. Eng. Struct. Mat. Vol. 11 Iss. 2 (2025) 481-494  481 

 

Research Article 

Investigating the constraint role in J-CTOD relationship for 
compact tension (CT) specimen 

Nagaraj Ekabotea 

School of Mechanical Engineering, KLE Technological University, Hubli, India 
 

Article Info  Abstract 

Article history: 
 
Received 19 Apr 2024 
Accepted 03 July 2024 

 The Crack Tip Opening Displacement (CTOD or δ) estimation from J-integral (J) 
defined by ASTM 1820 considers the CTOD dependency on material properties, 
and the constraint factor (m). The m in Compact Tension (CT) specimen is based 
on yield to tensile strength ratio (σys/σut) without taking into account of in-plane 
dimensions as in Single Edge Notch Bending (SENB). Hence, an attempt is made 
to understand the effect of crack length to specimen width (a/W), specimen 
thickness to specimen width (B/W) for different σys/σut on CTOD using CT 
specimen. A new method of estimating the CTOD from FE analysis is 
demonstrated and validated with 450-intercept method. It has been found that 
the ASTM 1820 based CTOD (δASTM) assessed values under-estimate the actual 
CTOD present in the CT specimen. The variation in a/W and B/W doesn’t affect 
the J-CTOD relationship as stated by ASTM 1820. However, the CTOD measured 
by FE analysis (δFE) are consistently higher than the δASTM. Therefore, an effort is 
made to correct the constraint factor, m based on present FE analysis by 
considering the effect of σys/σut. The proposed corrected constraint factor, mFE, 
can be employed in fracture applications that generally need both the J-integral 
and the CTOD.  
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1. Introduction 

Stress intensity factor (KI) and J-integral (J) are the common fracture parameters used to 
determine the crack behavior in elastic and elastic-plastic materials, respectively. The 
KI (stress-based parameter) and J (energy-based parameter) are determined using the 
applied load, Crack Mouth Opening Displacement (CMOD), and crack length (a) increment. 
Similarly, Crack Tip Opening Displacement (CTOD) is the oldest fracture toughness 
parameter used for fracture assessment of pipelines, pressure vessels, and oil and gas 
industries [1, 2]. CTOD is the displacement-based parameter, and its direct relation with 
micro mechanisms of dislocations among the grains to characterize the material is an 
advantage over other fracture toughness parameters [3, 4]. However, 
unlike KI and J evaluation, the acceptance of CTOD is deprived, owing to its distinct 
estimation methods adopted by different standards. The under and over-estimation of 
actual CTOD by these standards led to restricting the CTOD application as a characterizing 
fracture parameter. 

CTOD, refers to the displacement of the original crack tip in the direction of the applied 
force. The Plastic Hinge Method (PHM) and J-based CTOD techniques were adopted by 
different standard bodies for critical CTOD measurement (δIC). CTOD measurements 
derived from PHM-based technique were accepted by the Japan Welding Engineering 
Society (JWES) and British Standard Institution (BSI) standards. The literature [1, 5-7] 
revealed the PHM-based measured CTOD's vulnerability towards the specimen's geometry 
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and material property. The researchers [5-7] recommended modifying the PHM-based 
CTOD equation accounting for various specimen geometry and material properties. 
Experimental CTOD values validated these modifications in the equations of the CTOD. 
However, the standard bodies have yet to recommend these modified equations for the 
critical CTOD measurement. Also, the applicability of the modified equations other than 
Single Edge Notch Bending (SENB) must be verified. Previous studies [6-10] have 
documented the precise experimental determination of CTOD via the digital image 
correlation (DIC) technique and the silica replica method. However, the time and effort 
required to measure CTOD using these techniques limit its applicability as a fracture 
parameter. 

ASTM 1820 [11] recommends the CTOD estimation using experimentally evaluated J as 
shown in Equation (1). In Equation (1), the σY represents the effective yield strength and 
m is the constraint parameter. The dependency of m on specimen type and geometry is 
also acknowledged in Equation (1) for SENB and Compact Tension (CT) specimens. 
According to ASTM 1820, the m depends on σys (yield stress) and σut (ultimate stress) along 
with geometrical constants A0, A1, A2, and A3. These geometrical constants A0, A1, A2, and A3 
are crack length (a) dependent in SENB but independent in the CT specimen. As per our 
best knowledge, there is no justification in literature or standards for the non-
inclusiveness of the a/W effect on CTOD in CT specimen. However, the in-plane constraint 
variation due to crack length to specimen width (a/W) in the case of CT for other fracture 
toughness parameters (KI and J) was well evidenced in the literature [8, 12, 13]. Similarly, 
the effect of specimen thickness to width (B/W) on fracture toughness and constraint 
variation [12-15] was reported. Hence, it is essential to investigate the role of specimen 
geometry variations on CTOD using CT specimen. 

𝛿 =  
𝐽

𝑚 𝜎𝑌
 (1) 

Where; 

𝑚 =  𝐴0 − 𝐴1 ∗  (
𝜎𝑦𝑠

𝜎𝑢𝑡
) + 𝐴2 ∗  (

𝜎𝑦𝑠

𝜎𝑢𝑡
)

2

−  𝐴3 ∗  (
𝜎𝑦𝑠

𝜎𝑢𝑡
)

3

 (2) 

For SENB; 

𝐴0 = 3.18 − 0.22 ∗ (
𝑎

𝑊
) (3) 

𝐴1 = 4.32 − 2.23 ∗ (
𝑎

𝑊
) (4) 

𝐴2 = 4.44 − 2.29 ∗ (
𝑎

𝑊
) (5) 

𝐴3 = 2.05 − 1.06 ∗ (
𝑎

𝑊
) (6) 

For CT; 

A0 = 3.62, A1 = 4.21, A2 = 4.33, and A3 = 2.00 (7) 

Equation (1) was derived from extensive Finite Element (FE) analysis using 450-intercept 
method to measure the CTOD [11] and is applicable for σys/ σut ≥ 0.5. Kodancha & Kudari 
[16] re-evaluated the J-CTOD relationship using FE based 450 -intercept method and PHM 
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for CT and SENB. It has been concluded that dn (=1/m) factor strongly depends on the CTOD 
estimation technique. Also, the influence of specimen type, applied load, and material on 
CTOD was reported. Similarly, Kittur et al. [17] also noticed the dn factor and a/W influence 
on the magnitude of CTOD measured as per ASTM 1290 (now this standard is withdrawn) 
on CT specimen. Further, M. Graba [18] proposed the dn equation, accounting for the effect 
of strain hardening, a/W, and applied load on SENB specimen. Tagawa et al. [19] reported 
that the CTOD from ASTM 1290 was 60% lower in SENB compared to the CTOD measured 
from BS 7448 for low σys/ σut steels. Similarly, Kawabata et al. [20] found out the ASTM 
1820 based CTOD estimation values were 15% lower compared to experimentally 
estimated CTOD in SENB. The effect of σys/ σut on CTOD was considered in a newly proposed 
CTOD estimation method to minimize the difference with experimentally measured CTOD. 
Savioli et al. [21] presented the new equations for estimating CTOD and J in CT specimen 
with center-line crack welds. The results revealed the dependency of CTOD on a/W, strain 
hardening of the alloy, and strength mismatch ratio. Khor et al. [5] witnessed the 
inconsistency in CTOD values estimated from different standards over a range of σys/ σut in 
SENB specimen. Kayamori and Kawabata [22] claimed that the J-based CTOD estimation is 
more effective in considering the a/W and σys/ σut compared to PHM while using CT 
specimen. 

In the literature [1, 5-7], the researchers and practicing engineers preferred PHM-based 
CTOD estimation over J-based CTOD. However, the CTOD measurement from the J-based 
method is favored at high-temperature applications due to non-dependency 
on CMOD measurement. Also, most CTOD measurement techniques were revised to suit 
SENB rather than CT specimen. In specific applications (like aircraft wings and spars), the 
CT specimen is appropriate for fracture toughness evaluation and involves extreme 
temperature variations [23-25]. It is essential to establish a unique and well-accepted 
relationship between CTOD and other popular fracture parameters for the widespread 
usage of CTOD in most applications [1, 5-7, 26]. Overall, the suitability of the 
CTOD estimation method is vital but complex, and hence, a more inclusive and 
accurate CTOD estimation method is essential. This study aims to reassess the implications 
of a/W, B/W, and σys/ σut on J-based CTOD, as specified in ASTM 1820, for CT specimens. 
Further, these implications on the J-based CTOD equation will be considered for effective 
constraint inclusiveness. 

2. Specimen and Material Details 

The three different strain-hardening steels ranging between 0.45 < σys/ σut > 1 have been 
selected from the work of Khor et al. [5, 7]. The chosen steels have σys/ σut of 0.93, 0.72, and 
0.48 and are designated further as ST01, ST02, and ST03, respectively. The chosen steel 
grades will be used to assess the efficiency of the J-based CTOD equation developed from 
ASTM 1820, across a wider spectrum of strain hardening. The essential properties of these 
steel materials are given in Table 1. Typically, a low strain hardening steel have strain 
hardening exponent (n) less than 0.1, higher σys/ σut, and lower % elongation. The Poisson’s 
ratio (υ) and Elastic modulus (E) are the linear elastic properties. 

Table 1. Drill pipe dimensions and properties [4] 

Steel category σys (MPa) σut (MPa) σys/σut E (GPa) υ 

ST01 850 914 0.93 217 

0.29 ST02 421 585 0.72 205 

ST03 286 595 0.48 205 
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Figure 1 displays the typical CT specimen involved for J and CTOD investigation. The CT 

specimen has a width (W) of 25.4 mm, and the remaining parameters are determined 

according to the relationship specified in Fig. 1. 

 

Fig. 1. Standard CT Specimen 

To investigate the a/W, and B/W impact on J and CTOD fracture parameters, the CT 
specimens with varied crack length and specimen thicknesses were considered. The a/W 
is varied as 0.45, 0.5, and 0.7, within specified range as per ASTM 1820. Similarly, the thin, 
standard, and thick specimen effect is considered by varying the B/W as 0.25, 0.5, and 1 
respectively. The 3-dimensional CT specimens representing the low, medium, and high 
strain hardening properties, with specimen geometry variations in terms of a/W and B/W 
are modelled in ABAQUS software. The 3D models are further processed for elastic-plastic 
fracture analysis and the details of FE analysis are discussed in further section. 

3. Finite Element Analysis 

3.1. Meshing and Boundary Conditions 

A 3-dimensional non-linear fracture investigation was conducted utilizing ABAQUS 6.14 
software. A 3-D half-symmetry CT specimen model was used for analyses. Linear elastic 
properties (E and υ), and stress-strain post-yield values were input parameters in non-
linear fracture analyses. The procedure to input the material properties and stress-strain 
values into the ABAQUS software was documented in the ABAQUS manual and adopted 
similarly to the work of Kudari et al. [16]. The symmetrical boundary condition at the un-
cracked ligament (W-a) and the tensile load along the y-direction at the hole was applied, 
as shown in Fig. 2.  

Three-dimensional models with varied a/W, B/W, and σys/σut were used in the analyses. 
20-noded hexahedral elements with reduced integration (C3D20R) were used for meshing. 
Near crack area, smaller size elements were utilized to ensure accurate measurement 
of CTOD. The center nodes of the crack adjacent C3D20R elements were advanced in the 
direction of crack [16, 25]. The movement of these crack adjacent center nodes ensured 
the natural crack characteristics. Small element size meshes around the crack and 
relatively coarse mesh far from the crack were utilized for non-linear fracture analysis. The 
mesh quality was finalized based on converging J values and a uniform plasticity 
distribution around the crack front. Around twenty thousand elements were typically used 
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for a 3-D symmetric model of a/W = B/W = 0.5, of which about 12,000 elements situated 
at crack surroundings and is shown in Fig. 2. 

 

Fig. 2. Three-Dimensional half symmetrical CT model with boundary conditions 

3.2. J-Integral Extraction and Validation 

The direct extraction of J values is done from ABAQUS and are similar to the procedure of 
Kudari et al. [16]. The extracted J values are non-linear concerning the load applied. 
The CMOD is the y-displacement at the mouth grooves measured through a clip gauge in 
the fracture toughness experiment. In FE analysis, the CMOD can be measured along the 
loading direction at the mouth groove (point M in Fig. 2). The present non-linear fracture 
analysis methodology is verified with the Kudari et al. [16] results. The CMOD vs. J are 
plotted in Fig. 3 for the CT specimen made of Interstitial Free steel. For a thin specimen, 
with a/W = 0.5 and W = 20 mm the J values are extracted from ABAQUS and used to 
compare with the Kudari et al. [16] results as plotted in Fig. 3. From Fig. 3, it is confirmed 
that the results validate the current elastic-plastic fracture procedure, since they 
significantly coincide with the findings of Kudari et al. [16]. 

3.3. CTOD Extraction and Validation 

Similarly, CTOD are measured by using 450-intercept method (also known as 900-intercept 
method). In this method, along the cracked ligament nodes the displacement in y-direction 
is measured. A typical y-displacement of nodes considered along specimen center and 
surface in the cracked ligament area is shown in Fig. 4. It has been reported that the 
specimen crack center point possesses the larger y-displacement value compare to 
specimen surface [5, 25]. The measured displacements along the cracked ligament from 
specimen crack center point are plotted and is shown in Fig. 5. From the origin of the graph, 
a 450 line will be drawn (dotted line in Fig. 5), which will intercept with the y-displacement 
curve (pink line in Fig. 5). The vertical (y-direction) distance from the intercept point to 
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the x-axis is termed as CTOD/2 as per 450-intercept method. Comprehensive FE analysis 
yields the J-based CTOD, Equation (1), where the CTOD is measured using the 450-intercept 
approach.  

 

Fig. 3. J vs. CMOD for thin CT specimen 

 

Fig. 4. J vs. Cracked ligament area at center and surface 

 

Fig. 5. CTOD measurement by 450-intercept method 

The major limitation of the 450-intercept method is its incapability to measure the CTOD at 
lower load magnitudes. Therefore, the CTOD at lower loads may be obtained by using 
Equation (1), which was derived by extrapolating the CTOD values. To assess CTOD at 
lower loads, a new CTOD estimation approach based on FE analysis is helpful in updating 
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the value of the constraint parameter in Equation (1). The new technique for measuring 
the FE-based CTOD, its validity and accuracy are discussed in the following section. 

3.4. δFE technique 

The CTOD/2 value in the δFE technique is determined by taking the y-displacement of first 
nearest node from crack front along the cracked ligament direction. Fig. 6 (a) shows the 
chosen first nearest node along the cracked ligament in the unloaded half-symmetry CT 
model. For any applied load, the corresponding y-displacement of this chosen node will 
result in the CTOD/2 value as shown in Fig. 6 (b). The proposed δFE technique seems to be 
simpler and can be measured directly at chosen single node at cracked ligament. 

 

(a) 

 

(b) 

Fig. 6. CTOD measurement by δFE technique (a) before loading (b) after loading 

The accuracy of δFE technique is measured by comparing with the CTOD obtained from 450-
intercept method (δ45). Fig. 7 shows the CTOD measured by the δFE and δ45 techniques with 
respect to applied stress ratio (applied stress / yield stress = σappl /σys). The nature of CTOD 
variation are non-linear and similar to the J variations. The δFE technique accurately 
measured the CTOD as similar to the δ45 technique for both standard and thick specimens. 
The δ45 technique unable to measure the CTOD < 0.4 mm, making it less suitable for lower 
applied loads. However, δFE technique accounts the lower CTOD values at lower applied 
loads and CTOD measurement is simpler.  

 
Fig. 7. Comparison of δFE and δ45 techniques 

The quality and type of mesh influence on the proposed δFE technique is verified by 
introducing the various mesh refinements along the sharp crack front. A fine mesh at crack 
with up to 0.05 mm gap between crack tip and the first node along the ligament resulted 
CTOD identical (within 2% error) to δ45. As the gap between first node and tip increases 
more than 0.05 mm, the difference widens for δFE and δ45. A minimum of 0.05 mm gap may 
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not result the identical CTOD as δ45 for some other fracture specimen and mesh quality. 
Hence, in the absence of comprehensive results on other fracture specimens, one must 
conduct an extensive FE analysis to define the gap between crack tip and first node. The 
finer and refined mesh quality near the crack is important in achieving the better CTOD 
value. Also, the smaller elements near the crack ensures the better plasticity distribution. 
However, the effectiveness of the proposed δFE technique for blunted cracks used for 
ductile materials need to be verified. The satisfactory validation depicted in Fig. 7 justifies 
the adoption of the proposed δFE technique for subsequent discussions and analysis. 

4. Results and Discussions 

In this section, the influence of geometry (a/W, and B/W) and σys/ σut on J-CTOD 
relationship are analyzed. CTOD measured from ASTM 1820 will be represented as δASTM in 
further discussions. Both δFE and δASTM are used to analyze the J-CTOD relationship. 

4.1. δFE technique 

The half-symmetrical CT specimens with a/W varying as 0.45, 0.5 and 0.7 are modelled. 
The standard thickness of B/W = 0.5 and the material properties of ST01, ST02, and ST03 
are employed in FE analysis. The estimated CTOD values as per ASTM 1820 and proposed 
δFE technique are shown in Fig. 8. J/σY along the x-direction and estimated CTOD values 
along y-direction are considered to verify the relation between J-CTOD. It has been 
observed from Fig. 8, that the a/W variation has nullifying effect on CTOD values measured 
by both methods for different steel materials considered in the study. However, the δFE 
measured values are consistently higher compared to δASTM and considered to be improved 
represented magnitudes of CTOD (as validated in Fig. 3). The similar trend of 
underestimating the actual CTOD by δASTM compared to PHM are earlier reported [18-20]. 

  

 

Fig. 8. Effect of a/W on CTOD 
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Similarly, the effect of B/W on J-CTOD relationship is considered and plotted in Fig. 9. 
Thin, standard, and thick CT specimens are analyzed for standard a/W of 0.5. δASTM 
values are unaltered by the varied specimen thickness indicating the effective J-CTOD 
relationship. As similar to Fig. 8, here also the δFE magnitudes are higher compared to 
δASTM values. The J estimation procedure as per ASTM 1820 already imbibes the a/W and 
B/W effect and hence a strong relationship is witnessed between J-CTOD through 
unaltered curves for both δASTM and δFE. However, the conservative δASTM values shows 
its incapability to measure the actual constraint near the crack. This major limitation of 
δASTM resulted in almost non-usage of J-based CTOD in fracture toughness assessments. 
The enhanced δFE values over δASTM for all a/W and B/W, signifies a modification 
required in J-CTOD relationship for CT specimen. Hence, the improvised measurement 
technique to find CTOD through FE analysis may enhance the usage of J-based CTOD. 

  

 

Fig. 9. Effect of B/W on CTOD 

4.2. Effect of σys/ σut 

The varied strain hardening of the steel is represented in terms of σys/ σut in the present 
analysis. Fig. 10 shows the estimated CTOD through FE analysis and ASTM 1820 for 
different strain-hardened steels at a/W = B/W = 0.5. Here also, the δFE values are higher 
over the δASTM owing to the conservative constraint factor, m. The effect of σys/ σut accounted 
through constraint factor, m equation for CT specimen in ASTM 1820. The higher 
magnitudes of δFE specify the better constraint measurement and can be acknowledged 
through the corrected constraint factor, mFE. A distinction between δASTM and δFE can be 
made by modifying the constraint factor, m, while maintaining the same format of Equation 
(1). By conducting an in-depth finite element analysis, the influence a/W, B/W, and σys/σut 
is adequately accounted in J-based CTOD estimation. 
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Fig. 10. CTOD for different strain hardening materials 

The goal is to attain the identical CTOD value from PHM and J-based CTOD methods for a 
given loading. The reported literature favors the PHM-based standards over J-based CTOD 
due to their accuracy with the experimental CTOD assessments. However, the unique and 
recognized relationship among the other fracture toughness parameters is essential for 
wide acceptance and increased applicability. The interchangeability between fracture 
toughness parameters, J and CTOD, provides a strong understanding of non-linear fracture 
behavior through a constraint perspective. Hence, an attempt is made to extract the slope 
between J/σY vs. CTOD for FE measured values in terms of the constraint factor, m, as 
shown in Fig. 11. The slope is further used to define the corrected constraint factor, mFE, 
for the actual crack tip/front constraint measurement. 

In Fig. 11, the constraint factor, m, decreased with increasing σys/ σut and has been defined 
in ASTM 1820 through the constants A0, A1, A2, and A3. The cubic polynomial measures the 
constraint variation due to alteration in σys/ σut. However, the variation of constraint factor, 
m, is linear and has been represented using the straight line as seen in Fig. 11. A cubic 
equation usage for linear variation of the constraint indicates overestimation and leads to 
errors. In the present FE analysis, the m value increased with an increase in σys/ σut, and 
also shown the exponential variation with respect to σys/ σut. The extensive FE analysis 
represented the improved crack constraint measurement resulting in corrected constraint 
factor, mFE behavior. Thus, an effort is directed to define corrected values of constants A0, 
A1, A2, and A3 in the m equation. Based on the present FE analysis, the corrected values of 
constants are A0 = -2.015, A1 = -14.750, A2 = -25.217, and A3 = -14.298. 
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Fig. 11 Constraint factor, m as per ASTM 1820 and FE analysis 

Equation (2) may be used to represent the corrected constraint factor, mFE, based on newly 
suggested constants. The CTOD estimated from Equation (2) yielded sufficient accuracy 
(less than 2% error) compared to δFE. Equation (8) can be applied to B/W of 0.25 to 1, a/W 
of 0.45 to 0.7, and σys/ σut > 0.45 to estimate CTOD between 0.01 and 1.5 mm. The variations 
in in-plane (a/W) and out-of-plane (B/W) dimensions align with the ASTM 1820 specified 
range. Therefore, the applicability of the proposed mFE to different fracture assessments 
will boost the much-needed correction in ASTM 1820. 
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The PHM based CTOD measurement is adopted by European and Japanese fracture 
toughness related standards. WES 1108 standard utilized the modified PHM to define 
CTOD measurement and is prevalent among the fracture mechanics applications [1, 7]. 
Unlike δASTM, the CTOD measured from PHM not related to J-integral for its determination. 
The improvement in determining CTOD from corrected constraint factor, mFE is verified for 
AA2050-T84 alloy having σys/ σut = 0.84. CT specimen is used to understand the fracture 
behaviour of the aircraft spars and ribs made of AA2050-T84 alloy [23, 25].  Fig. 12 shows 
the CTOD values determined by WES 1108 (shown as δWES 1108), ASTM 1820 (shown as δASTM 

1820), and proposed δFE for a/W = B/W = 0.5. In the absence of an experimentally measured 
CTOD from DIC or silica replica method, Fig. 12 is useful in justifying the usefulness of δFE. 
The CTOD determined by ASTM 1820 are the least values due to improper constraint 
measurement between J and CTOD. Similarly, the CTOD derived by WES 1108 are higher 
and most CTOD based fracture assessment rely on this procedure. The gap between the 
δWES 1108 and δASTM 1820 is larger and therefore the scarce usage of CTOD based fracture 
assessment witnessed in the field.  However, the reduced gap between δWES 1108 and δFE will 
help to relook of both CTOD measuring techniques to find efficient way to determine CTOD 
in future. Owing to the proper and efficient FE simulations accounted through corrected 
constraint factor, mFE, the ASTM may need to re-examine the J-CTOD relationship for 
correction. In the literature, neither the PHM approach nor the J-based method can claim 
to be the correct method for quantifying the true CTOD of a CT specimen. However, typical 
data show that PHM-based CTOD measurement tends to overestimate the CTOD magnitude 
[19]. As seen in Fig. 12, the δFE values appear to be an improved assessment of the 
constraint at the crack over δASTM 1820. Thus, the suggested corrected constraint factor, mFE, 
can be used in fracture applications that typically need both the J-integral and CTOD. 

0.5 0.6 0.7 0.8 0.9 1.0

0.8

1.2

1.6

2.0

2.4

dASTM values

A0 = 3.62

A1 = 4.21

A2 = 4.33

A3 = 2.00

dFE values

A0 = -2.015

A1 = -14.750

A2 = -25.217

A3 = -14.298

m = A0 - A1 (sys/sut) + A2 (sys/sut)
2 - A3 (sys/sut)

3

C
o
n
s
tr

a
in

t 
fa

c
to

r,
 m

sys/sut

 dFE technique

 ASTM 1820



Ekabote / Research on Engineering Structures & Materials 11(2) (2025) 481-494 

 

492 

 

Fig. 12. J/σY vs. CTOD by different CTOD measuring methods 

5. Conclusion 

This work primarily addresses the scarce usage of ASTM 1820 recommended J-based 
CTOD in fracture toughness assessments of CT specimens. Literature study revealed that 
the J-based CTOD equation underestimates the actual CTOD. Furthermore, according to 
ASTM 1820, the constraint at the fracture is determined using a constraint factor, m, with 
the CT specimen's dependence being solely on σys/ σut. The present analysis studies the 
influence of geometrical variations and σys/ σut on constraint parameter, m. The limitation 
of the 450-intercept method and its implications on constraint measurement is addressed 
by a novel CTOD measuring technique, δFE. The role of geometrical variations is considered 
by varying a/W and B/W of the CT specimen within the specified ASTM 1820 
recommended range. The varied strain hardening of the material represented in terms of 
σys/ σut are used to assess the constraint at crack tip/front by in-depth FE analysis. Based 
on the current research, the following findings may be made. 

• A novel CTOD measuring technique, δFE is proposed and validated to measure the 
lower CTOD values. As per our present observations, the proposed δFE technique 
seemed simpler and precise for fine mesh quality along the cracked ligament. 
However, the applicability of the δFE technique on blunted cracks in the case of ductile 
material needs to be verified. 

• The J estimation procedure as per ASTM 1820 already imbibes the a/W and B/W 
effect, and hence, a strong relationship is witnessed between J-CTOD through 
unaltered curves for both δASTM and δFE. However, the δFE magnitudes are consistently 
higher compared to δASTM. 

• Improvement in the constraint assessment noticed through δFE based corrected 
constraint factor, mFE, with the same J-CTOD relation. The proposed corrected 
constraint factor, mFE, uses the identical cubic polynomial equation as described for 
constraint factor, m, with modified constants as A0 = -2.015, A1 = -14.750, A2 = -25.217, 
and A3 = -14.298. 

• The gap between J-based CTOD and PHM based CTOD can be minimized by using 
corrected constraint factor, mFE. Hence, the usage of J-based CTOD can fit the 
applications demanding both J-integral and CTOD. 

• The corrected constraint factor, mFE, represented through Equation (2), applies to 
varied crack lengths (a/W) between 0.4 to 0.7 for thin, standard, and thick CT 
specimens with σys/ σut > 0.45 to estimate CTOD up to 1.5 mm. Authors believe that 
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the present work may lead to relooking constraint factor, m, for CT specimens by 
ASTM in future days for better CTOD-based fracture toughness assessments. 
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 This study investigates the suitability of utilizing Self-Compacting Concrete 
(SCC) as a repair material for concrete structures. Various SCC mixtures were 
formulated with different compositions, including 100% cement, 30% limestone 
fillers, 40% blast furnace slag, and 10% silica fume. The fresh properties, such as 
fluidity, deformability, and stability, were evaluated to optimize the SCC 
mixtures for repair applications. The mechanical properties, including 
compressive strength, tensile strength, and elastic modulus, were assessed and 
compared to vibrated ordinary concrete (VOC). Additionally, the bond strength 
between the SCC repair material and the existing concrete substrate was 
investigated using simulated repair specimens subjected to indirect tensile bond 
and splitting tensile bond tests. The results demonstrated the superior 
mechanical performance of SCC compared to VOC, with higher compressive and 
tensile strengths. Furthermore, the incorporation of mineral additives, such as 
limestone fillers, slag, and silica fume, enhanced the mechanical properties and 
bond strength of the SCC mixtures. The study highlights the potential advantages 
of using SCC over VOC for concrete repair applications, offering improved 
mechanical performance and adhesion characteristics. 
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1. Introduction 

Achieving a robust and durable bond between repair materials and existing concrete 
substrates is a pivotal challenge in concrete repair and rehabilitation projects. The field of 
civil engineering has seen extensive research efforts aimed at optimizing various aspects 
of the concrete repair process, such as bonding durability [1], thin repairs [2], 
experimental methodologies and modeling techniques [3, 27], and hydraulic and 
mechanical interactions [4]. Specialized tests have been developed to assess substrate 
cohesion [5] and quantify adhesion [6, 28], emphasizing the importance of proper surface 
preparation [7]. 

Compatibility between repair materials and the existing concrete matrix is crucial to 
prevent future issues like cracking and debonding [8]. Selecting appropriate repair 
materials depends on factors such as the extent of damage, prevailing load conditions, and 
environmental influences [9]. For reinforced concrete structures, repair interventions 
must restore structural integrity and ensure long-term durability [10]. A strong repair-
substrate bond involves both mechanical interlocking and chemical bonding mechanisms 
between the old and new concrete layers [11]. Additionally, meticulous curing practices 
are essential to achieve the desired strength and performance characteristics [12]. 

mailto:billel.rebai@univ-khenchela.dz
http://dx.doi.org/10.17515/resm2024.255st0423rs


Rebai et al. / Research on Engineering Structures & Materials 11(2) (2025) 495-513 

 

496 

The adhesion between repair materials and substrates involves a complex interplay of 
chemical bonding and mechanical interlocking mechanisms [6]. Various solutions, 
including dry/wet shotcrete, formwork, and self-compacting concrete (SCC), offer 
promising avenues for enhancing adhesion in repair and reinforcement scenarios. 
Adhesion assessment typically involves subjecting specimens to tension, flexion, and/or 
shear stresses [13, 14]. Bond tests are crucial for quantifying the adhesion of repair 
systems to concrete substrates, employing direct or indirect tensile stress generation 
methodologies [29]. 

This study investigates the potential of utilizing Self-Compacting Concrete (SCC) as a repair 
material for concrete structures. The research focuses on formulating and characterizing 
various SCC mixtures with compositions including 100% cement, 30% limestone fillers, 
40% blast furnace slag, and 10% silica fume. The fresh and hardened properties of these 
SCC mixtures are evaluated and compared to vibrated ordinary concrete (VOC). 
Additionally, the study assesses the bond strength between the SCC repair material and 
the existing concrete substrate using simulated repair specimens. 

Recent research has demonstrated the suitability of SCC for concrete repair applications 
due to its excellent fluidity, stability, and bond strength [15, 30]. Studies have explored 
different SCC mix designs for repair overlays, incorporating steel fibers for enhanced 
strength [16]. The development of self-healing concrete technology offers a solution to 
micro-cracks in concrete structures, with Bacillus Subtilis bacteria proving effective in 
promoting self-recovery of cracks [17]. Evaluating the long-term durability of self-healing 
concrete is crucial, focusing on resistance to fatigue, creep, and corrosion, alongside 
mechanical properties assessments [18]. 

Furthermore, recycled self-compacting concrete, which utilizes recycled aggregates, 
presents challenges such as reduced flowability and strength but offers benefits like 
internal curing effects to reduce shrinkage [21]. Lightweight self-compacting concrete has 
also shown promise in civil engineering applications, achieving densities below 1000 
kg/m³ while maintaining strength and durability, making it a viable option for repair work 
[24]. The use of self-healing technology with SCC has been explored to control moisture 
ingress and enhance durability in repair mortars, demonstrating a reduction in sorptivity 
coefficients and improved autonomous healing efficiency, beneficial for concrete repair 
applications in terms of longevity and performance [25]. 

Overall, the combination of SCC's properties, lightweight characteristics, and self-healing 
capabilities makes it a compelling choice for concrete repair applications, offering 
enhanced durability and longevity [26]. This study aims to contribute to the existing body 
of knowledge by evaluating the performance of SCC as a repair material and investigating 
its bond strength with existing concrete substrates. 

2. Materials Used 

2.1. Cement 

The cement used in all mixtures is CEM I/42.5 grade from the GIGA group of the Ain-Touta 
cement plant, located in Algeria. The physical characteristics of this cement include an 
absolute density of 3.1, an apparent density of 1.13, and a Blaine specific surface of 3917 
cm2/g. The normal consistency of the cement is 27.2% H2O, with a start time of 2 hours 
and 12 minutes and an end time of 3 hours and 8 minutes. The hot expansion of the cement 
is 0.50 mm. 
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2.2. Sand  

The sand used in this study is a local silica sand with a granular class of 0/5 mm, extracted 
from Oued Ittel, located 85 km south of Biskra, Algeria. This approach is supported by 
several studies, such as those conducted by de Larrard (1999) and Fennis et al. (2009) [30], 
which demonstrate the improved mechanical properties and durability of concrete when 
using gap-graded aggregates. The sand's properties, including absolute density, apparent 
density, fineness modulus, and visual sand equivalent, were determined according to the 
standard testing methods [31]. The values obtained for the sand's absolute density, 
apparent density, fineness modulus, and visual sand equivalent were 2.56, 1.54, 2.54, and 
78.32, respectively. 

The measurements were performed as follows: 

• Absolute density: The sand sample was oven-dried at 105°C for 24 hours, cooled to 
room temperature, and then immersed in water for 24 hours. The saturated 
surface-dry (SSD) condition was achieved by removing the surface moisture using 
a dry cloth. The SSD sand was weighed in air and water, and the absolute density 
was calculated using the formula specified in ASTM C128. 

• Apparent density: The sand sample was oven-dried at 105°C for 24 hours and 
cooled to room temperature. The dry sand was placed in a cylindrical container of 
known volume, and the mass of the sand was measured. The apparent density was 
calculated by dividing the mass of the sand by the volume of the container. 

• Fineness modulus: The sand sample was oven-dried at 105°C for 24 hours and 
cooled to room temperature. The dry sand was sieved through a series of standard 
sieves (4.75 mm, 2.36 mm, 1.18 mm, 0.60 mm, 0.30 mm, and 0.15 mm), and the 
cumulative percentage retained on each sieve was calculated. The fineness modulus 
was determined by adding the cumulative percentages retained on each sieve and 
dividing the sum by 100. 

• Visual sand equivalent: The sand sample was placed in a graduated cylinder with a 
flocculating solution, agitated, and allowed to settle for 20 minutes. The height of 
the sand and clay layers was measured, and the sand equivalent value was 
calculated by dividing the height of the sand layer by the total height of the sand and 
clay layers, expressed as a percentage. 

The values obtained for the sand's absolute density, apparent density, fineness modulus, 
and visual sand equivalent were 2.56, 1.54, 2.54, and 78.32, respectively. 

2.3. Gravel 

The physical properties of the crushed limestone gravel from the Ain-Touta deposit in the 
Batna province of Algeria were determined according to relevant testing standards. The 
absolute density and absorption coefficient were measured as per ASTM C127 [31], while 
the apparent density and porosity were determined using ASTM C29/C29M [31]. The Los 
Angeles coefficient, which assesses the resistance to abrasion and impact, was evaluated 
following ASTM C131/C131M [31]. 

The use of gap-graded gravel sizes (7/15 and 15/25) in concrete mixture design is a 
common practice that offers several advantages. The combination of smaller and larger 
gravel sizes helps to optimize the packing density by minimizing void spaces between 
particles, resulting in a denser and more compact concrete matrix [30]. The smaller gravel 
size (7/15) enhances the workability and filling ability of self-compacting concrete (SCC) 
by reducing interparticle friction and facilitating mixture movement [32]. On the other 
hand, the larger gravel size (15/25) is typically used in conventional vibrated concrete to 
improve interlocking and load transfer between particles, leading to higher strength and 
stability [33]. 
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The physical characteristics of the gravel were determined for two size ranges: Gravel 
15/25 and Gravel 7/15. The absolute density values were found to be 2.62 and 2.61, 
respectively, while the apparent density values were 1.255 and 1.283. The absorption 
coefficient values were 0.64 and 0.60, and the porosity values were 0.96 and 0.56. The Los 
Angeles coefficient was found to be 26 for both gravel sizes, indicating a satisfactory level 
of durability [34]. 

2.4. Limestone Fillers 

The crushed limestone rock used in this study is sourced from the quarries of Ain-Touta, 
Algeria. The laboratory analysis of the limestone filler revealed an absolute density of 2.76, 
an apparent density of 1.09, and a specific surface area of 3070 cm2/g. The absolute 
density was determined using the pycnometer method, as described in ASTM C128 [31], 
which involves measuring the displacement of a liquid (usually water) by a known mass of 
the material. The apparent density was measured using the ASTM C29/C29M standard 
[31], which involves filling a container of known volume with the material and determining 
its mass. The specific surface area was determined using the Blaine air permeability 
method, as outlined in ASTM C204 [31], which measures the time required for a fixed 
volume of air to pass through a compacted bed of the material. 

The incorporation of limestone fillers in self-compacting concrete (SCC) mixtures has been 
shown to improve various properties of the concrete. Limestone fillers contribute to the 
workability and cohesiveness of the mixture by increasing the paste volume and improving 
the particle packing density [34]. The increased packing density results in a reduction of 
the water demand for a given workability [35]. Additionally, the fine limestone particles 
act as nucleation sites for the formation of hydration products, leading to an enhancement 
in the mechanical properties of the concrete [36]. 

2.5. Blast Furnace Slag 

It is a granulated and ground blast furnace slag product from the El-Hadjar steel complex 
in Annaba, Eastern Algeria. Its physical characteristics are as follows: absolute density = 
2.73, apparent density = 1.08, and specific surface area = 3000 cm2/g. The absolute density 
was determined using the pycnometer method, as described in ASTM C188 [31], while the 
apparent density was measured using the ASTM C29/C29M standard [31]. The specific 
surface area was determined using the Blaine air permeability method, as outlined in 
ASTM C204 [31]. The chemical composition of the blast furnace slag, with its respective 
proportions in percentage, is as follows: SiO2 (40.8%), CaO (43.0%), MgO (6.4%), Al2O3 
(5.2%), MnO (3.0%), S (0.8%), and Fe2O3 (0.5%). 

The use of blast furnace slag as a partial replacement for cement in self-compacting 
concrete (SCC) mixtures can improve various properties of the concrete. Blast furnace slag 
exhibits pozzolanic properties, reacting with calcium hydroxide produced during cement 
hydration to form additional calcium silicate hydrates, contributing to strength 
development over time [38]. The incorporation of slag in SCC mixtures can enhance the 
workability and cohesiveness of the mixture, as the slag particles act as a filler material, 
improving the particle packing density and reducing the water demand [36]. Furthermore, 
the use of slag in concrete can improve the durability characteristics, such as resistance to 
chloride ingress and sulfate attack, due to the refined pore structure and reduced 
permeability of the concrete matrix [39]. 

2.6. Silica Fume 

It is a silica fume designated by the name "MEDAPLAST HP," a gray powder-based micro silica 

from the "GRANITEX" company. Its physical characteristics are: absolute density = 1.87, 

apparent density = 0.5, and specific surface area = 20470 cm2/g. 
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The absolute density was determined using the pycnometer method, as described in ASTM 
C188 [31], while the apparent density was measured using the ASTM C29/C29M standard 
[31]. The specific surface area was determined using the Brunauer–Emmett–Teller (BET) 
surface area analysis method, as outlined in ASTM C1069 [31]. 

Silica fume is a highly reactive pozzolanic material that can significantly improve the 
mechanical properties, durability, and impermeability of concrete when used as a partial 
replacement for cement [40, 41]. The ultrafine nature of silica fume particles contributes 
to the enhancement of the interfacial transition zone between the cement paste and 
aggregate, resulting in a denser and more homogeneous microstructure [42]. The high 
pozzolanic reactivity of silica fume leads to the formation of additional calcium silicate 
hydrates, which improve the strength and durability characteristics of the concrete [43]. 

2.7. Chemical Admixture (Superplasticizer) 

The chemical admixture used is the superplasticizer "MEDAFLOW30," produced by the 
company "GRANITEX." It is in liquid form with light brown color and is based on 
Polycarboxylates, with a density of 1.07, chlorine content lower than 0.1g/l, dry extract of 30%, 
and pH ranging from 6 to 6.5, according to the manufacturer. 

2.8. Mixing Water 

The mixing water used complies with the requirements of standard ASTM C1602 [31]. It is 
potable water from the tap of the public network in the city of Biskra, ensuring the water 
is free from impurities that could potentially affect the properties of the concrete. 

3. Methodology 

3.1. Mixes and Formulations 

Based on the guidelines provided by [19], several preliminary formulations were 
conducted to optimize and characterize a 100% cement self-compacting concrete (SCC) 
that meets the criteria and recommendations for fresh state properties according to [20], 
with a water-to-cement ratio (W/C) of 0.4 and paste-to-volume ratio (S/paste) of 0.7. Then, 
a portion of cement was replaced by various mineral additions (30% limestone fillers, 40% 
blast furnace slag, and 10% silica fume) to obtain four self-compacting concrete mixtures. 

The incorporation of mineral additions, such as limestone fillers, blast furnace slag, and 
silica fume, can significantly enhance the water efficiency of concrete mixtures. These 
mineral additions contribute to the improvement of water efficiency through different 
mechanisms. Limestone fillers act as a filler material, improving the particle packing 
density and reducing the water demand for a given workability [8]. The fine limestone 
particles can fill the voids between cement and aggregate particles, resulting in a denser 
and more cohesive mixture. 

Blast furnace slag exhibits pozzolanic properties, reacting with calcium hydroxide 
produced during cement hydration to form additional calcium silicate hydrates [9]. This 
pozzolanic reaction consumes part of the water, reducing the effective water-to-binder 
ratio and improving the water efficiency of the mixture. Silica fume, with its ultrafine 
particle size and high pozzolanic reactivity, can significantly improve the particle packing 
density and contribute to the formation of additional calcium silicate hydrates [10]. The 
improved particle packing and pozzolanic reaction led to a reduction in water demand and 
enhanced water efficiency. By optimizing the combination and proportions of these 
mineral additions, it is possible to achieve self-compacting concrete mixtures with 
improved water efficiency, leading to better workability, cohesiveness, and mechanical 
properties while reducing the water demand and potential for segregation or bleeding [11, 
12]. 
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For the vibrated ordinary concrete (VOC), the Dreux-Gorisse method was used in this study 
[21]. The procedure before studying the adhesion involves two groups of tests. Initially, a 
self-compacting concrete was formulated and characterized after several preliminary 
tests, meeting the guidelines of [19] and the fresh state recommendations of AFGC [20]. To 
determine the mechanical performance of the different concretes, compression behavior 
characterization tests were carried out in accordance with the norm (NFP 18-406), on 
cubic specimens with dimensions of (10x10x10 cm3), cured in water. The compressive 
strength fcj results at 7,14, 28 and 90 days represent the average of three samples. The 
testing machine used for uniaxial cube crushing is a hydraulic press with a maximum 
capacity of 1500 kN in compression. The expression of the results is given by the relation: 

𝑓𝑐𝑗 =
𝐹

𝑆
 (1) 

Where F is the maximum load and S is the compression surface of the specimen [21]. For 
flexural tensile tests, tests were conducted on prismatic specimens with dimensions of 
(10x10x40 cm3), cured in water, following the norm (NFP 18-406). The tensile strength 
ft28 obtained at 28 days is the average of results from three samples. The apparatus used 
is a bending hydraulic press with a maximum capacity of 150 kN in shear. The expression 
of the results for expressing the flexural tensile strength is given by the relation: 

𝑓𝑡𝑗 = 1.8
𝐹

𝑎2
 (2) 

Where F is the rupture load and a is the side of the base in mm. Regarding the elastic 
modulus at 28 days, it is determined on cylindrical specimens of (16x32 cm2), cured in 
water, and equipped with a single-sensor axial extensometer to measure longitudinal 
deformations of the sample under increasing loads up to a maximum stress equal to: 

σc = 0.6fcj (3) 

From the equation:      

σc = Ecεc (4) 

It is possible, according to R. Dupan [22], to plot the curve:        

σc=f (εc) (5) 

For σ ranging from 0 to 0.6fc.  On this curve, the slope of the tangent at the origin (tangent 
modulus) and the slope of the line passing through the origin and the coordinate point εc 
and 0.6fc (secant modulus) can be measured, with:  

𝐸 = 0.6
𝑓𝑐

𝜀𝑐
 (6) 

The evaluation of adhesion between the old and new concrete was conducted through 
repair simulations. Prismatic specimens with dimensions of 10x10x10 cm³ and cylindrical 
specimens with dimensions of 16x32 cm² were prepared using ordinary concrete. After 28 
days of curing, these specimens were subjected to flexural tensile tests (for prisms) and 
splitting tensile tests (for cylinders) to obtain half-specimens with exposed aggregates, 
resulting in rougher surfaces. 

Before applying the repair, the rough surfaces of the half-specimens (prismatic and 
cylindrical) were moistened for 24 hours to achieve the Saturated Surface Dry (SSD) 
condition. Subsequently, the half-specimens were placed in suitable molds, and the repair 
concrete (self-compacting concrete, SCC) and the vibrated ordinary concrete (VOC) as a 
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reference were poured to obtain composite specimens after demolding. The composite 
specimens consisted of two parts bonded at the interface: the first part formed the base 
concrete or substrate, and the second part formed the repair concrete or new concrete 
(Figure 1). This setup allowed for the evaluation of the adhesion between the old 
(substrate) and new (repair) concrete. 

 

(a) 

 

(b) 

Fig. 1. The Composite specimens (a) old concrete, (b) repair 

Finally, these specimens were kept in water to determine the adhesion between the old 
and new concrete, we conducted two tests: before being subjected to the crushing tests at 
the age of 28 days to evaluate the adhesion strength between the old and new concrete. 

3.1.1. The First Method (Indirect Tensile Bond Test) 

This involves subjecting the composite prismatic specimens to the indirect tensile bond 
test, which is inspired by the CRD C85 standard. The procedure entails applying a 
compressive load parallel to the repair interface between the existing concrete and the 
repair concrete. The bond stress in this method is estimated by the ratio of the load at 
failure to the surface area, and the whole is adjusted by a correction factor estimated at 
0.98. 

3.1.2. The Second Method (Splitting Tensile Bond Test) 

The cylindrical (composite) specimens are subjected to the splitting tensile bond test to 
evaluate the quality of adhesion between the old and new concrete. With this method, the 
bond stress is only that of splitting tensile stress, which will be calculated using the 
following formula:  

ftj= 2P/π DL (7) 

Where: P is the maximum compressive load causing the cylinder to split when subjected 
to tensile stress along the vertical diametral plane; D and L are the diameter and length of 
the cylinder. 

4. Results and Discussion 

4.1. Formulation and characterization of fresh SCC 

For the formulation of our SCC, we initially focused on optimizing the gravel volume. Five 
SCC samples with gravel doses ranging from 250 l to 350 l in increments of 25 l were 
prepared. All mixtures had sand/paste ratios (S/Pt) of 0.6 and water-to-cement ratios 
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(W/C) of 0.4, along with a superplasticizer content of 0.8%. The results obtained in the 
fresh state, as shown in Figure 2.a, indicate that increasing the gravel volume considerably 
reduces the fluidity of the SCC. This reduction can reach 73.68% when the gravel volume 
increases from 250 l to 350 l.  

This phenomenon is attributed to the insufficient cement paste content due to the 
increased volume of gravel. In fact, the gravel particles tend to come into contact with each 
other, leading to increased frictional forces between them, thereby restricting the flow of 
the SCC. This observation aligns with previous studies on SCC [23, 24]. Similarly, the 
increase in gravel volume has a negative effect on the filling capacity of the SCC (H2/HI 
ratio) as shown in Figure 2.b. When the gravel volume reaches 350 l, the gravel particles 
shear and touch, resulting in the formation of clusters against the reinforcements, thus 
blocking the material. Regarding stability, Figure 2.c shows that the segregation index 
decreases as the gravel volume increases, even reaching almost zero with a volume of 350 
l. This decrease is due to the reduction in the volume of cement paste caused by the 
increased gravel volume, leading to a decrease in the segregation index. Therefore, the 
increase in gravel volume has a significant impact on the properties in the fresh state and 
the characterization of the SCC. 
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(c) 

Fig. 2. Effect of gravel volume on fresh scc properties (a) effect of gravel on fluidity 
b:effect of gravel deformability, and c: effect of gravel on stability 

A gravel dosage of 275 l was identified as the most appropriate to meet the performance 
criteria while ensuring good adhesion between the mortar and the gravel. To optimize the 
superplasticizer dosage, nine SCC samples were prepared with a fixed gravel volume of 
275 l and W/C ratio of 0.4. The percentages of superplasticizer were varied from 0.8% to 
1.2% with an increment of 0.2%, and the S/Pt ratio was varied from 0.6 to 0.8 with an 
increment of 0.1. The effect of the superplasticizer on the rheological properties is well 
illustrated in Figure 3 where the increase in spread diameter is directly related to the 
progressive increase in the superplasticizer dosage. For example, at an S/Pt ratio of 0.6, 
the spread diameter increases from 66.5 cm to 90 cm when the superplasticizer dosage 
increases from 0.8% to 1.2% (Figure 3 a).  This improvement in fluidity is attributed to the 
action of long-chain molecules of the superplasticizer, which cause deflocculation of 
cement particles and lubricate the paste. Additionally, the increase in superplasticizer 
dosage leads to a higher filling capacity of the mixtures, as shown in Figure 3.b, since 
deformability is closely linked to fluidity. 
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(b) 

 

(c) 

Fig. 3. Effect of superplasticizer dosage on fresh SCC properties (a) effect of 
superplasticizer on fluidity, (b) effect of superplasticizer on filling rate (deformability), 

and (c) effect of superplasticizer on segregation rate (stability) 

However, we observed that the increase in superplasticizer dosage also causes a loss of 
stability, as illustrated in Figure 3.c. The segregation index increases significantly when the 
superplasticizer dosage goes from 0.8% to 1.2%, which could be problematic for the 
mechanical properties of the SCC. These results indicate that a dosage of 1% of 
superplasticizer with an S/Pt ratio of 0.7 provides good fluidity and meets the 
requirements of self-compacting concrete (SCC). After optimizing the required gravel volume 
and superplasticizer percentage, the study focused on optimizing the volumetric ratios of S/Pt 
(sand/paste) and W/C (water/cement) using nine SCC mixtures while keeping the 
superplasticizer dosage and gravel volume constant. The effect of the S/Pt and W/C ratios on 
the fluidity of the mixtures is illustrated in Figure 4.  

It is observed that for a given W/C ratio, an increase in the S/Pt ratio leads to a decrease in 
the spread diameter (Figure 4.a). This decrease is attributed to a reduction in the volume 
of cement paste, which is crucial for ensuring good compatibility of the SCC. Similarly, for 
all S/Pt ratios, an increase in the W/C ratio improves fluidity, primarily due to the excess 
water content that reduces internal shear stresses. Regarding the effect of the S/Pt and 
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W/C ratios on the filling capacity of the mixtures (Figure 4.b), it is observed that the filling 
rates decrease as the S/Pt ratio increases. To facilitate the passage of SCC through heavily 
reinforced formwork, the volume of cement paste needs to be adjusted accordingly. This 
result is consistent with the findings of other researchers [25]. Regarding stability (Figure 
4.c), an increase in the S/Pt ratio can reduce the segregation index, while an increase in the 
W/C ratio can directly influence the segregation rate. An increase in the W/C ratio 
improves fluidity and deformability but affects stability, whereas an increase in the S/Pt 
ratio reduces spread diameter and deformability but improves stability. Among all the 
tested mixtures, only one was considered truly self-compacting, meeting the requirements 
of the French Association of Civil Engineering (AFGC) [20], with an S/Pt ratio of 0.7, anW/C 
ratio of 0.4, a superplasticizer dosage of 1%, and a gravel volume of 275 l.  These results 
are in line with those reported in the literature by other researchers [25, 26]. The 
formulation of SCC with a high cement content can lead to high costs and issues related to 
heat of hydration. The use of mineral additives can be a solution to improve these 
properties while reducing the cement quantity. In this study, we analyze the effect of 
limestone fillers, slag, and silica fume on the workability of SCC. The effect of limestone 
fillers on the fluidity of SCC is significant (Figure 5.a), with an increase in the spread 
diameter from 74 cm to 77 cm for a dosage of 30% limestone fillers. This can be explained 
by the fine nature of limestone fillers, which can fill the gaps between the coarse cement 
particles and release the trapped water between them. 
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(b) 

 

(c) 

Fig. 4. Effect of sand/paste ratio (S/P) on fresh SCC properties (a) effect of sand/paste 
ratio(s/p) on fluidity, (b) effect of sand/paste ratio(s/p) on filling rate (deformability), 

and (c) effect of sand/paste ratio(s/p) on segregation rate (stability) 

On the other hand, slag tends to decrease the spread diameter of SCC, requiring an increase 
in the dosage of superplasticizer (SP) to maintain its self-placing ability. Silica fume also 
shows a similar effect, with a decrease in spread diameter and an increased demand for SP 
to ensure good workability. The deformability of SCC is directly related to its fluidity. 
Limestone fillers improve deformability, with a filling rate (H2/H1) increasing from 0.89 
to 0.95 for a dosage of 30% limestone fillers. For mixtures containing slag or silica fume, 
an increase in SP dosage is necessary to enhance deformability and achieve a filling rate of 
0.78 and 0.82, respectively, as shown in Figure 5.b. Figure 5.c illustrates that the 
incorporation of limestone fillers and slag improves the stability of SCC, reducing the 
segregation index from 13% to 10% and 4.5%, respectively.  
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(b) 

 

(c) 

Fig. 5. Effect of mineral additives on fresh SCC properties (a) effect of mineral 
additions on fluidity, (b) effect of mineral additions on filling rate (deformability), and 

(c) effect of mineral additions on segregation rate (stability) 

Table 1. presents the compositions of several optimized concrete mixtures, while Table 2 
displays the results of fresh state tests conducted on various Self-Compacting Concretes 
(SCC). Silica fume also exhibits a positive effect on stability, with a segregation rate of only 
5.5% for a dosage of 1.4% SP. The use of mineral additives in the formulation of Self-
Compacting Concrete (SCC) allows for the improvement of its rheological and mechanical 
properties. 
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04 SCC10%SF 720.5 00 737.59 501.39 55.71 222.84 1.4 
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Limestone fillers enhance fluidity and deformability, while slag and silica fume improve 
stability and mechanical strengths. Optimizing the dosage of superplasticizer is essential 
to maintain the self-placing ability of SCC while benefiting from the advantages of mineral 
additives. 

Table 2. Results of fresh state tests for different self-compacting concretes (SCC) 

N° Designation Slump flow D in (cm) Deformability H2/H1 Stability π 

01 SCC100%C 74 0.89 13 

02 SCC30%LF 77 0.95 10 

03 SCC40%BFS 63 0.78 6 

04 SCC0%SF 64 0.82 5.5 

 

4.2. Study of Mechanical Properties of Different Optimized Concrete Mixtures in 
The Hardened State  

The evolution of compressive strength at different ages is well illustrated in Figure 6, 
where we observe that at early ages, all mixtures except those containing slag, develop 
higher strengths than vibrated ordinary concrete. For example, the 100% cement SCC 
recorded 32MPa at 14 days, which represents 82% of the strength of ordinary concrete at 
28 days (39MPa). Similarly, the 10% silica fume SCC developed a strength of 45MPa at 14 
days, representing 115.38% of that of ordinary concrete at 28 days. Concrete mixes based 
on slag (SCC 40% BFS) exhibit lower strengths at 14 days compared to ordinary concrete, 
partly because slag does not have enough time at 14 days to contribute to strength 
development, and also due to the lower cement content in slag-based concrete. At long 
term (90 days), it is observed that all self-compacting concretes, regardless of the 
substitution type, recorded higher strengths than ordinary concrete. For instance, the 
100% cement SCC showed a strength of 58MPa compared to 47MPa for ordinary concrete, 
the SCC30% LF developed a strength of 46MPa, and the SCC10%SF marked a strength of 
70MPa. Similarly, the slag-based SCC (40%) at long term showed a strength of 52MPa, 
surpassing the 47MPa of ordinary concrete at 90 days due to its pozzolanic property. 
Regarding the evolution of tensile strength, according to Figure 7, all SCCs developed 
slightly higher tensile strengths at the age of 28 days compared to ordinary concrete.  

 

Fig. 6. Evolution of compressive strength over 
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Specifically, the SCC100% cement showed a tensile strength of 3.3MPa, the SCC30% LF 
3MPa, and the SCC10%SF 4.2MPa, while vibrate ordinary concrete had a tensile strength 
of 3MPa. However, the SCC 40% BFS recorded a tensile strength of 2.9MPa, which can be 
attributed to the fact that the 40% substitution is at its maximum, and at 28 days, this 
mixture containing slag has not yet developed its mechanical properties. The highest result 
was obtained for the SCC10% BFS (4.2MPa), indicating the homogeneity and proper 
distribution of aggregates in the binder paste.  

 

Fig. 7. Tensile strength at 28 days of different concretes 

 

Fig. 8. Elastic modulus at 28 days of different concretes 

This homogeneity is ensured by the presence of the superplasticizer, which disperses the 
cement grain stacking and silica fume particles. Regarding the elastic modulus, which is 
generally affected by the gravel content, SCCs are likely to be more deformable than 
ordinary concrete. As shown in Figure 8, the elastic modulus of SCC is consistently lower 
than that of ordinary concrete. For example, at 28 days, the elastic modulus is 28800MPa 
for 100% cement SCC, 28200MPa for SCC 30% LF, 23250MPa for SCC40%BFS and 
34500MPa for vibrated ordinary concrete. These results are confirmed by AFGC and have 
also been found by several researchers [4], [24] and [27]. On the other hand, the SCC10%SF 
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yielded an elastic modulus of 35250MPa, higher than that of ordinary concrete, which can be 
attributed to its higher compressive strength as well. 

4.3. Evaluation of The Bond Strength Between Old and New Concrete 

The first observation we made during the evaluation of bond strength is that the test on 
prismatic specimens yields higher results compared to the splitting tensile test on 
cylindrical specimens. As shown in Figure 9, the bond strength for 100% cement SCC is 
2.64MPa for the test on prisms, compared to 1.92 MPa on cylinders. Similarly, the 30% LF 
SCC recorded 1.96MPa on prisms and 1.74MPa on cylinders, and the SCC40% BFS showed 
1.52MPa on prisms and 1.36MPa on cylinders. 

 

Fig. 9. Bond strength for different repair mixes 

The second observation is that the bond strengths of all SCCs generally follow the trend of 
tensile strength. It can be noted that the 10% FS mixture offers the best bond strength in 
both the prism and cylindrical tests (2.84MPa and 2.48MPa) compared to 2.35MPa and 
1.86MPa for ordinary concrete, respectively. This result is confirmed by Soneibi [25]. The 
lowest result compared to ordinary concrete was found for the SCC30% LF with 1.96 MPa 
on prisms and 1.74 MPa on cylinders, but it was even lower for the SCC40%BFS with 
1.52MPa on prisms and 1.36MPa on cylinders. This can be attributed to the low cement 
content in this mixture (335.5kg/m3) and the low specific surface area of the slag used 
(3070cm2/g). 

5. Conclusion 

This comprehensive study evaluated the potential of utilizing Self-Compacting Concrete 
(SCC) as an effective repair material for concrete structures. Through a systematic 
approach, various SCC mixtures were formulated with different compositions, including 
100% cement, 30% limestone fillers, 40% blast furnace slag, and 10% silica fume. The 
primary objective was to optimize the fresh properties, such as fluidity, deformability, and 
stability, to ensure compliance with the requirements for self-compacting concrete in 
repair applications. 

The mechanical properties of the optimized SCC mixtures were extensively characterized 
and compared to those of vibrated ordinary concrete (VOC). Remarkably, all SCC mixtures 
exhibited higher compressive strengths than VOC at later ages, with the 10% silica fume 
SCC outperforming the others by achieving the highest compressive strength. This 
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superior performance can be attributed to the pozzolanic activity of silica fume, which 
contributed to the formation of additional calcium silicate hydrates, resulting in a denser 
and stronger concrete matrix. Furthermore, the tensile strengths of the SCC mixtures were 
evaluated at 28 days, and all mixtures demonstrated slightly higher values compared to 
VOC. Once again, the 10% silica fume SCC emerged as the top performer, exhibiting the 
highest tensile strength among all mixtures. This can be attributed to the improved 
interfacial transition zone between the cement paste and aggregates, as well as the 
homogeneous distribution of silica fume particles within the concrete matrix. 

A crucial aspect of this study was the assessment of the bond strength between the SCC 
repair material and the existing concrete substrate. Simulated repair specimens were 
subjected to indirect tensile bond and splitting tensile bond tests to quantify the adhesion 
between the old and new concrete interfaces. The results revealed that the SCC mixtures 
generally exhibited higher bond strengths compared to VOC, with the 10% silica fume SCC 
demonstrating the best bond strength performance. This superior adhesion can be 
attributed to the improved microstructure and reduced porosity of the SCC mixtures, 
leading to enhanced mechanical interlocking and chemical bonding mechanisms at the 
repair interface. The incorporation of mineral additives, such as limestone fillers, blast 
furnace slag, and silica fume, played a pivotal role in influencing the fresh and hardened 
properties of the SCC mixtures. Limestone fillers contributed to improved fluidity, 
deformability, and stability by enhancing the particle packing density and reducing the 
water demand. On the other hand, blast furnace slag and silica fume exhibited positive 
effects on mechanical strengths and bond strength, albeit with a slight reduction in 
workability due to their higher water demand. 

Overall, this study highlights the promising potential of using SCC as a superior repair 
material for concrete structures. The superior mechanical performance, enhanced bond 
strength, and the ability to incorporate mineral additives make SCC an attractive choice for 
concrete repair applications. The improved durability and longevity offered by SCC can 
lead to more sustainable and cost-effective repair solutions, ultimately extending the 
service life of concrete structures and reducing the need for frequent repairs or 
replacements. 
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 This study examines the influence of ground motion directionality on global 
ductility 𝜇𝑠 of framed reinforced concrete structures. Suitable values of angle of 
attack 𝜃, longitudinal reinforcement ratio 𝜌𝑙 , dimensionless axial stress 𝜐 and 
mechanical ratio of transverse reinforcement 𝜔𝑤𝑑 were assumed. Detailed 
nonlinear modeling was adopted to reproduce the behavior of reinforced 
concrete elements in the plastic field considering, also, the confinement effect on 
concrete mechanical properties. Nonlinear static simulations were carried out 
with the capabilities of the OpenSees code to evaluate the capacity curves and 
the corresponding global ductility. The results show that plastic hinges develop 
on the columns for the combined effect of bending moments transmitted by the 
beams framing into the same joint for values of the angle 𝜃 equal to 30° and 45°. 
Consequently, the formation of soft-storey mechanisms significantly reduces the 
global ductility 𝜇𝑠. A design formula is proposed to avoid such collapse 
mechanism for framed reinforced concrete structures in ductility class high. 
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1. Introduction 

It is known that one of the most relevant actions that can affect reinforced concrete (RC) 
framed structures is represented by the seismic action. In the last decades, scientific 
research has made great advances both on the characterization of the seismic action, on 
the definition of building structural response and on the optimal exploitation of the 
materials used in the construction. However, the complexity of this problem still leaves 
unresolved some aspects that could jeopardize buildings structural safety. Among these 
aspects can be included the effect of seismic action directionality on the global ductility of 
framed 3D RC structures. 

One of the first researches on this topic was conducted by Park and Paulay [1]. The authors 
observed that seismic loading applied along an axis different from the principal ones of a 
building will require column strengths considerably greater than that required for the 
principal directions. Similar comments were raised decades later by Wilson et al. [2]. Their 
research demonstrated that the way of combining 100% of horizontal action in one 
direction plus 30% of the seismic action in the perpendicular direction can underestimate 
the building seismic demand. The authors also showed that a combination according to the 
square root of the sum of the squares rule of two 100% seismic actions with respect to any 
user defined orthogonal axes, provides a structural design which has suitable resistance to 
seismic motions from all directions. 

In the last years several investigations have been carried out to analyze the behavior of 3D 
frame structures subjected to generally oriented seismic action. Magliulo et al. [3] 
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highlighted how the response of a structural system is significantly influenced by the 
direction of the earthquake comparing the behavior of regular and irregular buildings 
subjected to bidirectional seismic actions. According to their findings, a critical angle of the 
seismic action can modify the displacement demand up to 15% and the rotation of the 
plastic hinges up to 30%. 

Two irregular structures, located in Portugal, with 6 floors above ground and 3 
underground floors have been studied by Mosleh et al. [4]. The design of the structural 
elements was carried out considering national and international regulations, including 
Eurocode 2 [5]. The assessment of the seismic capacity of both structures was carried out 
by means of non-linear analysis: 

• initially pushover simulations were developed for the main directions of each 
building; 

• subsequently integrated through a series of dynamic simulations that included 
different artificial accelerograms applied to the base of the structures. 

The results of the analysis in terms of maximum displacements of the control points were 
compared with some international guidelines [6, 7]. The study underlined the importance, 
during the phase of dimensioning and verification of the structural elements, of 
understanding the effect of biaxial stresses on columns behavior and the influence of axial 
load variation as a function of the relative position of the element with respect to the 
system. 

Hosseinpour and Abdelnaby [8] carried out a series of analysis on two eight-story framed 
RC buildings, one regular and the other one irregular in elevation. Seismic sequences were 
used in irregular buildings along directions corresponding to significantly different global 
performances due to variations in stiffness, resistance, and ductility. Studies on vertical 
irregular buildings have been also performed by Shojaei and Behnam [9] who observed 
that structures with story irregularities sustain more damage than regular structures. 

Subsequently, Garcìa et al. [10] evaluated the response of three-dimensional steel 
buildings of different heights under the action of multiple seismic actions. The 
investigation was conducted through the application of base accelerations with 5 angles of 
incidence, respectively of 0°, 22.5°,45°, 67.5° and 90°. The results of their analyses showed 
that the angle of incidence influences the interstory drift demands also for steel moment-
resisting buildings. 

Dang et al. [11] carried out experimental investigations to study the behavior of RC 
columns with controlled failure modes subjected to uniaxial/biaxial loading. Based on tests 
results, the authors observed that biaxial loading degrades column deformation capacity, 
and that this reduction can be even more severe for combination of biaxial loading and 
high axial force. Similar results were also observed by Breccolotti et al. [12]. 

Recently, Valenzuela-Beltran et al. [13] presented an in-depth analysis of the parameters 
that influence the seismic response of reinforced concrete buildings, such as: the global 
ductility level of the buildings, the post-failure stiffness ratio, the structural resistance and 
the number of stories of the structure. In this regard, the analyses were carried out on three 
structures of 6, 9 and 12 floors, each of which provided for different levels of ductility 
capacity (low, medium, and high). The results of their investigation allowed to notice that 
the magnitude of residual drift demands (RIDD) was close to 1%, making these buildings 
prone to suffer large permanent deformations. 

The importance of the problem is evidenced by recent publications on the subject such as 
that of Zhang and Tao [14] who proposed an iterative method to prevent the soft story 
failure mode and that by Karki, Oinam and Sahoo [15] and Esfandiari, Zangeneh and 
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Esfandiar [16] who evaluated several strengthening techniques for RC moment resisting 
frames. 

This work aims at further analyze the suitability of current design procedures provided by 
structural design codes to deal with relevant seismic biaxial loadings on framed 3D 
structures and ductility capacity of RC columns. Numerical investigations developed 
through OpenSees software were developed for this purpose. Finally, a simply additional 
equation to enforce the strong column – weak beam condition also for general biaxial 
bending in RC columns is proposed. Future studies will be conducted to assess the 
influence of stiffness and strength degradation resulting from repeated biaxial earthquake 
loading as already addressed by Abdelnaby and Elnashai [17] for planar frames. 

2. Seismic Design of Framed RC Buildings 

The effect of seismic force directionality is considered in design codes by specific 
combination rules. A complete state-of-the-art review on this topic has been published by 
Wang et al. [18]. For instance, EN 1998 [19] and ASCE-SEI [20] assume that the orthogonal 
seismic effects can be simulated by means of combination of two orthogonal response 
spectra, or through a pair of ground movement recordings, where one of these components 
is taken at its 100% value and the other one is scaled to a 30% value. While this approach 
provides a conservatory evaluation of the loading intensity, it doesn’t consider possible 
performances changes of the structural system due to a different direction of the resulting 
loading system. In the next paragraph the main parameters that can be used to describe 
such performances, namely material, local and global ductility, are briefly recalled. 

2.1. Material, local and global ductility 

The intrinsic ductility is the property of the material to develop deformations while 
maintaining a constant or slightly variable level of stress. It is defined, starting from the σ 
− ε stress-strain diagram obtained through tensile or compression tests, using the 
following formula: 

𝜇𝜀 =
𝜀𝑢

𝜀𝑦
= 1 +

𝜀𝑝

𝜀𝑦
 (1) 

where 𝜀𝑦 is the deformation at the elastic limit, 𝜀𝑢 the ultimate deformation and 𝜀𝑝 is the 

strain excursion in the plastic field. With reference to RC structures, an extremely ductile 
behaviour can be assumed for the reinforcing steel while concrete exhibits a very fragile 
stress-strain relationship. Nevertheless, the ductility of the concrete can be improved with 
the introduction of longitudinal and transverse reinforcements in the structural elements. 
This behavior, known as confinement, can be responsible of an increase in the concrete 
ultimate strain that can reach values up to 2% [21]. Local ductility is the property of a 
section to develop localized plastic deformations without a significant reduction in the load 
bearing capacity. With reference to flexural ductility, it can be determined for a generic 
section from the moment-curvature diagram using the following formula: 

𝜇𝜃 =
𝜃𝑢

𝜃𝑦

= 1 +
𝜃𝑝

𝜃𝑦

 (2) 

where 𝜃𝑦 is the curvature at the elastic limit, 𝜃𝑢 is the curvature at the ultimate limit and 

𝜃𝑝 is the curvature excursion in the plastic field. To calculate the bending ductility, it is 

necessary to determine the couples (𝑀𝑦; 𝜃𝑦) and (𝑀𝑢; 𝜃𝑢) respectively in the elastic and 

plastic range. In general, the parameters that influence the flexural ductility of a RC section 
are: 
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• concrete compressive strength: as the resistance of the material increases, local 
ductility increases too; 

• concrete confinement: concrete confined by longitudinal and transverse 
reinforcement is characterized by ultimate strain greater than the value 0.0035, 
usually assumed by the standards for unconfined concrete, with a corresponding 
increase in the local ductility of the section; 

• reinforcement ratios: an increase in the reinforcement in the compressed zone 
determines an increase in ductility of the section; conversely, an increase in the 
reinforcement in the tensile zone reduces the value of ductility; 

• tensile strength and yield strength of steel: the use of more resistant steels or steels 
with higher yield values leads to a reduction in section ductility; 

• axial load: as the normal stress acting on the structural element increases, there is 
a progressive ductility reduction. 

This latter aspect is very relevant for determining the actual ductility of the structural 
elements, especially for the columns which are subjected to high compressive stresses as 
well as to biaxial bending. The global ductility is the property of the structure as a whole 
of developing plastic deformations under seismic action without relevant lessening of the 
load-bearing capacity. In this case the ductility is evaluated observing force-displacement 
diagrams with the following formula: 

𝜇𝑠 =
𝑠𝑢

𝑠𝑦

= 1 +
𝑠𝑝

𝑠𝑦

 (3) 

where 𝑠𝑦 is the displacement at the elastic limit, 𝑠𝑢 is the displacement limit and 𝑠𝑝 is the 

displacement excursion in the plastic field of a point assumed as reference for the entire 
structure (e.g. centre of the top floor of the building). Global ductility is highly influenced 
by the type of collapse mechanism. In a framed RC structure at ultimate state, two different 
collapse mechanisms can occur: 

• type L mechanism: the formation of plastic hinges occurs at beams ends. 
• type H mechanism: the formation of plastic hinges occurs in the columns just below 

or just above the joints. 

With the former mechanism, higher values of the global ductility are generally met. 
Conversely, the latter mechanism is often responsible for very low global ductility values. 

3. Organization of The Study and Method of Investigation 

In order to evaluate the influence of bidirectional actions on the global ductility of framed 
RC structures, two FE models were analyzed with the software OpenSees [22]. Detailed 
information on the two case studies is provided in the next paragraphs. The dimensions of 
beams and columns of these structures were assumed based on experience from projects 
with similar dimensions and loads. This assumption is not relevant for the purposes of the 
research work. In fact, the results of the following parametric investigations have been 
analyzed in terms of several dimensionless parameters whose range of use is defined by 
structural codes. Both models were subjected to nonlinear static analysis (pushover) with 
different directions of the seismic action. The columns have been assumed perfectly fixed 
into the foundation even if it is known that soil-foundation-structure interaction can play 
a relevant role in the seismic performance of buildings [23]. Parametric investigations 
were carried out assuming different values of the parameters that mostly influence the 
structural behavior [24]. Finally, global ductility values were extracted from the bi-
linearized force-displacement curves. 
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3.1. One-Story Building 

Model T1 represents a typical yet simple precast RC structure frequently found in low-rise 
commercial buildings in central Italy. It has a square plan of 10.0 m side, a single floor 
above ground with a height of 8.0 m and hinged connections between beams and columns 
in both directions. This structure can be considered as representative of low-rise 
commercial and industrial RC buildings. A perspective view of the structure with its main 
dimensions is shown in Fig. 1. The columns have a cross section of 600×600 mm while the 
beams have dimensions of 400×800 mm. The use of concrete C45/55 is foreseen for both 
structural elements The roof has an infinitely rigid behavior in its plan. Steel B450C is used 
for the longitudinal and transverse reinforcements whose arrangement is shown in Fig. 1. 

3.2. Two-Story Building 

Model T2 represents a typical residential low-rise cast on site RC building frequently found 
in low-rise residential buildings in central Italy. It has a rectangular plan 5.0×6.0 m, is made 
up of two floors above ground with a total height of 6.60 m with continuity connections 
between beams and columns at each level in both directions. A perspective view of the 
structure is shown in Fig. 1. The columns have a cross-sectional dimension of 400×400 mm 
while the beams have cross sections of 400×600 mm. Both floors have an infinitely rigid 
behavior. Concrete class C25/30 is used for beams and columns and B450C steel is used 
for longitudinal and transverse reinforcements. The arrangement of steel rebars in the 
columns and in the beams is shown in Fig. 1. 

4. Mechanical Properties of Materials 

In order to carefully analyze the seismic behavior of the investigated structures, nonlinear 
behaviors were assumed for concretes and steel. Their mechanical properties are 
described in the following. Two different concrete materials have been used in the fiber 
modelling of every cross-section, one for the concrete cover and one for the concrete core. 
The FE models assume perfect bonding between steel and concrete, thus neglecting the 
influence of relative slip between the two materials [25] and ignore joint damage and 
nonlinearity that may also contribute to the deflection of the structure [26]. 

4.1. Concrete 

It is known that concrete stress-strain relationship plays a non-negligible role in the 
ductility properties of RC elements [27]. For these reasons, the Concrete02 Linear Tension 
Softening material has been chosen from the OpenSees library to describe the concrete 
behavior. It models uniaxial concrete material objects with tensile strength and linear 
tension softening with the following stress-strain relationship proposed by Kent and Park 
[28], subsequently modified by Park et al. [29]: 

𝜎𝑐

𝑓𝑐𝑑

= {
− [2

𝜀𝑐

𝜀𝑐1

− (
𝜀𝑐

𝜀𝑐1

)
2

]              𝑓𝑜𝑟 0 ≤ |𝜀𝑐| ≤ |𝜀𝑐1|

−[1 − 𝑍(𝜀𝑐 − 𝜀𝑐1)]      𝑓𝑜𝑟 |𝜀𝑐1| < |𝜀𝑐| ≤ |𝜀𝑐,𝑙𝑖𝑚|

 
(4) 

𝑍 =
0.5

𝜀50𝑢 − 𝜀𝑐1
 (5) 

and where 𝜎𝑐  is the concrete stress, 𝑓𝑐𝑑 is the design concrete compressive strength, 𝜀𝑐  is 
the concrete strain, 𝜀𝑐1 is the concrete strain at peak strength, 𝜀50𝑢 is the strain 
corresponding to half-peak stress and 𝜀𝑐,𝑙𝑖𝑚 is the ultimate concrete strain. The constitutive 

law and the parameters for modelling confined and unconfined concrete are reported, 
respectively, in Fig. 2 and Table 1. 
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The effect of confinement in the concrete columns was considered according to the 
provision of EN 1992 [5]. In detail, the mechanical design properties of the concrete, in 
terms of stresses and deformations, have been increased to consider the effect of 
confinement produced by the longitudinal and transverse reinforcements (stirrups or 
ties). Although it is known that the effect of confinement also produces effects in the 
ductility of the beams [30], it has been neglected in the present study. 

In the absence of specific analyses involving the use of analytical models of proven validity, 
the characteristic strength 𝑓𝑐𝑘,𝑐  and deformations (𝜀𝑐2,𝑐  and 𝜀𝑐𝑢2,𝑐) of the confined concrete 

can be evaluated according to the following relationships provided by Eurocode 2 [5]: 

 

 

 

 

(a)  (b)  

Fig. 1. Perspective view with main dimensions, cross sections and reinforcements of 
columns and beams (from top to bottom) for (a)  model T1 and (b) model T2  
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𝑓𝑐𝑘,𝑐 = {

𝑓𝑐𝑘 ∙ (1.0 + 5.0 ∙
𝜎2

𝑓𝑐𝑘

)              𝑓𝑜𝑟 𝜎2 ≤ 0.05 𝑓𝑐𝑘

𝑓𝑐𝑘 ∙ (1.125 + 2.5 ∙
𝜎2

𝑓𝑐𝑘

)         𝑓𝑜𝑟 𝜎2 > 0.05 𝑓𝑐𝑘

 
(6) 

𝜀𝑐2,𝑐 = 𝜀𝑐2 ∙ (
𝑓𝑐𝑘,𝑐

𝑓𝑐𝑘
)

2

 
(7) 

𝜀𝑐𝑢2,𝑐 = 𝜀𝑐𝑢 + 0.2 ∙
𝜎2

𝑓𝑐𝑘
 (8) 

where 𝑓𝑐𝑘 is the concrete compressive strength measured on standard cylinders, 𝜎2 is the 
effective lateral confinement pressure; 𝜀𝑐2 and 𝜀𝑐𝑢 are, respectively, equal to 0.0020 and 
0.0035. The effective confinement pressure was determined as 𝜎2 = 𝛼 ∙ 𝜎𝑙  being 𝜎𝑙  the 
confinement pressure exerted by the transverse reinforcement and 𝛼 an efficiency 
coefficient defined as the ratio between the volume 𝑉𝑐,𝑒𝑓𝑓 of effectively confined concrete 

and the volume 𝑉𝑐  of the concrete element. For the rectangular sections of this 
investigation, the lateral pressure was evaluated, for each main direction, taking into 
consideration the equilibrium equations in correspondence with the yield stress of the 
transverse reinforcement, with the following relations: 

𝜎𝑙,𝑥 =
𝐴𝑠𝑡,𝑥 ∙ 𝑓𝑦𝑘,𝑠𝑡

𝑏𝑦 ∙ 𝑠
 (9) 

𝜎𝑙,𝑦 =
𝐴𝑠𝑡,𝑦 ∙ 𝑓𝑦𝑘,𝑠𝑡

𝑏𝑥 ∙ 𝑠
 

(10) 

where 𝐴𝑠𝑡,𝑥 and 𝐴𝑠𝑡,𝑦 are the areas of the transverse reinforcement in the direction parallel 

to the main directions X and Y, respectively; 𝑏𝑥 and 𝑏𝑦 are the dimensions, with reference 

to the average line of the stirrups, of the confined core in the two corresponding directions; 
𝑠 is the stirrups pitch and 𝑓𝑦𝑘,𝑠𝑡 is the tensile characteristic strength of steel. Once the values 

of 𝜎𝑙,𝑥 and 𝜎𝑙,𝑦 are known, the equivalent lateral pressure can be calculated as 𝜎𝑙 = 𝜎𝑙,𝑥 ∙

𝜎𝑙,𝑦 . The confinement efficiency coefficient 𝛼 is a combination of two coefficients, 𝛼 = 𝛼𝑛 ∙

𝛼𝑠, where 𝛼𝑛 is a term relating to the arrangement of the transverse reinforcement in the 
plane of the section and 𝛼𝑠 is a term relating to the spacing of the stirrups. For rectangular 
sections, these two coefficients are equal to: 

𝛼𝑛 = 1 − ∑
𝑏𝑖

6 ∙ 𝑏𝑥 ∙ 𝑏𝑦

𝑛

𝑖=1

 
(11) 

𝛼𝑠 = [1 −
𝑠

2 ∙ 𝑏𝑥
] ∙ [1 −

𝑠

2 ∙ 𝑏𝑦
] 

(12) 

being 𝑛 the total number of longitudinal bars laterally contained by stirrups or ties and 𝑏𝑖  
the distance between two consecutive contained bars. Finally, the design resistance 𝑓𝑐𝑑,𝑐  is 

given by: 

𝑓𝑐𝑑,𝑐 =
𝛼𝑐𝑐 ∙ 𝑓𝑐𝑘,𝑐

𝛾𝑐

 (13) 

where 𝛼𝑐𝑐 considers the long-term effect on concrete strength and 𝛾𝑐  is the concrete partial 
safety coefficient. 

4.2. Steel 

Reinforcement steel has been modeled with the Hysteretic material, also present in the 
OpenSees library. A strain hardening behavior was modelled by identifying pairs of stress-
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strain values as foreseen by EN 1992 [5]. The constitutive law and the parameters used for 
steel modelling in both case studies are shown, respectively, in Fig. 3 and Table 2. 

5. Parametric Investigations 

Models T1 and T2 described in chapter 3 were used to perform parametric investigations 
in which, by varying several geometric and mechanical parameters, 1260 analyses were 
obtained for each model. To speed up the control and the synthesis of such a great amount 
of data, the output text files produced by OpenSees were post-processed through an 
automatic procedure in a MATLAB environment. The following parameters were 
investigated for both T1 and T2 models: 

• angle of application of horizontal forces 𝜃; 
• longitudinal reinforcement ratio 𝜌𝑙; 
• dimensionless axial stress 𝑣; 
• mechanical ratio of transverse reinforcement 𝜔𝑤𝑑 . 

The investigated ranges of these parameters are described in the following paragraphs. 
The values of these factors used in the parametric analyses are listed in Table 3. Every 
combination of 4 values of the different parameters has been considered in the analysis for 
a total number of possible combination equal to 4 x 7 x 9 x 5 = 1260. 

Table 1. Concrete mechanical parameters for models T1 and T2 

Model $matTag $fpc $epsc0 $fpcu $epscu $lambda $ft $Ets 

  [MPa]  [MPa]   [MPa] [GPa] 

T1 
IDConcCover 45.0 0.002 9.0 0.0035 0.1 3.80 70 

IDConcCore fck,c c2,c 0.2 fck,c cu2,c 0.1 0.3 fck,c2/3 70 

T2 
IDConcCover 25.0 0.002 5.0 0.0035 0.1 2.55 70 

IDConcCore fck,c c2,c 0.2 fck,c cu2,c 0.1 0.3 fck,c2/3 70 

 

 

Fig. 2. Hysteretic Stress-Strain Relation for Concrete02 materials 

Table 2. Reinforcing steel mechanical parameters 

$matTag $e1p $sp1 $e2p $s2p $e3p $s3p 

  [N/mm2]  [N/mm2]  [N/mm2] 

IDSteel 0.00195 450 0.675 540 0.068 0 
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Fig. 3. Hysteretic Stress-Strain Relation for steel rebars 

5.1. Angle of Application of Horizontal Forces 

Both analyzed models, globally symmetrical with respect to the main axes, have square 
section columns, with dimensions respectively equal to 600×600 mm and 400×400 mm. 
The arrangements of the longitudinal reinforcements are also symmetrical with respect to 
the same main axes. For these reasons, the investigations can be limited to horizontal 
forces having inclinations 𝜃 between 0° and 45°. Intermediate values were chosen every 
15°. The lateral force profiles 𝐹𝑖 have been determined in proportion to the fundamental 
mode of vibration. The load values applied along the two directions were obtained based 
on a decomposition of the force 𝐹𝑖 for the i − th floor according to the sine and cosine 
functions. For instance, with reference to the analysis carried out with an application angle 
of 15°, the forces along the X direction, 𝐹𝑖,𝑥 results equal to 0.96 𝐹𝑖 while that along the Y 

direction, 𝐹𝑖,𝑦, results equal to 0.25 𝐹𝑖 . 

5.2. Longitudinal Reinforcement Ratio 

The longitudinal reinforcement ratio is defined as: 

𝜌𝑙 =
∑ 𝐴𝑠𝑖 ∙ 𝑛𝑏𝑖

𝐴𝑐

 (14) 

where 𝐴𝑠𝑖  is the area of a single rebar, 𝑛𝑏𝑖 is the number of bars evenly distributed on the 
cross section and 𝐴𝑐  is the total area of concrete. Taking into consideration the provisions 
of current standards [5], the variability of this parameter was defined in the range 0.01 ≤
𝜌𝑙 ≤ 0.04 with increments for the intermediate steps of 0.005. The parametric 
investigations for the longitudinal reinforcement ratio were planned without taking into 
consideration the commercially available diameters of the reinforcing bars. In each column 
a total number of rebars 𝑛𝑏𝑖 equal to 16 was assumed. The rebar diameter and area 𝐴𝑠𝑖  
were defined to satisfy the value of the longitudinal reinforcement ratio 𝜌𝑙  established for 
the parametric investigation. 

5.3. Dimensionless Axial Stress 

As well known, the presence of a relevant axial stress is responsible, with the remaining 
other parameters being unchanged, of a considerable reduction in the local ductility of the 
elements and, consequently, in the global ductility of the structure. The influence of the 
axial stress is better investigated referring to the dimensionless axial stress 𝑣, defined by 
the following relationship: 
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𝑣 =
𝑁𝐸𝑑

𝐵 ∙ 𝐻 ∙ 𝑓𝑐𝑑
 (15) 

where 𝑁𝐸𝑑 is the axial force acting on the considered cross-section of the element, 𝐵 and 𝐻 
are its geometric dimensions and 𝑓𝑐𝑑 is the concrete compressive design strength. To avoid 
brittle behaviors, structural standards generally put limits on the maximum values of the 
dimensionless axial stress 𝑣. For instance, the current Italian standard [31] requires that 
the maximum axial load for RC columns in ductility class “A” (high) and “B” (medium) must 
not exceed, respectively, 55% and 65% of the maximum compression capacity of the 
section of concrete only. For these reasons, the range of values 0.10 ≤ 𝑣 ≤ 0.50 have been 
considered in both models with increments between two consecutive values of 0.05. The 
value of 𝑣 equal to 0.10 ÷ 0.15 corresponds, approximately, to the dimensionless axial 
stress acting on the columns of ordinary buildings with geometry like that of the analyzed 
models. To obtain such values of the dimensionless axial stress, suitable uniformly 
distributed loads were applied to the beam elements of the floor decks. 

5.4. Mechanical Ratio of Transverse Reinforcement 

A further parameter that influences the local ductility of structural elements is the 
mechanical ratio of transverse reinforcement. For the reasons listed in par. 4.1, it is 
expected an increase in the local ductility of the element as the transverse reinforcement 
increases, all other conditions being equal. The effect of the transverse reinforcement was 
fictitiously considered by suitably modifying the constitutive relationship of confined 
concrete, keeping that of the concrete cover unchanged. The mechanical transverse 
reinforcement ratio is defined as: 

𝜔𝑤𝑑 =
(𝑉𝑠𝑡,𝑦 + 𝑉𝑠𝑡,𝑧) ∙ 𝑓𝑦𝑑

𝑉𝑐 ∙ 𝑓𝑐𝑑
 

(16) 

where 𝑉𝑠𝑡,𝑦 and 𝑉𝑠𝑡,𝑧 are, respectively, the volume of the stirrups along the y and z directions 

and 𝑉𝑐  is the volume of the confined concrete core. According to current standards [19], at 
the ends of all primary columns, the value of 𝜔𝑤𝑑  must be no less than 0.08. Consequently, 
the values investigated in the parametric analysis were chosen in the range 0.16 ≤ 𝜔𝑤𝑑 ≤
0.32 with intermediate increments equal to 0.04. To consider this parameter in the 
analysis, for each model and for each value of 𝜔𝑤𝑑 , the spacing of the stirrups was properly 
determined. The values of the parameters 𝛼𝑛 and 𝛼𝑠 are subsequently calculated to 
evaluate the confinement coefficient α. 

Table 3. Values of the investigated parameters used in the analyses 

Parameter Value 

 1 2 3 4 5 6 7 8 9 

Angle Of Application of Horizontal Forces Θ 0° 15° 30° 45°      

Longitudinal Reinforcement Ratio ΡL 0.010 0.015 0.020 0.025 0.030 0.035 0.040   

Dimensionless Axial Stress V 0.1 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

Mechanical Ratio of Transverse Reinforcement 
ΩWd 

0.16 0.20 0.24 0.28 0.32     
 

Finally, considering the geometric characteristics of the sections, the values of the stresses 
𝜎𝑙,𝑥 and 𝜎𝑙,𝑦, necessary for the determination of the effective confinement pressure 𝜎2, were 

calculated according to the formulas shown in par. 4.1. The values of the confinement 
pressures thus obtained are summed up in Tables 4 and 5, respectively for models T1 and 
T2. 

 



Breccolotti and Pucci / Research on Engineering Structures & Materials 11(2) (2025) 515-537 

 

525 

Table 4. Effective confinement pressures for model T1 

ωwd s αn αs α σl,x σl,y σl σ2 

 [mm]    [MPa] [MPa] [MPa] [MPa] 

0.16 155 0.875 0.714 0.624 1.159 1.159 1.159 0.724 

0.20 124 0.875 0.767 0.671 1.449 1.449 1.449 0.972 

0.24 104 0.875 0.804 0.703 1.739 1.739 1.739 1.223 

0.28 89 0.875 0.830 0.727 2.029 2.029 2.029 1.474 

0.32 78 0.875 0.851 0.744 2.318 2.318 2.318 1.726 

Table 5. Effective confinement pressures for model T2 

ωwd s αn αs α σl,x σl,y σl σ2 

 [mm]    [MPa] [MPa] [MPa] [MPa] 

0.16 108 0.781 0.692 0.540 1.306 1.306 1.306 0.706 

0.20 86 0.781 0.749 0.585 1.633 1.633 1.633 0.955 

0.24 72 0.781 0.788 0.615 1.960 1.960 1.960 1.206 

0.28 62 0.781 0.817 0.638 2.286 2.286 2.286 1.458 

0.32 54 0.781 0.839 0.655 2.613 2.613 2.613 1.711 

Table 6. Mechanical parameters for confined concrete of model T1 

ωwd σ2 fck,c c2,c cu,c k1 k2 k3 

 [MPa] [MPa]      

0.16 0.724 48.620 0.002 0.007 1.080 1.167 1.919 

0.20 0.972 49.860 0.003 0.008 1.108 1.228 2.235 

0.24 1.223 51.110 0.003 0.009 1.136 1.290 2.553 

0.28 1.474 52.370 0.003 0.010 1.164 1.354 2.872 

0.32 1.726 53.630 0.003 0.011 1.192 1.420 3.192 

Table 7. Mechanical parameters for confined concrete of model T2 

ωwd σ2 fck,c c2,c cu,c k1 k2 k3 

 [MPa] [MPa]      

0.16 0.706 28.530 0.003 0.009 1.141 1.302 2.613 

0.20 0.955 29.770 0.003 0.011 1.191 1.418 3.182 

0.24 1.206 31.030 0.003 0.013 1.241 1.540 3.756 

0.28 1.458 32.290 0.003 0.015 1.292 1.668 4.333 

0.32 1.711 33.550 0.004 0.017 1.342 1.801 4.911 
 

At this point, once the effective confinement pressures 𝜎2 are known, it is possible to 
calculate the parameters necessary for the mechanical characterization of the confined 
concrete. However, the determination of the characteristic strengths 𝑓𝑐𝑘,𝑐  and of the strains 

𝜀𝑐2,𝑐  and 𝜀𝑐𝑢2,𝑐  of the confined concrete is not sufficient for the purposes of the parametric 
analysis. In order to simplify the procedure, the following coefficients, 𝑘1 = 𝑓𝑐𝑘,𝑐 𝑓𝑐𝑘⁄ , 𝑘2 =
𝜀𝑐2,𝑐 𝜀𝑐2⁄  and 𝑘3 = 𝜀𝑐𝑢,𝑐 𝜀𝑐𝑢⁄  have been used in the analysis with 𝑓𝑐𝑘 respectively equal to 45 

MPa and 25 MPa for T1 and T2 models. Tables 6 and 7 show the values obtained for these 
parameters as the mechanical transverse reinforcement ratio 𝜔𝑤𝑑  varies. 
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6. FE Analyses 

As already mentioned, the structural behavior of the two models was analyzed for each 
different combination of the investigated parameters with the capabilities of the OpenSees 
software. In order to reduce the approximation errors, especially those related with the 
definition of the length and behavior of the plastic hinges, diffused plasticity models were 
implemented through the nonlinear beam column elements. 

After having defined the formulations characterizing beams and columns, the cross-
sections were discretized into a finite number of fibers for each control point. The fibers 
model allowed to accurately describe the behavior of structural elements under different 
load conditions through the determination of the stress-strain states on each single fiber. 
Therefore, if the number of fibers with which the cross-section is discretized is sufficiently 
large, the distribution of mechanical non-linearities can be accurately modelled even in a 
markedly inelastic field. 

6.1. Modelling Details 

The main assumptions made in the analysis were as follows: 

• the control points for the pushover analysis were located at the center of gravity of 
the last rigid floor; 

• a Corotational transformation was adopted for the beams (i.e. an exact geometric 
transformation of the element stiffnesses from the local to the global system) to 
follow the excursion in the plastic field of the elements during the execution of the 
nonlinear analysis; 

• P-Delta effects were considered for column elements being the building subjected 
to relevant lateral displacements; 

• the normalized eigenvector values calculated by modal analysis were used to define 
the shape of lateral force profile to be applied to the models. 

6.2. Results of Pushover Simulations 

The main results of each analysis can be synthesized with a capacity curve (i.e. a force-
displacement curve). In fact, it provides the necessary information for the subsequent 
determination of global ductility 𝜇𝑠. Each analysis provided reactions and displacements 
of the control point in the two main directions X and Y. To allow the comparison of results, 
base shears 𝑉𝑖 and displacements 𝑠𝑖  were calculated for each analysis by means of vectors 
summation. Once the base shear and the displacement for each step or i-th increment are 
known, the curve of real capacity V-s can be obtained. 

6.3. Bilinearization of Capacity Curves 

For real systems, the capacity curves generally show similar trends characterized by a first 
straight branch, corresponding to the linear behavior of the structure, followed by a non-
linear path corresponding to the plastic response. To synthesize and compare the seismic 
behavior of different structures, the curves obtained through nonlinear static analysis 
must be simplified through linearization. This procedure is briefly recalled in the following. 

In literature there are several criterions for linearizing the capacity curves, but different 
criteria can also provide significantly different results starting from the same input values. 
The approximation of the curve is the more accurate the smaller the distance, point by 
point, between the linearized curve and the original one. 

Below, reference will be made to the following characteristic points: 

• point corresponding to the first yielding of any reinforcement within the structural 
system with coordinates (𝑥𝑠𝑦 , 𝑦𝑠𝑦); 
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• point at which the maximum base shear is reached, with coordinates (𝑥𝑚𝑎𝑥 , 𝑦𝑚𝑎𝑥); 
• point at which the collapse conditions are conventionally assumed to occur, with 

coordinates (𝑥𝑠𝑢 , 𝑦𝑠𝑢). 

The main procedures for identifying the displacement at the elastic limit in a linearized 
capacity curve have been summarized by Park and include: 

• the exact identification of the point corresponding to the first yielding of any 
reinforcement within the structural system; 

• the intersection between the straight-line tangent to the curve in the origin and the 
tangent line to the capacity curve at its maximum value; 

• the intersection between the straight-line passing through the origin of the system 
and the point of the curve corresponding to a value of 75% of the maximum base 
shear and the straight-line tangent to the capacity curve at its maximum value; 

• the definition of a bi-linear curve obtained through the equality of the subtended 
area with that of the capacity curve of the structure. 

Among these different possibilities, a mixed strategy between methods c and d was chosen 
in this investigation. In detail, the stiffness of the initial elastic branch was calculated 
according to method c). It was, thus, imposed the passage of this line through the point (𝑠𝑦, 

𝑉𝑦 = 0.75 ∙ 𝑉𝑚𝑎𝑥). The ultimate displacement, of coordinates (𝑠𝑢, 𝑉𝑢), is identified assuming 

𝑉𝑢 = 0.85 ∙ 𝑉𝑚𝑎𝑥 . 

The perfectly plastic branch was determined according to method d). Thus, the value of the 
yielding plateau was determined imposing the equivalence between the area subtended 
by the bilinear curve up to the displacement value 𝑠𝑢 and the area subtended by the real 
pushover curve up to the collapse point (𝑠𝑢, 𝑉𝑢). It can be demonstrated that, imposing this 
area equivalence, the yielding plateau 𝑉𝑦,𝑏𝑖𝑙  of the bilinear curve results equal to: 

𝑉𝑦,𝑏𝑖𝑙 =
𝑉𝑦

𝑠𝑦
(𝑠𝑢 − √𝑠𝑢

2 − 2
𝑠𝑦

𝑉𝑦
𝐴𝑝𝑢𝑠ℎ) 

(17) 

Correspondingly, the yielding displacement 𝑠𝑦,𝑏𝑖𝑙  in the bilinear curve is: 

𝑠𝑦,𝑏𝑖𝑙 = 𝑠𝑦

𝑉𝑦,𝑏𝑖𝑙

𝑉𝑦

 (18) 

Finally, the global ductility of the structure 𝜇𝑠 was calculated accordingly to Eq. (3). 

7. Results of Parametric Investigations 

The 1260 global ductility values obtained for models T1 and T2 are shown in Figs. 4 and 5, 
respectively. In these figures the ductility values are reported on the vertical axis. In the 
other two axes are reported the angle of attack of the seismic action 𝜃 and the longitudinal 
reinforcement ratio 𝜌𝑙 . Different colors are used to distinguish between different values of 
dimensionless axial stress v. Different shades of the same color represent different values 
of the mechanical ratio of transverse reinforcement 𝜔𝑤𝑑 . From these figures is it clearly 
observable the negative influence that an angle of attack different from 0° has on the values 
of the global ductility 𝜇𝑠. 

But it is, indeed, very difficult the observation in these figures of trends and features 
different from the principal ones. Further observations can be made in different graphs. 
For instance, in Fig. 6 are shown the results of models T1 and T2 obtained for a constant 
value of the transverse reinforcement mechanical ratio 𝜔𝑤𝑑  equal to 0.28. Each image is 
relative to a different value of the longitudinal reinforcement ratio 𝜌𝑙  (from 0.010 at the 
top to 0.040 at the bottom). The reading and interpretation of the results is facilitated by 
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the introduction of trend lines, relative to the same value of the dimensionless axial stress 
𝑣 (from 0.10 depicted with light green to 0.50 represented with dark blu) that connect 
ductility values obtained for different values of the angle of attack of the seismic action 𝜃 
(from 0° to 45°). 

7.1. Comments on The Obtained Results 

The results obtained in terms of global ductility 𝜇𝑠for model T1 are like those found for the 
local ductility in another publication [12]. This can be ascribed to the presence of a single 
global collapse mechanism corresponding to that already identified at the section level. In 
fact, whatever the direction of the seismic actions, the plasticization in the structural 
elements is concentrated at the base sections of the columns. Therefore, the angle of 
application of the seismic action does not determine a variation of the collapse mechanism 
but at most a reduction of the global ductility values, the latter being function of strength 
and ductility capacities of the individual columns. Conversely, the parametric analyses 
carried out for model T2 allow to highlight how the application of bidirectional actions on 
more complex structures can determine different global behaviors. In fact, the analysis 
conducted on the two-story model reveal that the development of plastic deformations in 
the structure is influenced not only by the geometric and mechanical characteristics of the 
structural elements but also by the angle of application of the horizontal forces. 

For low values of the ratio 𝜌𝑙  (0.01 and 0.015), model T2 behaves according to the soft-
story mechanism (type “H”) with low global ductility values, regardless of the angle of 
application of the horizontal force profiles. This result was expected since in these 
conditions a configuration with strong beam - weak column is obtained, contradicting the 
basic condition of “Capacity Design”: 

∑ 𝑀𝑐,𝑅𝑑,𝑖

𝑛𝑐

𝑖=1

≥ 𝛾𝑅𝑑 ∙ ∑ 𝑀𝑏,𝑅𝑑,𝑗

𝑛𝑏

𝑗=1

 
(19) 
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Fig. 4. Complete plot of displacement ductility factors for model T1 
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Fig. 5. Complete plot of displacement ductility factors for model T2 

where 𝛾𝑅𝑑 is the model uncertainty factor for the design value of resistances, also known 
as overstrength factor, 𝑀𝑐,𝑅𝑑,𝑖 is the bending capacity of the column and 𝑀𝑏,𝑅𝑑,𝑗  is the 

bending capacity of the beams framing into the joint. As the longitudinal reinforcement in 
the columns increases with unchanged other conditions (mechanical ratio of transverse 
reinforcement and dimensionless axial stress), an increase in the resisting capacities is 
obtained. Nevertheless, the transition from the strong beam - weak column mechanism to 
the strong column - weak beam configuration can be observed only for small values (𝜃 = 
0° and 15°) of the angle of attack. To better understand the physical reasons that determine 
a decrease in displacement ductility, the progression of the plastic hinges during the 
analysis was observed. For ease of simplicity, only the configuration of the model at the 
moment of reaching the displacement corresponding to 𝑠𝑢 is considered. 

The parametric survey highlights how some angles of application of lateral forces can 
facilitate the activation of collapse mechanisms other than those commonly expected 
during the design phase, with consequent effects on the displacement ductility values. The 
capacity curves shown in Fig. 7, as examples of effective and linearized capacity curves, 
were obtained by varying the angle of application of the lateral forces 𝜃 and the 
longitudinal reinforcement ratio 𝜌𝑙 , while the mechanical ratio of the transverse 
reinforcement 𝜔𝑤𝑑  and the dimensionless axial stress 𝑣 were kept constant. In the upper 
part of the figure are shown four images, each one for a different angle of attack 𝜃. In a 
single image, 7 couples of curves are shown for different values of the longitudinal 
reinforcement ratio 𝜌𝑙 . The results obtained by varying the angle 𝜃 highlight a decrease in 
ductility values when the lateral forces are not parallel to one of the main axes of the 
structural system. In fact, the range of values obtained in the case of 𝜃 = 0° is between 4.00 
and 9.15, depending on the longitudinal reinforcement ratio 𝜌𝑙 . This range of values is 
maintained unchanged, albeit with some reductions not exceeding 10%, for an application 
angle of 15°. 
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(a) Model T1 𝜌𝑙  (b) Model T2 

Fig. 6. Ductility values 𝜇𝑠 obtained for 𝜔𝑤𝑑=0.28 and different values of 𝜌𝑙  (from 0.010 at 
the top to 0.040 at the bottom) and 𝑣 (from 0.10 depicted with light green to 0.50 

represented with dark blu) for model T1 (a) and model T2 (b) 
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Conversely, the capacity curves obtained for the remaining angles show global ductility 
values never higher than 4.50, with ultimate displacements reached by the control point of 
less than 200 mm. Similarly, the influence of the angle of attack of the seismic forces on the 
ductility can be highlighted, in the same figure, considering the development of plastic 
hinges on the structural elements when the displacement 𝑠𝑢 is reached. In the lower part 
of the figure, in fact, are shown 24 images of model T2, one for each combination of the 4 
𝜃 and 7 𝜌𝑙  values of the previous mentioned capacity curves. In each image: 

• the formation of the plastic hinges in correspondence with the elements is 
highlighted in green for the beams and red for the columns; 

• the type “L” collapse mechanism is indicated with a light grey background and the 
type “H” one with a dark grey background. 

Consistently with the capacity curves, the reduction of ductility values as the angle 𝜃 
increases is conditioned by the mechanism developed during the excursion in the plastic 
phase. In fact, for angles between 30° and 45° the dominant collapse mechanism is the “H” 
type, with plasticization in the columns of the first floor and low values of 𝜇𝑠. The 
occurrence of this mechanism can be identified in the images shown in the lower part of 
Fig. 7 characterized by a dark gray background. In these images it is possible to notice the 
presence of two plastic hinges (red circles) at the ends of all the columns of the first floor, 
a configuration which corresponds precisely to the "H" type mechanism. This can happen 
despite the following combinations of seismic actions required from the structural codes, 
also for non-linear static analysis: 

𝐸 = {
𝐸𝐸𝑑𝑥 + 0.3𝐸𝐸𝑑𝑦

0.3𝐸𝐸𝑑𝑥 + 𝐸𝐸𝑑𝑦
 (20) 

where 𝐸𝐸𝑑𝑥 represents the action effects due to the application of the seismic action along 
the chosen horizontal axis X of the structure and 𝐸𝐸𝑑𝑦  represents the action effects due to 

the application of the same seismic action along the orthogonal horizontal axis Y of the 
structure. While providing for the simultaneous presence of seismic actions on two 
orthogonal directions, these combinations could not be sufficient to cover all cases to 
which constructions could be subjected during an earthquake. In fact, the combination rule 
of Eq. (20) allows to consider only seismic action with inclination in the range ±15° respect 
the mail directions. Although these combinations introduce a seismic intensity slightly 
higher (104.4%) than the effective one (100%), it is not sure that it reproduces the most 
demanding condition for the system: any floor mechanisms that are activated by different 
directions of application of the seismic action are ignored by regulatory provisions. 
Recalling the content of par. 5.1, since the relationship 𝐹𝑖,𝑥 > 𝐹𝑖,𝑦 remains such for the 

entire analysis, the first yielding will occur in correspondence of beams positioned along 
the X direction, while the beams located in the Y direction will remain in the elastic range 
without undergoing yielding. 

The final positions of the structural model evaluated at the end of each analysis 
(achievement of the displacement 𝑠𝑢) are shown in the left image of Fig. 8. In the same 
figure, in its right part, are shown the trajectories of the control point of the system with 
their corresponding X and Y displacements. For the reasons described above, if 
plasticization occurs in the beams, the structure tends to deform almost completely along 
the direction for which a reduction in stiffness is obtained. This effect is particularly 
evident for analysis carried out with application angles between 15° and 30°: the dominant 
displacements along X direction confirm how the structure has developed a post-elastic 
mechanism with plasticization at the end sections of the beams. In some cases, it is also 
evident a sudden increase of the displacement in the Y direction. This occurs when plastic 
hinges appear in the columns. 
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Fig. 7. Failure mechanisms in model T2 for different values of longitudinal reinforcement 
ratio and angles of attack. Red and green dots: plastic hinges in columns and beams, 
respectively. Dark and light grey background: “H” and “L” mechanism, respectively 
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7.2. Main Outcomes and Proposal for Behavior Improvements 

The main outcomes of this investigation can be resumed as follows: 

• for high values of the angle of attack (𝜃 equal to 30° and 45°) a relevant reduction 
of the global ductility 𝜇𝑠 can be observed; 

• for high values of the angle of attack (𝜃 equal to 30° and 45°) collapses occur 
according to a soft-story mechanism. The rule relating to the hierarchy of bending 
resistances applied separately at the node in the two main directions may no longer 
be sufficient when dealing with seismic actions having direction very different from 
the principal directions of the system. 

The first observation derives by the reduction of flexural strength for biaxially loaded 
rectangular or square columns when the vector moment is inclined respect the principal 
axis of the section [32]. An improvement to this behavior can be achieved by simply moving 
some of the rebars placed along the sides of the column section towards the vertexes of the 
section itself. This is shown, for instance, in Fig. 9 (left) for the column of model T2. This 
modified distribution, without reducing the concrete confinement and the flexural 
resistance towards the bending moments along the principal axes, allows obtaining greater 
resistance and ductility against biaxial bending loadings. The positive effect of this 
expedient in the distribution of the reinforcing bars can be noted in the comparison 
between the capacity curves show in Fig. 10. For a standard rebars distribution the 
maximum ductility value 𝜇𝑠 is equal to 3.75. It raises up to 4.25 (+13.3 %) for the modified 

distribution without affecting the behavior of the section for axially loaded column in one 
direction only and without cost increase. 

Nevertheless, this simple trick is not always sufficient for a relevant improvement of the 
seismic behavior. Such drawback can be ascribed to the inadequacy of the control laws of 
Eq. (19) for both principal directions to guarantee the capacity design for seismic actions 
having directions different from the principal axis of the section. In these cases, especially 
for structures designed assuming a ductility class high (DCH) according to EN 1998 [19], it 
would be recommended also checking the following condition: 

∑ 𝑀𝑐,𝑅𝑑,𝑖,45°

𝑛𝑐

𝑖=1

≥ 𝛾𝑅𝑑 ∙ √(∑ 𝑀𝑏,𝑅𝑑,𝑖,𝑥

𝑛𝑐𝑥

𝑖=1

)

2

+ (∑ 𝑀𝑏,𝑅𝑑,𝑗,𝑦

𝑛𝑐𝑦

𝑗=1

)

2

 

(20) 

where 𝑀𝑐,𝑅𝑑,𝑖,45° is the minimum resisting bending moment of the column along a direction 

inclined of ±45° respect one of the principal directions, 𝑀𝑏,𝑅𝑑,𝑖,𝑥 and 𝑀𝑏,𝑅𝑑,𝑗,𝑦 are the 

bending strengths of beams in the x and y principal directions, respectively. 

This condition requires that the resisting moment of the columns should be greater than 
the vector combination of the resisting moments of the beams converging in the joint. The 
effects of this provision have been checked on model T2 where the dimensions of the 
columns have been increased to 500×500 mm (Fig. 9, right) in order to satisfy Eq. (20) 
without varying the longitudinal reinforcement ratio 𝜌𝑙  values. The results show that the 
ductility increase is evident starting from values of 𝜌𝑙  equal to 0.02 for which a ductility 
value of 5.93 is achieved (Fig. 11). This value corresponds to an increase of +58.1% 
compared to the maximum ductility value obtained in the case of the 400×400 mm column 
with standard reinforcement pattern. 
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Fig. 8. Planar positions (left) and displacements of the control point (right) at the end of 
pushover analysis for model T2 

 

Fig. 9. Section 400×400 mm with improved steel rebars distribution (left) and section 
500×500 mm satisfying Eq. (21) 

 

Fig. 10. Comparison between several capacity curves for a model T2 400×400 mm 
columns section with rebars position according to Fig. 1 (left) and Fig. 9 (right) 
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Fig. 11. Capacity curves of model T2 with 500×500 mm cross section columns 

Although the design formula has been validated on low-rise buildings, its validity can be 
extended to three-dimensional beam-column nodes also belonging to medium and high-
rise RC buildings. Referring to the second observation, the design rule set out in Eq. (20) 
will prevent collapses with “H” type mechanism for any direction of the seismic action, with 
consequent improvement of the ductility values. 

8. Conclusions 

This work investigates the nonlinear behaviors of two framed RC structures subjected to 
seismic actions characterized by different propagation directions. The results, obtained 
through a parametric investigation conducted using OpenSees and Matlab, allow to 
highlight how the global (displacement) ductility is strongly influenced by the direction of 
the earthquake, as already observed for the local (curvature) ductility. Structural 
standards generally require the simultaneous presence of both horizontal components of 
the seismic action, one at its full value (100%) and the other at a reduced percentage 
(30%). Nevertheless, this provision does not make available any indication for the 
evaluation of the critical angle of the seismic action for which the lowest ductility value 
would be obtained. The results of this investigations also show that as the angle of attack 
increases, the framed 3D RC structures start to be affected by unwanted collapse 
mechanisms, such as soft story mechanisms, due to the reduction of the local ductility 
capacities of the columns. In particular, it was possible to observe that, while for angles of 
attack of the seismic action of 0° and 15° the prevailing collapse mode is the "L" type, for 
angles of attack of 30° and 45° the prevailing collapse mode becomes the "H" type. This 
mechanism, which significantly reduce the excursion in the plastic field, may not be 
avoided through the application of the simplified procedure provided by current design 
standards. To overcome this drawback, especially for DCH structures, a further condition 
to be checked after having defined the longitudinal reinforcements of beams and columns 
framing into the same joint, has been proposed. It can avoid the formation of a plastic hinge 
in the columns under the combined effect of the bending moments transmitted to the joints 
by the beams lying along two perpendicular axes for any direction of the seismic action. 
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 During seismic events, devices are used to disperse energy in buildings, reducing 
structural damage and preventing collapse. One such device is the magnetically 
polarizable particle damper, consisting of a hydraulic cylinder filled with 
magnetically responsive particles in fluid. Recent research optimized damper 
placement and distribution using detailed mathematical modeling and mode 
shapes covering over 95% of the building's mass. Researchers identified critical 
damper positions by correlating these models with maximum force functions in 
the equations of motion. The study proposed a positioning strategy to reduce 
costs associated with damper installation in typical building practices. The 
number of dampers required varied with applied loads: 20kN, 30kN, 90kN, and 
up to 200kN. For instance, under 20kN and 30kN loads, optimal distribution 
included assigning 8 dampers to the ground, first, second floors, decreasing to 4 
on floors three and four, and 2 on the fifth floor, totaling 14 and 20 dampers, 
respectively. Optimization values for these loads were calculated at 17.71. 
Dealing with a 90kN load required 44 dampers, distributed as 8 on lower levels, 
4 on the third floor, and 8 each on floors four and five. Remarkably, while 20kN 
and 30kN damper counts reduced, 24 were added for 90kN, yielding an 
optimization score of 45.84. For a 200kN load, 17 dampers were strategically 
allocated, with specific placements adjusted per floor, achieving an efficiency 
score of 49.616. This underscores the effectiveness of the chosen damper 
arrangement in bolstering structural resilience against seismic forces. 
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1. Introduction 

Studies pertaining to earthquakes are essential for comprehending seismic hazards, which 
aids in determining the possible threats to life and property. This research covers a wide 
range of topics, including ground motion prediction, fault line detection, and seismicity 
patterns. They offer insightful information on the probability and severity of earthquakes 
in particular areas [1]. Building designs that can survive seismic pressures and resilient 
infrastructure are made possible by research in earthquake engineering. This covers 
developments in material science, structural engineering, and retrofitting methods meant 
to reduce mortality and damage during seismic occurrences. Significant material losses, 
such as collapsing structures, occur in areas vulnerable to strong earthquakes, a problem 
that contemporary engineering finds difficult to address. [2-4]. This is a more 
comprehensive illustration of how magneto-rheological dampers are used in civil 
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engineering to reduce the seismic response of buildings during earthquakes. As 
electromagnetically controlled shock absorbers, MR dampers enhance safety by reducing 
unanticipated displacements to guarantee livable circumstances. [5-8]. The development 
of control devices with practical applications has been the focus of major efforts 
throughout the past few decades. For their capacity to absorb energy and lessen structural 
reactions in buildings and bridges, passive devices such as base isolation, metallic yield 
dampers, friction dampers, visco-elastic dampers, viscous dampers, tuned mass dampers, 
and tuned liquid dampers have been the subject of much research. Although these devices 
produced good results, they showed limits when it came to changing patterns and loads. 
[8-12]. Variable orifice dampers, variable stiffness devices, and electro-rheological and 
magneto-rheological fluid dampers are examples of semi-active devices that provide more 
adaptability and dependability than their passive equivalents. Magneto-Rheological (MR) 
fluid damper as shown in Fig. 1. One proposed semi-active control device that shows 
promise is the magnetorheological damper. It is controlled by a magnetic field, usually 
produced by an electromagnet, and includes magnetorheological fluid [13–17]. With this 
configuration, the power of the electromagnet may be continuously adjusted to change the 
damping properties of the shock absorber. However, due to financial limitations, it is not 
feasible to place MR dampers at every joint due to their high cost, which is impacted by 
different fluid characteristics. Therefore, in order to achieve cost-effective distribution, it 
is imperative to optimize their placement throughout multiple levels. [18-20]. 

 

Fig. 1. Magneto rheological damper and its principle [21] 

In this work, the forces acting on the joints of the structure are analyzed, and a methodical 
approach to positioning the MR damper for maximum damper efficiency is proposed. A 
magnetorheological (MR) damper's hardware normally consists of components as shown 
in Fig 1: The MR damper's internal components are contained and shielded by the outside 
shell. To endure mechanical loads, it is usually composed of steel or other robust materials. 
Within a cylinder that contains MR fluid is a piston assembly that moves. The piston aids 
in regulating the MR fluid flow via the damper. One part that keeps MR fluid in reserve 
under pressure is the accumulator. In the accumulator, the diaphragm divides the gas or 
air from the MR fluid. It guarantees that the MR fluid stays under pressure and keeps gas 
or air from combining with the fluid. The cylinder is surrounded by an electromagnetic 
coil. The coil creates a magnetic field that changes the viscosity of the MR fluid when an 
electric current is supplied to it. A suspension of magnetic particles with a size of microns 
suspended in a carrier fluid, such silicone or oil, is known as an MR fluid. The MR fluid's 
viscosity varies in response to a magnetic field, enabling modification of its damping 
properties. The electromagnetic coil is connected to a power supply and control device via 
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electrical connections. These cables provide the coil with the electricity it needs to create 
the magnetic field that regulates the MR fluid's damping characteristics. The study consists 
of the process that entails calculating the general equation of motion to fully represent each 
floor's natural displacement, and then utilizing matrix methods to validate the findings to 
assure correctness. The analytical approach incorporates many methodologies, such as 
benchmarking to IS1893:2002 criteria for base shear and load distribution, determining 
the point of contra flexure, and considering external force function impacts based on 
seismic loading. The modal mass distribution of MR dampers is established by extensive 
mathematical modeling and modal mass computations. This modal mass ensures effective 
damper use throughout the structure by acting as a criterion for load breakdown and 
damper distribution. Motivated by energy conservation concepts like the transmission of 
energy between colliding metallic balls, an algorithm is designed to strategically install 
dampers, mainly along extreme columns. To further inform the distribution strategy, 
participation variables are considered to evaluate the role that mass plays in the 
structure's responsiveness to external influences. Project advances show optimization 
under various conditions; higher efficiency is shown in situations with several damper 
versions. Thorough mapping and data processing offer a thorough picture of damper 
distribution on every floor, guaranteeing implementation feasibility and economy. 

2. Methodology 

The goal of this research is to fully represent the general equation of motion 
mathematically in order to comprehend the natural displacement of each floor. This entails 
employing matrix techniques to validate the correctness of the displacement, velocity, and 
acceleration solutions. Correlating mode shapes and examining force functions at 
maximum boundary circumstances are used to reduce the number of dampers. The 
emphasis is on utilizing MATLAB calculations, which are provided in an MS-Excel sheet, to 
identify crucial places for the placement of dampers and to build an optimal distribution 
plan across floors. The goal of MS-Excel's data analysis and charting is to make fieldwork 
more efficient. A benchmark building is used in the research for these inquiries is shown 
in Fig. 2. 

3. Methods for Analysis 

The displacement or frequency of seismic loads on the structure affects how far the point 
of contra flexure is from the highest floor. Only when ground acceleration is greater than 
natural frequency does structural deformation occur; the external forces that have the 
greatest effect are sinusoidal and are referred to as the force function [22]. The main 
positioning restriction is determined by using IS1893:2002 [25] to determine base shear 
and load distribution. This entails determining how shear is distributed throughout floors. 
Positioning recommendations are verified at several joints and locations with varying 
lateral seismic stresses. The mode forms covering more than 95% of mass are identified 
and examined for association with the equation of motion's maximum boundary 
conditions. This determines the best location for dampers across floors. 

The analyzed data is shown to show the relationship between the modal mass of each floor 
and the capabilities of different dampers. An Excel document has a detailed record of the 
joint placement. The maximum modal mass and base shear are given priority in this 
technique, which serves as a constraint for the placement and distribution of dampers. 
Since a structure might have an endless number of mode forms, it is not realistic to study 
them all; thus, it is important to choose one by thorough mathematical modeling that 
encompasses over 95% of the mass. This entails using an exponential function as the force 
function and a sine to solve the general equation of motion. 
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Fig. 2. Benchmark G+5 building 

The specific integral and complementary function are two components of the 
mathematical method that equally contribute to the result. In order to properly address 
non-trivialities, a quadratic characteristic equation of degree 2 and order 1 is used in this 
specific integral. 

 
• Case1: Applying excessive sufficiency to a linear equation of degree 1 and 

order 1 causes mathematical uncertainty, as the solution might not satisfy all 
equations on separate levels. 

• Case 2: If a third-degree polynomial were taken into account, the equation 
would need to be solved with at least three floor loads. This would limit the 
equation's application to six-story buildings and render it inappropriate for 
structures with fewer floors, which is outside the purview of our study. 

Therefore, based on the justification provided, it was determined that the second-degree 
equation, which has degree 1 and order 1, is more appropriate for the current situation 
and is used to solve the current problem. The left-hand linear differential equation can be 
used to obtain the expression's complementary function. 

(𝑚 ∗ 𝐷2 + 𝑐 ∗ 𝐷 + 𝑘) ∗ 𝑥 = 0 (1) 

must be resolved by taking into account each disparity with regard to ‘x’ as ‘D’ where ‘m' 
represents the mass, 'c' represents the damping coefficient, 'k' represents the stiffness, 'D' 
represents the differential operator, and 'x' represents the displacement and solving it for 
its solution i.e.   

−𝑏 ± √𝑏2 − (4 ∗ 𝑎 ∗ 𝑐)

2 ∗ 𝑎
 

(2) 

after which the obtained values of D can be retraced by integrating and solve the obtained 
solution for 2 different constants (since the degree of the differential equation is 2). 

3.1 Mode Shape  

The mode shape which contains more than 95% involvement of the mass of the given 
structure then that mode can be used for analysis and can proceed for further 
mathematical modelling, and the mode is generally assumed as most probable mode. since 
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for a given structure there will be infinite number of modes due to non-triviality of the 
particular integral of the solution since all the mode shapes cannot be analyzed for it is 
identified as the cumbersome job, so in order to analyze all the mode shapes of the 
structure a mode that contains more than ninety-five percent of the mass involvement is 
found out and taken for obtaining the same for further proceedings              

3.2 Equation of Motion 

The terms involved are mass(m), damping(c), stiffness(k), displacement or lateral 
deflection(x), velocity (x )̇, acceleration (x )̈, force function (f(t)), here the force function is 
taken as the combination of sine function followed by exponential function. Reason for sine 
function is among all the earthquake data available the trigonometric function involving 
sine or cosine was found to give the worst results for its wave form of intensified load 
pattern, so it’s chosen for this case [23]. 

mx ̈ + cx  ̇+ kx = f (t) (3) 

This is general equation of motion that is used here for all the six slabs of the structure, in 
fact this is not an equation it’s an expression because the right-hand side had the force 
function involved. It was generally termed to be equation since mostly in all the 
calculations involved only the complementary function part of the solution was considered 
as the complete solution.  There is the case where the complete solution i.e. complementary 
solution as well as force function is also used as its significance is elucidated in the 
following subheadings.  

3.3 Complementary Function 

This is one part of the solution which generally contributes 50% of the solution to the given 
problem depending on the degree of uncertainty involved in the problem. If no ambiguity 
was identified for available unknowns and chosen knowns of the problem, then 
complementary function of the solution is assumed to be the complete solution i.e. if no 
trace of non-triviality. Since our case of problem involves almost a due uncertainty it is 
mandatory to consider the integral to sum up to the existing complementary function. 
Roots:    

𝑟1,2 =
−𝑐

𝑚
± √

𝑐2

4𝑚2
−

𝑘

𝑚
 

(4) 

General solution:  

𝑥 = 𝑝 ∗ 𝑒𝑟1𝑡 + 𝑞 ∗ 𝑒𝑟2𝑡 (5) 

Modified solution  

x=A*sin(ωt) +B*cos(ωt) (6) 

Since imaginary function involved in the above roots. Final complementary function (C.F):   

x=A*sin(ωt) +B*cos(ωt) (7) 

complementary function gives the information on the roots obtained for given equation of 
motion considering only the left-hand side equating to zero to assume it for quadratic 
nature of the equation. since the roots are equated to the differential function (D) of the 
existing equation it has to be solved to obtain the ‘x’ value for different time periods, after 
which the constant must be solved for extreme boundary conditions (time taken for 
highest amplitude (1st amplitude generally taken) of the structure). since  
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𝑒𝑖𝑥 = 𝑝 ∗ 𝑐𝑜𝑠(𝜔𝑡)  + 𝑖 ∗ 𝑠𝑖𝑛(𝜔𝑡) (8) 

in the root’s ‘r’ will be imaginary, if the equation was evaluated for zero damping, 
temporarily it was considered as zero (after which analyzed for 5% of damping force i.e. 
0.05) in this case to avoid the uncertainty for obtaining the solution, after putting the E7 in 
the E5 the solution was modifies as shown in the E6. since the modified solution i.e. E6 
contains a greater number of unknowns than the available knowns it triggers the 
uncertainty of the problem to solve. 

3.4 Particular Integral 

This part of the solution contributes to almost fifty percent of the complete solution which 
contains the solvation of the force function for differential terms in the denominator. The 
differential terms include the skeletal part of the left-hand side of the expression i.e. only 
the differential inclusion of the LHS is taken to the denominator of the integral. Since both 
the terms of consideration in the force function are empirical in nature i.e. ambiguous in 
nature it needs the solvation by differential chain rule by justifiable choosing of the first 
and second term. After evaluation as per the above procedure the final integral was 
identified as,  

𝑒−𝑡𝑠𝑖𝑛(𝜔𝑡) 

𝑚𝐷2 + 𝑘
 

(9) 

In the above-mentioned expression D is not a variable but it is a differential form with 
respect to ‘x’, which again must be solved for different variables for different floors which 
has been tabulated in  

3.5 Characteristic Equation 

Characteristic equation is generally adopted when there is ambiguity in solvation of the 
linear differential equation depending on the number of unknowns and available or chosen 
knowns.  

The choice of this characteristic equation comes to play when the uncertainty in the 
solvation arises, here in this case in the part of solution i.e. complementary function the 
equation E6 is identified as ambiguous for its mismatch of the knowns and unknowns, so 

𝑝 ∗ 𝜇2 + 𝑞 ∗ 𝜇 + 𝑟 = 0 (10) 

This equation is found suitable for this problem and here p, q, r are the constants which 
are taken for calculation convenience only which don’t have any practical significance. 
Since it was assumed of degree 2 and order 1 it needs at least 2 floor loads to obtain the 
solution. Which means the equation is solved initially for first 2 floor loads, after that 2nd 
and 3rd, after that 3rd and 4th, and so on so that the equation was validated for all the floor 
loads of the given benchmark building. This solvation will trigger 5% of error/ambiguity 
which could be neglected or ignores for its miniature measure. 

3.6 Obtained Mode Shape 

After a compressive evaluation and solvation of the equation of motion we arrive to an 
empirical value of the lateral deflection or displacement which gives the values for plotting 
the mode shape. This node was selected as since this mode is thought to be the most likely, 
it comprises almost 95% of the mass of the structure that is being analyzed.  

It is not feasible to analyze all mode forms due to the non-triviality of the integral solution. 
Thus, the analytical process is streamlined by concentrating on the mode with 
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considerable mass engagement. The solution is tabulated in Table 1. The mode shape has 
been plotted for floor distance along y axis and the values of the empirical solution along 
x- axis the schematic representation is shown in Fig. 3. 

 

Fig. 3. Mode shape 

Table 1. Solution for the displacement 

Solution 
S1 S2 

-0.555 0.458 
-0.209 -1.791 
-1.002 -0.967 

3.7 Proposal for Positioning 

When there are quantification constraints of the MR Damper, i.e. These are available at 
different capacity there might arrive a situation where the damper capacity may not arrive 
to meet the criteria for positioning in a structure. In such case this kind of positioning 
makes a crucial play and it also identified that the reduction of the displacement at 
substantial measures i.e. It was identified that this kind of positioning is 23% more efficient 
than the conventional practice of positioning. Since the final damping force was 
breakdown to availability of the dampers this kind of positioning found to be elemental. 
The following Fig. 4 represents the efficient positioning of dampers. 

3.8 Constraints for Different Cases 

Keeping in view the type of energy dissipation from the damper this kind of positioning 
was restricted for heavy heat dissipation. That is if the chances of heat dissipation were 
found at very heavy levels this is restricted by some other parameter like placing the 
different capacity dampers to ameliorate the worst possible effect of physical damage to 
the equipment. Despite the type of energy dissipation there is possibility of physical 
demolishment of the damper by itself, if the load acting on the damper exceeds its capacity, 
in such case a combination of dampers of different capacity must take with practical 
justification and ensure the avoidance of structure cracking. So, this kind of positioning 
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was restricted if there is unequal mitigation of energy dissipation between them, and some 
of the configuration flaws are also contribute for restricting this kind of positioning.  

 

Fig. 4. Schematic representation of proposed positioning 

3.9 Elements of Structure Involved 

The proposed positioning involves the load acting due to the slab normal to the surface of 
the slab. It’s not only the load due the self-weight of the beam and slab’s but it includes the 
impulse force due to the earthquake loading (both lateral and normal to the plane of the 
structure) and the cumulative increase in the normal load due to variation in the beam and 
column size across the different locations of the structure. The contribution of the column 
i.e. the load acting due to the succeeding column along that joint and the upward or 
downward thrust due to the oscillations of the structure for different intensified 
earthquake loadings. Among these two the percentage share of the elements (beams & 
columns) mentioned changes depending on the direction of the earthquake loading, 
natural frequency, natural time and mode shape of the structure.   

3.10 Load Contribution by the Elements (P&Q) 

Let the load contributed by the slab and beams be assumed as ‘P’, the component P contains 
both static and dynamic load and combination of both as an external aggressive load 
(earthquake load). The static load includes the self-weight, dead load due to the existing 
things on that slab. The dynamic load includes the increasing the load with respect to time 
frame, it may be external or internal loading our case deals with the external loading i.e. 
earthquake loading which was assumed to have sine wave form. Due to this dynamic 
loading, there is chance of impulse force acting on the different slabs the ultimately 
damages the extreme columns of the structure depending on the oscillation of the 
structure. The 2nd elemental force that contributes to this kind of positioning was the 
thrust due to the column which is multi directional. The factors that are involved for 
producing the thrust include the natural frequency of the structure, time period, intensity 
of the external earthquake loading, column sizes at different storeys and symmetry of the 
structure. The thrust is produced due to lateral movement of the structure due to the 
external aggressive force impacting on the structure. 

3.11 Resultant Force Vector and Its Validation 

The force due to slab and beams will contribute to the P force acting is impulsive in nature 
when external aggressive force act on the structure, there will be no issue when there is no 
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external force acting on the structure. When there is coincidence of these two elemental 
forces the worst effect on the extreme columns were felt and observed as well. This could 
become the criteria for positioning to take the load due to its elemental force contribution. 
Since the direction and magnitudes of the two forces was identified to be measurable the 
vector notation was assumed to ease the calculations. So resultant vector was formed 
which is a virtual force vector that is obtained by calculating through vector algebra which 
can be given as ‘R’. 

𝑅 = √𝑃2 + 𝑄2 + 2 ∗ 𝑃 ∗ 𝑄 ∗ 𝑐𝑜𝑠𝜃 (11) 

The resultant vector has nothing to contribute in practicality but it is used only for 
calculation purposes, if the external aggressive force acting on the structure in the 
direction of the resultant force the load can be spitted for P & Q by maintaining the 
proportionality for beams and columns. 

3.12 Validation 

This kind of positioning is not required at all the joints of the structure, its only required 
where the load acting at joint does not match with the capacity of the damper. So due to 
the mismatch of the load and capacity of the damper the load has been breakdown to the 
availability of the dampers, and they are placed keeping in mind the restrictions. This is 
also used where the worst point of affect was found, it was generally identified where the 
coincidence of the sine wave form and the exponential function occurs. As per the obtained 
mode shape the points are located depending on the empirical values achieved as a 
measure of the intensity of the force function. So, if the damper was placed/positioned, the 
loads taken by the pistons on both sides can be analyzed easily and the capacity of the 
damper required at that point is estimated as well 

3.13 Exceptional Case and Practical Convenience 

Since assumed earthquake have harmonic profile of motion there might be a case where 
the direction P & Q are in the opposite direction at the resultant can be obtained by taking 
the divergence of the force vector with respect to that point. Practical convenience: This 
not only reduces the displacements by substantial measure but also creates the spatial 
environment and aesthetic visual ambience when compared to the conventional practice 
of positioning. 

4. Distribution of MR Dampers 

4.1 Modal Mass and Its Significance for This Case 

The mode shape which is obtained by this comprehensive mathematical modelling and its 
modal mass was evaluated by the formula. 

[𝑀]𝑘 =
[∑(𝑤𝑖 ∗ 𝜑

𝑖𝑘
)]

2

𝑔 ∗ ∑(𝑤𝑖 ∗ 𝜑
𝑖𝑘

2) 
 (13) 

The mass for each slab was found out and compared with the normal mass by inclusion of 
the participation factor to it, which eventually results in an average of 96.42% mass 
involvement which conveys that our mode shape calculated was as per the objective 
mentioned. This modal mass is used as a criterion for distribution of the dampers along 
each floor and it also used as the criteria for load break down to allot the dampers of 
different damping capacity. 
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4.2 Development of a Simple Algorithm 

The distribution of dampers across each joint is found uneconomical and through this 
algorithm no dampers are placed at the middle columns, only extreme columns are 
targeted through this algorithm. This algorithm finds its root from the concept of collisions 
(both elastic & inelastic). Assume a series of metallic balls when a single metallic ball is 
strike along the line of series of balls the force with which the 1st ball hits will be divides 
into number of balls taken into consideration. Immediately after hitting the 1st ball the 
energy will be conserved i.e. law of conservation of mass as well as law of conservation of 
energy was satisfied as of this case. So the as mentioned in the point ‘c’ the energy was 
transferred to the corresponding ball by the above laws by maintaining the proportionality 
with respect to the applied force on the initial ball. In this case of distribution of dampers, 
it was used to place all the dampers only along the extremely located columns at each and 
every floor on different constraints the last but one series of the extremity was used at 
certain cases only. Here the force is the external aggressive force i.e. earthquake loading, 
and the conservation of energy takes place between the columns with beams as median 
between them and the laws are sufficiently satisfied. 

4.3 Participation Factor and Its Significance 

For real systems there is often mass participating in the forcing function (such as the mass 
of ground in an earthquake) and mass participating in inertia effects (the mass of the 
structure itself, Meq). The modal participation factor is a comparison of these two masses. 
In this case the modal participation factor is given by 𝑝𝑘  

𝑝𝑘 =
[∑ 𝑤𝑖∗𝜑𝑖𝑘]2

∑ 𝑤𝑖∗𝜑𝑖𝑘
2    (14) 

In the above formula W with its suffix, I is generally taken as load due to each floor 
and'φ_ik’ is the term stating the empirical solution of the mode shape. 

4.4 Comprehensive Charting and Detailing  

The technique was then used to transfer the load to the column endpoints after 
determining the modal mass for different slab loadings. The 90kN, 30kN, and 20kN-rated 
damper holes on each column at the extremities corresponded to the modal mass 
breakdown for the available capacities. Charts were used to record the distribution of loads 
among the various types of dampers according to their capabilities. 

4.5 Project Developments 

• Case 1: An optimization of 17.71% is obtained by using only 20kN and 30kN 
dampers. Base shear and seismic response estimates for the six-story 
benchmark structure are the parameters taken into consideration. 

• Case 2: An optimization of 45.84% was obtained by doing a breakdown for 
three damper variants: 90kN, 30kN, and 20kN. Here, the six-story, three-bay 
benchmark building's modal mass and seismic response are among the 
variables that were taken into consideration. 

 
• Case 3: By using 200kN dampers alone for analysis, efficiency was raised by 

almost 4%, yielding an optimization value of 49.66%. Similarly, a cost 
decrease of around 82.86% was calculated, contingent on damper costs. 



Chandan et al. / Research on Engineering Structures & Materials 11(2) (2025) 539-556 

 

549 

4.6 Finalized Distribution 

Following the determination of the load distribution breakdown to the structure's 
extreme columns, charts were created for each floor and joint in both the XZ and YZ 
directions. Because the benchmark building is symmetrical in both directions, it was 
sufficient to track one route and replicate the other. These charts, which are numbered 1 
through 13, list the different types and quantities of dampers utilized each level. To make 
purchasing and actual use easier, the number of each damper variety was also tallied. 
Lastly, the percentage of cost reduction was mentioned, which was in line with the main 
goal of the project. 

4.7 Detailing Along Each Floor Was Tabulated in XZ & YZ Directions 

A thorough schematic showing the distribution and placement of dampers on each level, 
together with their precise locations, is given in Charts Nos. 1 through 10. The YZ direction 
needs the same number of dampers as the XZ direction because of the structural symmetry 
that has been noticed. The positioning need, where each chart shows whether the 
suggested damper placement is customary (No. 1) or essential (No. 2) at different places 
inside the structure, depends on this alignment. 

  5. Result and Discussion 

Table 2 shows the details of the G+6 Benchmark building. Fundamental natural time period 
(Ta), zone factor (Z), importance factor (I), response reduction factor (R), Sa/g, horizontal 
seismic coefficient (Ah) is obtained from IS 1893 part 1 2016. Calculation of Base Shear 
and Load Distribution along each floor is shown in Table 3. The Table 3 gives details 
regarding each storey's net load, height, and seismic weight inside the structure. The 
seismic weight multiplied by the height is computed. The base shear and load distribution 
of the structure may be ascertained using the seismic weight and height of each story. 

Table 2. Details of the G+6 Benchmark building 

Height Of Structure (h) 18 
Base Dimension (d) 5 
Fundamental Natural Time Period (Ta) 0.724 
Zone Factor (Z) 0.16 
Importance Factor (I) 1.5 
Response Reduction Factor (R) 3 
Sa/g 1.879 
Horizontal Seismic Coefficient (Ah) 0.075 
Total Seismic Weight ‘W’(KN) 31218 
Design Base Shear (Vb) 2341.35 
Height Of Gf In (m) 3 
Sum (W*H) 190419.75 

 

The mode comprising more than 95% of the mass may be found by analyzing the mode 
forms of the structure using the net load of each storey. Determining the worst point of 
effect of the load impulse and improving damper location depend heavily on the mode 
shape involving more than 95% of the mass. Fig.5 shows an illustration of the load 
distribution laterally over a structure is provided by a lateral load distribution curve. The 
force or pressure applied to the structure in a horizontal direction, as during an 
earthquake, is referred to in this context as the lateral load. 

The distribution of the load at the building's various levels or floors is shown by the curve. 
It aids in comprehending the variance in load distribution and may be applied to ascertain 
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the best location and arrangement of dampers to regulate the building's seismic reaction. 
Researchers can install dampers where greater control is needed and reduce the number 
of dampers in regions with lesser load distribution by evaluating the curve to determine 
which floors or levels have concentrated and distributed loads.  

Through an evaluation of the efficiency score derived from the optimization process, the 
curve can also shed light on the efficacy of the chosen damper configuration. The shear 
distribution details, and stiffness calculation is shown in Fig. 6 and Table 4. The 
distribution of forces acting perpendicular to the floor planes is known as the shear 
distribution. Understanding the building's response to seismic forces and how those forces 
are dispersed throughout the structure requires knowledge of this information. The best 
location and arrangement of magnetic resonance dampers (MR dampers), which are 
control devices used to lessen vibration and absorb energy during an earthquake, may be 
determined with the aid of the shear distribution. Researchers can determine which floors 
or parts of the structure encounter higher shear forces and may need more dampers for 
successful control by examining the shear distribution. Together with further 
computations and studies, the shear distribution information shown in Fig. 6 may be 
utilized to establish the best location and quantity of dampers for regulating the building's 
seismic reaction. In Table 4 varying columns have varying stiffness values; higher values 
indicate more resistance to deformation. The width and depth of the columns have an 
impact on how rigid they are as well. The total stiffness of the interior and exterior columns 
is considered in the net stiffness. All things considered, the chart offers details regarding 
the stiffness and sizes of various columns, which may be helpful in comprehending the 
building's structural characteristics. The seismic weight of building is calculated by adding 
full amount of dead load and imposed load of 25% as per IS 1893 (part 1): 2016. While 
computing the seismic weight of each floor, the weight of columns and walls in any storey 
shall be equally distributed to the floors above and below the storey. The net load on each 
floor is calculated by the difference between lateral shear force (Q) and the loads on the 
prior floor. The lateral shear force (Q) at each floor is calculated by an equation as per IS 
1893 (part 1): 2016   

𝑄𝑖 = 𝑣𝐵

𝑤𝑖ℎ𝑖
2

∑𝑤𝑗ℎ𝑗
2 (15) 

Table 3. Design calculation excel for G+6 Benchmark building 

Seismic Weight (W) In kN Height Of Storeys (H) In m W*H (kNm) Q (Kn) Net Load (kN) 

GF 7348.5 GF 0 0 0 2341.352 

F1 6972 H1 3 20916 257.178 2341.352 

F2 5751.75 H2 6 34510.5 424.332 2084.174 

F3 4247.25 H3 9 38225.25 470.008 1659.842 

F4 3417.75 H4 12 41013 504.285 1189.834 

F5 2299.5 H5 15 34492.5 424.111 685.549 

R 1181.25 H6 18 21262.5 261.438 261.438 

 

Table 4. Stiffness calculations 

Floors 
Ext Column 

Dimension 

Int Column 

Dimension 

Moment Of 

Inertia 
Stiffness 

 Breadth 

(m) 

Depth 

(m) 

Breadth 

(m) 

Depth 

(m) 

Ext I 

(N/m) 

Int I 

(N/m) 

Ext K 

(N/m) 

Int K 

(N/m) 

Net K 

(N/m) 

F1 0.6 0.6 0.65 0.65 0.011 0.015 122.223 166.667 2311.112 
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Table 5. Characteristics 

Young’s modulus  25000 

Total number of external columns 8 

Total number of internal columns 8 

Characteristic compressive strength 25 
 

 

Fig 5. Lateral load distribution curve 

General equation of motion: 

𝑚 ∗ 𝑥𝑚 ∗ �̈� + 𝑐 ∗ �̇� + 𝑘 ∗ 𝑥 = 𝑒−𝑡 ∗ (16) 

Formula Used: 

𝐾 =
12∗𝐸∗𝐼

𝑙3    𝑘𝑁𝐸𝑇 = ∑ 𝐾𝑖
16
𝑖=1  (17) 

Complementary function: 

 

(18) 

 (19) 

Integral: 

 
(20) 

F2 0.6 0.6 0.65 0.65 0.011 0.015 15.27778 20.8334 288.8895 

F3 0.55 0.55 0.6 0.6 0.008 0.011 3.29219 4.5268 62.552 

F4 0.55 0.55 0.6 0.6 0.008 0.011 1.38889 1.9098 26.3896 

F5 0.5 0.5 0.55 0.55 0.006 0.008 0.53334 0.7112 9.9564 

R 0.5 0.5 0.55 0.55 0.006 0.008 0.30865 0.4116 5.762 
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Modified complimentary function 

Solution for this case of problem 

 (21) 

5.1 Result of Case 1: When 20kN,30kN Load Damper Is Used 

Table 6 lists how many dampers are needed at each floor for the specified loads of 20 and 
30 kN. There are eight dampers needed for each of the first, second, and ground floors. 
Each of the third and fourth levels needs four dampers. Two dampers are needed for the 
fifth story. Based on Table 7 a 20 kN load is applied to a total of 14 dampers. 

Table 6. The required quantity of dampers for each floor 

Required Number of Dampers 

GROUND FLOOR 8 

FLOOR 1 8 

FLOOR 2 8 

FLOOR 3 4 

FLOOR 4 4 

FLOOR 5 2 

TOTAL 34 
 

A load of 30kN is applied to a total of 20 dampers. Using a total of 14 dampers allows for 
the best possible damper location and distribution for the specified load of 20 kN and 30 
kN. This distribution lessens structural damage during an earthquake and helps regulate 
the building's seismic reaction. The distribution places the greatest number of dampers on 
the ground level, first floor, and second floor, and the lowest number on the fifth story. 

Table 7. Total number of 20 & 30kN dampers 

Distribution Of Dampers at Different Floors 

FLOORS 20 kN 30 kN 

GF 0 8 

F1 0 8 

F2 4 4 

F3 0 4 

F4 4 0 

F5 2 0 

TOTAL 10 24 

 

5.2 Result of Case 2: When 20 kN, 30 kN and 90 kN Load Damper Is Used 

The load capacity affects how dampers are distributed. The number of dampers needed for 
the first, second, and ground floors is the same for all load capacities. Compared to the 
other levels, the third floor needs less dampers to support the 30kN load. For all load 
capacities, the same number of dampers are needed on the fourth and fifth floors. 
Regardless of the load capacity, the building has a total of 44 dampers. 
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Table 8. The required quantity of dampers for each floor 

Required Number of Dampers 

GROUND FLOOR 8 

FLOOR 1 8 

FLOOR 2 8 

FLOOR 3 4 

FLOOR 4 8 

FLOOR 5 8 

TOTAL 44 

 

Table 9. Total quantity of 20 kN, 30 kN & 90 kN dampers @ different floors 

Distribution of Dampers at Different Floors 

 90 kN 20 kN 30 kN 

GF 8 0 0 

F1 8 0 0 

F2 4 4 0 

F3 4 0 0 

F4 0 0 8 

F5 0 8 0 

TOTAL 24 12 8 

 

5.3 Result of Case 3: When Using A 200kN Load Damper 

The number of dampers required at each floor for the 200 kN prescribed loads is listed in 
Table 10. Eight dampers are required for the ground levels, four dampers are required for 
the first floor, and no dampers are required for the second story. Two dampers are 
required for each of the third and fourth tiers. It takes one damper to cover the fifth storey. 
There is a total of 17, 200 kN dampers dispersed over many floors. 

Table 10. Required number of dampers at different floors 

Required Number of Dampers 

GROUND FLOOR 8 

FLOOR 1 4 

FLOOR 2 0 

FLOOR 3 2 

FLOOR 4 2 

FLOOR 5 1 

TOTAL 17 

 

5.4 Non-linear Time History Analysis 

The most accurate method for representing the behavior of a structure under seismic 
stresses is thought to be nonlinear time history analysis. In order to account for the 
nonlinear properties of the support system, this technique entails methodically integrating 
the equations of motion of the system. It calculates the displacements, peak accelerations, 
and forces of the system for each time step and determines their maximum values during 
seismic occurrences. To accomplish accurate earthquake effect simulations, SAP2000 V19 
software was used to perform nonlinear time history analysis on the building models. 
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Three grid lines each in the x and z directions and six grid lines in the y direction make up 
the grid system used in SAP2000's structural design. These grid lines are spaced five 
meters apart in the x and z directions and three meters apart in the y direction. The 
material parameters are defined in accordance with Indian norms; 25 kN/m³ of density, 
20,000 MPa of modulus of elasticity (E), 0.2 Poisson's ratio, 1E-05 (1/°C) coefficient of 
thermal expansion (α), and 25 MPa of compressive strength were chosen for the concrete. 
For reinforcing bars, the minimum yield strength (Fy) is 420 MPa, the minimum tensile 
strength (Fu) is 550 MPa, the predicted yield stress (Fyc) is 420 MPa, and the Young's 
modulus (E) is 200,000 MPa. The coefficient of thermal expansion (α) is 1.2E-05 (1/°C). 
16d longitudinal bar sizes and 8d confinement bar sizes are used to define columns and 
beams. In accordance, section attributes are assigned, and 0.18 meters is the membrane 
and bending thickness. Diaphragm limitations are applied and joint constraints are fixed. 
Using El Centro earthquake data for the load case type and scaling by 9.81E-3, a time 
history function is created. Dead loads are defined as mass sources, and the output time 
step size is fixed at 0.005 seconds. Two-way distribution of uniform area loads of 10 kN/m² 
is applied to the frames. Frames are allocated element loads, and load cases are prepared 
for evaluation. The inter-story drift during the El Centro earthquake was found to exceed 
the allowable limit in all structures, according to the study results. The permissible 
maximum for inter-story drift is 0.004 times the storey height, under IS 1893 part 1 (2002). 
The maximum permissible inter-story drift value for a structure with a storey height of 
eighteen meters is determined by this: 

∆ = 0.004 x h = 0.004 x 3 = 0.012m (22) 

The results of the investigation show that during the El Centro earthquake, the inter-story 
drift in every building surpassed the allowable limit. The maximum permitted inter-story 
drift, under IS 1893 part 1 (2002), is 0.004 times the height of each storey. This rule 
establishes the maximum amount of inter-story drift for a structure with eighteen-meter-
tall storeys. 

6. Conclusion 

By using this mathematical modeling, the complementary function and particular 
integral's complexity were addressed, leading to a solution with over 90% confidence. 
Accuracy and project scope may be varied for higher storeys, improving damper 
distribution efficiency, by varying the degree and order of the characteristic equation. By 
reducing displacements substantially (23% more effectively than standard approaches), 
the suggested positioning strategy improved space usage and attractiveness. Moreover, 
this decreased deflection, especially for P and Q intensities, demonstrating the efficacy of 
the dampers. As to IS 1893 (part 1) 2002, the maximum allowable inter-storey drift is 
0.012 meters, or 0.004 times the storey height. To make sure drift stayed within this bound, 
dampers were positioned strategically. The worst-case impact analysis (mode shape and 
force function correlation) was used to determine the ideal damper placements and 
amounts. To handle the stress on extreme columns, only 20kN (14#) and 30kN (20#) 
dampers were utilized, depending on availability. To limit seismic response, the study 
proposes a methodical approach for determining the best location and distribution of 
magnetorheological (MR) dampers in a benchmark 6-story structure. To identify the worst 
location for damper positioning, the authors provide a mathematical modelling technique 
that makes use of the maximal force function and mode shape. This method aids in 
lowering the price of damper allocation in construction projects. The optimum damper 
distribution for several load scenarios, including 20kN, 30kN, 90kN, and 200kN, is 
provided in this study. There are 17 dampers utilized overall for a 200kN load, with the 
distribution differing throughout floors. An efficiency score of 49.616 from the 
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optimization process illustrates how effective the chosen damper configuration is. The 
practicality of the suggested damper placement—which, in contrast to traditional 
methods, not only minimizes displacements but also produces an aesthetically pleasing 
spatial environment—is also covered in the study. The precise standards or selection 
process for the benchmark building, as well as the seismic reaction factors taken into 
consideration for optimization, are not covered in this work. The financial ramifications of 
the damper placement and distribution are not thoroughly examined in the article. The 
cost reduction based on the optimization outcomes is only mentioned in general terms. 
The suggested damper location may not work in real-world situations due to practical 
restrictions, installation requirements, or possible conflicts with other building systems. 
These issues are not covered in the article. Future research in seismic response control 
may find great use for the methodical approach to damper installation and distribution 
that is presented in this study. Future studies can build on and enhance the mathematical 
modelling technique employed in this study, which involves mode shape and maximal 
force function, to increase the precision and effectiveness of damper optimization. Future 
research on comparable benchmark buildings or structures might utilize the optimal 
damper distribution results from this study as a guide since they offer information on the 
quantity and positioning of dampers needed for efficient seismic response management. 
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 This study explores the impact of TiB2 nanoparticles on the microstructure, 
microhardness, and tensile properties of AA-2014 surface composite 
manufactured through Friction Stir Processing (FSP). A series of experiments 
were conducted with varying FSP parameters, and the findings were compared 
with the base metal. Microstructure studies revealed optimal bonding between 
TiB2 and the AA-2014 substrate at 1200 rpm, surpassing results from 900 and 
1600 rpm. However, microstructural analysis unveiled agglomeration of 
particles and void formation on the composite surface. Microhardness values 
indicated a substantial increase from 88 HV (AA-2014) to 138 HV (AA-
2014/3%TiB2 @1200rpm), attributed to the presence of TiB2 nanoparticles and 
FSP-induced modifications. Ultimate Tensile Strength (UTS) values exhibited a 
noteworthy improvement from 290 MPa (AA-2014) to 465 MPa (AA-
2014/3%TiB2 @1200rpm), emphasizing the positive influence of uniform TiB2 
dispersion achieved during FSP. The study underscores the effectiveness of TiB2 
reinforcement and FSP in enhancing the mechanical properties of AA-2014 
surface composite, despite observed microstructural features. 
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1. Introduction 

Aluminum alloys have emerged as a superior choice over steel in various industries due to 
their remarkable strength-to-weight ratio [1]. This characteristic makes aluminum alloys 
particularly desirable in the aircraft and automotive sectors [2]. In aircraft construction, 
the utilization of high-strength structural components is essential for ensuring both 
performance and safety [3]. The 2000 series of aluminum alloys, in particular, has found 
extensive use in this domain [4]. One of the primary advantages of aluminum alloys, 
especially those in the 2000 series, is their ability to reduce weight without compromising 
strength. This weight reduction has a significant impact on fuel efficiency in aircraft, 
ultimately leading to increased payload capacity [5]. The 2xxx series alloys, such as AA 
2014, have become integral in the aerospace industry for achieving these goals [6]. The 
ongoing trend in favor of aluminum can be attributed to its diverse set of qualities. Not only 
does it exhibit impressive strength, but it also possesses corrosion resistance, a crucial 
factor in ensuring the longevity and durability of aircraft [7]. The reduced maintenance 
and repair costs associated with corrosion-resistant materials further contribute to the 
economic viability of aluminum alloys in aviation. The various applications of aluminum 
extend beyond its use in aircraft. The material's reflective, electrically conductive, non-
magnetic, non-sparking, and non-combustible properties make it suitable for a wide range 
of purposes [8]. These characteristics have led to its incorporation in the construction of 
structural beams, which are vital for the overall integrity of various engineering structures 
[9]. A notable example of aluminum's versatility is evident in the construction of fuel tanks 
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and booster rockets for both aircraft and space shuttles [10]. The demand for lightweight 
yet durable materials in these critical components aligns perfectly with the properties 
offered by aluminum alloys [11]. The lightweight materials not only aid in the efficiency of 
vehicles but also elevate their general performance and dependability. In the realm of 
ground transportation, aluminum alloys play a crucial role in the construction of vehicles 
such as dump trucks, tank trucks, and trailer trucks [12]. The need for robust materials 
that can withstand the rigors of transportation and hauling is met by aluminum alloys. This 
usage extends to various industries where the reliability and durability of vehicles are 
paramount. Within the spectrum of aluminum alloys, the AA 2014 alloy stands out, 
particularly for its mechanical properties. This alloy is partially composed of copper as its 
major alloying ingredient, contributing to its strength and other desirable characteristics. 
In the context of construction, especially in aerospace applications, AA 2014 has become 
the preferred choice due to its well-balanced properties [13]. Taking the exploration of 
aluminum alloys further, a recent study involved the use of AA-2014 alloy as a matrix 
material, reinforced with TiB2 particles through friction stir processing. This innovative 
approach aims to enhance the material's mechanical properties and performance in 
specific applications. The incorporation of reinforcing particles, such as TiB2, opens up new 
possibilities for tailoring the properties of aluminum alloys to meet the evolving demands 
of various industries. In conclusion, the widespread adoption of aluminum alloys, 
particularly in the 2xxx series, signifies a paradigm shift in material choices for industries 
where strength, weight, and durability are critical factors [14]. The continuous upward 
trend in aluminum utilization is justified by its unique combination of properties, including 
corrosion resistance, non-toxicity, heat conduction, and recyclability [15]. As technology 
advances, the incorporation of reinforcing particles in aluminum alloys, as demonstrated 
in the AA-2014 alloy study, showcases the commitment to pushing the boundaries of 
material science for improved performance and efficiency in construction applications 
[16]. Whether soaring through the skies or navigating the highways, aluminum alloys have 
firmly established themselves as indispensable materials in modern engineering and 
construction [17]. 

The objective of the study was to investigate the effects of incorporating TiB2 nanoparticles 
into AA-2014 aluminum alloy through friction stir processing (FSP) on the bonding quality, 
microhardness, and ultimate tensile strength (UTS) of the resulting surface composite. The 
study aimed to assess the optimal processing parameters for achieving good bonding 
between TiB2 and the AA-2014 substrate, as well as to analyze the influence of TiB2 
reinforcement on the mechanical properties of the composite material. 

2. Materials and Method 

2.1. Materials  

The choice of aluminum alloys AA-2014 and TiB2 reinforcement for friction stir processing 
is driven by their exceptional versatility, making them highly suitable for a diverse range 
of industries. These alloys have applications in aerospace, automotive, construction, and 
various other sectors due to their unique combination of properties. The decision to 
employ friction stir processing reflects the ongoing effort to enhance the mechanical 
properties of these materials for specific applications. To gain insight into the composition 
of the chosen alloys, spectrometric analytical equipment was employed.  

Table 1. Chemical composition of the AA-2014 

Elements Al Si Ti Cr Mn Fe Cu Zn Mg 

Wt.% 86.0 0.75 0.23 0.05 0.82 0.30 4.18 0.83 0.83 
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The resulting chemical composition values are presented in Tables 1 and 2 for AA-2014 
and TiB2 reinforcement, respectively. These nominal values provide a comprehensive 
understanding of the elemental makeup of each material, laying the foundation for further 
discussions on their properties and potential applications. 

Table 2. Chemical Composition of TiB2 

Reinforcement TiB2 Ti B 

Composition 39.78 60.22 

     2.2. FSP Processing 

Friction Stir Processing (FSP) is a specialized technique used to modify the microstructure 
and properties of metals, particularly aluminum alloys like AA2014 T6. It involves several 
distinct steps, each carefully orchestrated to achieve desired material properties and 
structure [18]. The step by step for FSP process is mentioned below: 

• Step 1: The process begins with the spindle strategically positioned at the center of 
the machine. The spindle is then set to rotate at a specific speed, measured in 
revolutions per minute (rpm). This rotation of the spindle is a crucial initial step in 
preparing for the subsequent stages of FSP. 

 

 

Fig. 1.FSP representation in graphical form 

• Step 2: Simultaneously, the machine table undergoes a progressive vertical 
elevation. This upward movement continues until the tool insert penetrates the 
surfaces of the aluminum alloy plates by a precise depth, typically around 0.1 mm. 
This controlled penetration depth is critical as it sets the stage for the material 
interaction and stirring process [19]. 

 
• Step 3: Once the penetration depth is achieved, the spindle remains stationary, 

spinning in place for a specified duration, typically around 30 seconds. This dwell 
time serves the purpose of warming the plates in preparation for the welding 
process. Controlled heating at this stage optimizes the material for subsequent 
stirring and processing steps [20]. 

• Step 4: The core of the FSP process lies in the plate mixing procedure, which occurs 
during this stage. The machine table advances at a defined linear speed, measured 
in millimeters per minute (mm/min). This movement induces the welding process, 
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where the rotating tool stirs and mixes the material within its vicinity. The stirring 
action is crucial for achieving a homogeneous structure and desirable material 
properties [21]. 

• Step 5: The combination of the rotational motion of the spindle and the linear 
movement of the machine table results in a dynamic stirring effect. This intricate 
process is precisely controlled to ensure uniformity and consistency in the stirred 
material. The stirring action facilitates the redistribution of alloying elements and 
the refinement of grain structure, leading to improved mechanical properties [22]. 

• Step 6: As the machine table progresses and the stirring reaches the specified length 
of the weld, the retracting step commences. At this point, the forward movement of 
the tool halts, and it is systematically removed from the sample. This controlled 
retraction leaves a characteristic hole at the end of the weld. The retracting step is 
critical as it finalizes the stirring action and shapes the processed material [23]. 

• Step 7: The hole left at the end of the weld is a consequence of the tool's retraction 
and serves as a visual marker of the processed region. It provides a clear indication 
of the extent and location of the FSP treatment [24]. 

• The FSP process involves a sequence of precisely controlled steps aimed at 
modifying the microstructure and properties of aluminum alloys through 
mechanical mixing and stirring. Each step plays a crucial role in achieving the 
desired material properties and structural characteristics. Table 3 shows the 
sample nomenclature, processing parameters, and compositions of each specimen. 

Table 3. Processing parameters of FSP 

Samples Nomenclature Rotation rate (RPM) Composition 

BM (AA-2014) 1000 100% AA-2014 

FSPed-1 900 97%AA-2014- 3%TiB2 

FSPed-2 1200 97%AA-2014- 3%TiB2 

FSPed-3 1600 97%AA-2014- 3%TiB2 

3. Characterization 

3.1. Tensile Test 

The mechanical characteristics of the treated zone, after heat treatment, were 
systematically explored through a series of nine experiments. The objective was to assess 
the impact of heat treatment on these mechanical properties.  

 

Fig. 2. ASTM Standard E8 for tensile test specimens 

The tensile test specimens, crucial for evaluating these properties, were meticulously 
crafted using CNC wire cut technology. The geometry of these specimens (Figure 2) 
adhered to the specifications outlined in the ASTM standard E8/E8M-09, specifically 
designed for sub-size specimens [25]. 
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3.2. Microhardness Testing 

The Vickers hardness test, a key method for assessing material hardness, was conducted 
using a computerized microhardness tester (Melkorp, Model AHT-1000). This modern 
testing apparatus ensures precision and accuracy in measuring hardness values. The 
measurements were performed as per ASTM standards, a widely recognized set of 
guidelines that ensures consistency and comparability of test results [26]. The testing was 
conducted at several central locations throughout the treated zone, providing a 
comprehensive understanding of the hardness distribution within the material. This 
approach allows for the identification of variations in hardness across different regions of 
the treated zone, providing valuable insights into the impact of the treatment on the 
material's mechanical properties. 

4. Result and Discussions 

4.1. Microhardness Evaluation 

The microhardness measurements depicted in Figure 3 provide valuable insights into the 
effects of Friction Stir Processing (FSP) on specimens treated with and without TiB2 
particles at various rotational speeds (900 rpm, 1200 rpm, and 1600 rpm). At a constant 
traversal speed of 40 mm/min, the figure reveals a trend were increasing the rotational 
speed often leads to higher microhardness values. This phenomenon is attributed to 
enhanced dynamic recrystallization; a consequence of the intensified stirring motion 
induced by the instrument's pin. The microhardness values generally exhibit an upward 
trend as the rotational speed increases. This suggests that higher rotational speeds 
contribute to increased hardness in the treated specimens. The intensified stirring motion 
at elevated speeds is responsible for this effect. Interestingly, the specimens treated with 
a rotational speed of 1200 rpm demonstrate the highest microhardness values (138 HV) 
compared to those processed at 1600 rpm and 900 rpm. This highlights an optimal 
rotational speed for achieving the desired hardness characteristics. Within the stirred 
zone, the specimen treated at 1200 rpm stands out for having a homogeneous distribution 
of TiB2 particles. This results in a uniform scattering of reinforcement throughout the 
material, contributing to enhanced hardness properties. 

The observed increase in microhardness with higher rotational speeds aligns with the 
concept of dynamic recrystallization. The intensified stirring motion at elevated speeds 
promotes more effective grain refinement and strengthening mechanisms, leading to 
enhanced hardness. The optimal microhardness values at 1200 rpm suggest that there is a 
balance between stirring efficiency and potential material properties. This could be 
attributed to an ideal combination of heat input, plastic deformation, and particle 
distribution achieved at this rotational speed. 

The homogeneous distribution of TiB2 particles in the specimen treated at 1200 rpm is 
crucial. A uniform scattering of reinforcement particles contributes to consistent 
strengthening effects across the material, resulting in a more homogenously hardened 
structure. In conclusion, Figure 3 illustrates the influence of rotational speed on 
microhardness in FSP-treated specimens, emphasizing the importance of finding an 
optimal speed for achieving desired material properties. The homogenous distribution of 
reinforcement particles further demonstrates the significance of process parameters in 
tailoring the mechanical characteristics of FSP-treated materials. 

The comparative analysis of the microhardness values from this study with other research 
reveals significant insights into the performance of Friction Stir Processing (FSP) on Al-
based alloys. The highest microhardness value in this study, achieved at 1200 rpm with 
TiB2 particle reinforcement, is 138 HV. This is substantially higher than the base material 



Kumar et al. / Research on Engineering Structures & Materials 11(2) (2025) 557-567 

 

562 

(Al-2014 alloy) which has a hardness of 98 HV. When compared to other studies, such as 
Gaoqiu Sun et al. on Al7050-TiB2 (92 HV) [27], and Rajiv Panda et al. on Al2024-TiB2 (109 
HV) [28], the microhardness values from this study indicate a superior improvement in 
hardness due to the optimal FSP conditions. 

 

Fig. 3. Hardness values of different FSP-ed specimens 

Xiao Li et al. research on AA7075/TiB2 shows a microhardness of 126 HV [29], and Biaohua 
Que et al. study on Al-TiB2 reports 124.9 HV [30], both of which are lower than the 138 HV 
achieved in the present study. Additionally, B. Nikhil et al. work on AA2024 reveals a 
microhardness of 111 HV [31], further emphasizing the significant enhancement observed 
in this study. The superior microhardness at 1200 rpm in this study is attributed to a 
combination of optimal heat input, plastic deformation, and a homogeneous distribution 
of TiB2 particles, which collectively contribute to effective grain refinement and 
strengthening mechanisms. This comparative analysis underscores the effectiveness of the 
FSP parameters used in this study, particularly the rotational speed, in achieving enhanced 
mechanical properties in Al-based alloys reinforced with TiB2 particles. 

4.2. Tensile Strength 

The tensile strength characteristics of different specimens (Figure 4) are derived from the 
base material (BM), which has an initial tensile strength of 290 MPa. The subsequent 
specimens, FSPed-1, FSPed-2, and FSPed-3, undergo Friction Stir Processing (FSP), 
resulting in varied tensile strength improvements. Base Material (BM) represents the 
unprocessed AA-2014 material without any reinforcement or FSP treatment. The tensile 
strength for base material was noted as 290 MPa. The specimen FSPed-1 after FSP 
treatment involves mixing and recrystallizing the base material, leading to a significant 
tensile strength improvement from 290 MPa to 360 MPa. The addition of TiB2 particles, 
coupled with the stirring process, likely contributes to increased dislocation density and 
refined grain size in the microstructure, resulting in improved strength. Further 
processing enhances the tensile strength compared to FSPed-1, FSPed-2 has tensile 
strength of 465 MPa. Additional FSP treatment might cause more homogenization of TiB2 
particles in the matrix, leading to further strengthening. FSPed-3 exhibits the highest 
tensile strength (405 MPa) among the specimens. Continued processing may have caused 
even more refinement of the microstructure and further dispersion and alignment of TiB2 
particles, resulting in the highest tensile strength. The progressive increase in tensile 
strength from FSPed-1 to FSPed-3 indicates the cumulative effect of multiple FSP 
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treatments on the mechanical properties of the material. The addition of TiB2 particles and 
the stirring process during FSP play crucial roles in enhancing dislocation density, refining 
grain size, and promoting homogenization, leading to improved tensile strength. The 
highest tensile strength in FSPed-2 suggests that continued processing results in further 
microstructural refinement and better dispersion and alignment of TiB2 particles, 
contributing to the material's strength. 

 

Fig. 4. UTS values of different FSP-ed specimens 

Comparatively, the tensile strengths reported in other studies also provide insights into 
the effectiveness of different reinforcement particles and base materials. Gaoqiu Sun et al. 
achieved a tensile strength of 307 MPa with TiB2/7050 Al [27], which is notable but lower 
than the FSPed-2 and FSPed-3 specimens from this study. Shadab Ahmad et al. work on Al-
TiO2 reported a tensile strength of 228 MPa [32], indicating that TiO2 reinforcement, while 
beneficial, may not be as effective as TiB2 in enhancing tensile strength. Rajiv Panda et al. 
study on Al2024-TiB2 shows a tensile strength of 279 MPa [28], and B. Nikhil et al. work 
on AA2024 reports a tensile strength of 285 MPa [31]. Both values are lower than those 
achieved in the present study, suggesting that the specific FSP conditions and the base 
material (AA-2014) used in this research might be more conducive to tensile strength 
improvement. S. Hanish Anand et al. research on Al6061-TiB2 reports a tensile strength of 
139 MPa [33], which is the lowest among the studies considered. This further emphasizes 
the superior tensile strength achieved through the optimized FSP conditions and TiB2 
reinforcement in the current study. 

4.3. Microstructure Analysis 

The microstructure analysis is crucial in understanding the distribution and arrangement 
of TiB2 nanoparticles within the AA-2014 alloy, providing insights into how these factors 
influence the material's mechanical properties. The base material, representing 
unprocessed AA-2014, serves as the control in this study. The FSPed-2 specimen, 
reinforced with 3% TiB2 nanoparticles, showcases a significant improvement in the 
dispersion of these reinforcing particles within the AA-2014 matrix. The enhanced 
dispersion of TiB2 nanoparticles in the FSPed-2 specimen is a key contributor to its 
improved mechanical properties. This is because a more uniform distribution of TiB2 
particles leads to better interfacial bonding between the matrix and the nanoparticles. 
Such improved bonding facilitates effective load transfer from the softer aluminum matrix 
to the harder TiB2 particles, thereby enhancing the overall strength and hardness of the 
material. Additionally, the fine and uniform dispersion of TiB2 particles helps in refining 
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the grain structure of the aluminum matrix. This grain refinement is a result of dynamic 
recrystallization promoted by the FSP process, which further contributes to the 
enhancement of mechanical properties such as tensile strength and hardness. 

 

Fig. 5. Microstructure of BM and FSPed-2 specimens 

In Figure 5, the mechanical properties of the FSPed-2 specimen, including tensile strength 
and hardness, are compared to those of the base material. The tensile strength of the 
FSPed-2 specimen shows a marked increase, attributed to the better dispersion of TiB2 
nanoparticles. This uniform distribution not only strengthens the material but also 
improves its ductility by preventing the formation of weak points that could lead to 
fracture. The hardness of the FSPed-2 specimen is also significantly higher than that of the 
base material, which can be explained by the Hall-Petch effect, where the fine grain 
structure and the presence of hard particles hinder the movement of dislocations, thereby 
increasing the material's resistance to deformation. The interaction between the TiB2 
nanoparticles and the aluminum matrix is a critical aspect of the material's enhanced 
properties. Previous research has shown that TiB2 particles serve as effective barriers to 
dislocation movement, contributing to the strengthening of the material through 
mechanisms such as Orowan strengthening, where the dislocations bypass the 
nanoparticles, and grain boundary strengthening, where the fine grains enhance the yield 
strength of the material. Yihong Wu et al. revealed that the deagglomeration and dispersion 
of TiB2 particles improve both the strength and ductility of the particulate-reinforced 
aluminum matrix composite. The uniform distribution of precipitates and the elimination 
of agglomerated TiB2 bumps and residual Al3Ti blocks are crucial for these improvements 
[34]. Santha Rao et al. observed that the microstructural analysis sheds light on the 
intricate mechanisms during the FSP process. The uniform distribution of filler particles in 
the stir zone contributes to improved mechanical properties and signifies the effectiveness 
of the welding conditions, particularly at higher rotational speeds. The nuanced interplay 
between mixing, distribution of filler particles, recrystallization, and grain refinement 
underscores the complexity of the microstructural evolution in the fabrication of 
composites [35]. 

5. Conclusion 

The fabrication of AA-2014 TiB₂ surface composite using the FSP process has been 
accomplished. This composite has numerous industrial applications, particularly in the 
automotive, aerospace, and construction sectors, owing to its enhanced mechanical 
properties and durability. The investigation into the effect of TiB₂ particles on the 
microstructure, microhardness, and tensile behavior of AA-2014 surface composite 
fabricated by Friction Stir Processing (FSP) has yielded significant conclusions. 
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• The optimal bonding of TiB₂ with the AA-2014 substrate was consistently observed 
at 1200 rpm, as evidenced by good bonding compared to both the base metal and 
FSP-ed specimens processed at 900 and 1600 rpm. This optimal bonding at 1200 
rpm is critical as it ensures the effective integration of TiB₂ particles within the AA-
2014 matrix, enhancing the overall properties of the composite. 

• Microhardness values for AA-2014 and AA-2014/3%TiB₂ @1200rpm surface 
composite were measured at 88 HV and 138 HV, respectively. The significant 
increase in hardness value is attributed to the presence of TiB₂ nanoparticles and 
the modifications induced by the FSP process. The incorporation of TiB₂ particles 
into the AA-2014 matrix results in a harder surface, which is indicative of enhanced 
strength and resistance to deformation, showcasing the effectiveness of the TiB₂ 
reinforcement. 

• Ultimate tensile strength (UTS) values for AA-2014 and AA-2014/3%TiB₂ 
@1200rpm surface composite were found to be 290 MPa and 465 MPa, 
respectively. The substantial increase in UTS is linked to the uniform dispersion of 
TiB₂ nanoparticles within the matrix material (AA-2014 alloy) during the FSP 
process. This uniform dispersion of TiB₂ particles not only enhances the load-
bearing capacity of the composite but also improves its overall tensile behavior. 

The addition of TiB₂ particles and the optimal processing parameters of FSP at 1200 rpm 
significantly improve the microhardness and tensile strength of the AA-2014 alloy. The 
enhanced properties are attributed to the uniform dispersion and strong bonding of TiB₂ 
particles within the matrix, resulting in a surface composite with superior mechanical 
properties compared to the unreinforced AA-2014 alloy and those processed at different 
rpm settings. These findings underscore the potential of TiB₂-reinforced AA-2014 
composites for applications necessitating high strength and hardness. 

Nomenclature 

FSP Friction Stir Processing BM Base Material 
AMMCs Aluminum metal matrix 

composites 
AA-2014 Aluminum 2014 Alloy 

AS Advanced Side TiB2 Titanium Diboride 
RS Retreating Side TiO2 Titanium Dioxide 

TMAZ Thermo-Mechanically 
Affected Zone 

UTS Ultimate Tensile Strength 

HAZ Heat Affected Zone VHN Vickers Hardness 
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 Carbon Fiber Reinforced Polymer Composites (CFRP) are commonly used in 
various sectors due to their excellent properties. However, they present complex 
failure modes, particularly in bolted joints, which are widely used in the 
aeronautical industry due to their ease of assembly and disassembly. 
Phenomenological failure criteria can be used to evaluate failure modes 
analytically and reduce the number of experimental tests. It is important to 
determine the criterion that best reflects reality. The Hashin, Puck, and LaRC04 
failure criteria were evaluated using a finite element method software - FEMAP 
2021.2 educational version - through simulation. Numerical simulations were 
conducted on a 2D model of a carbon/epoxy composite bolted joint under 
multiaxial loads, following ASTM D5661 dimensions. The failure criteria were 
compared to determine the most appropriate one for this type of component. 
Among the evaluated criteria, the Hashin criterion showed an intermediate level, 
while the Puck criterion was the most conservative and the LaRC04 criterion was 
the least conservative. It is recommended to use the Hashin criterion for general 
analyses. For analyses that require a detailed examination of compression failure 
modes, it is recommended to use the LaRC04 criterion. The Puck criterion is 
suggested for more conservative analyses. 

 

© 2025 MIM Research Group. All rights reserved. 
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1. Introduction 

Carbon fiber reinforced polymer composites (CFRP) are widely used in the industrial 
sector due to their excellent properties, such as outstanding strength, high stiffness, and 
low weight [1, 2]. A notable example can be observed in the aerospace industry, where the 
Boeing 787 Dreamliner is composed of approximately 50% composite materials. As a 
result, the aircraft’s weight is reduced, which consequently enhances its fuel efficiency [3, 
4]. Moreover, these materials represent 40% of modern aircraft with a variety of 
applications, including interiors, engine blades, fuselage, wings, rotors, brackets, and 
others [1,4]. However, the failure modes for composite materials are complex due to the 
anisotropy and heterogeneity of the material, which depend on various factors such as the 
combination of fiber and matrix properties, the orientation of the fibers, and the number 
of plies in the component. As a result, they can present various types of damage 
mechanisms, such as delamination, fiber breakage, pull-out, matrix cracking, and other 
mechanisms, which makes it a challenge to identify the start of the failure [5, 6]. 

Therefore, it is necessary to take great care when manufacturing composite parts, 
especially bolted joints. Due to their ease of assembly and disassembly, bolted joints are 
crucial components in the aeronautical industry. However, despite this, more than 70% of 
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structural failures occur at the joints [7,8]. In addition to the complexity of composite 
materials, the hole in their structure generates stress concentration in this region, making 
the components more susceptible to failures [7]. Thus, among the factors that can influence 
the failure mode of these components are the preload, the clearance of the screw hole, the 
type of screw head, and the geometric relationships between the hole diameter, width, 
thickness, and distance from the edge [9,10]. 

Generally, these components can fail in three main ways, varying based on the dimensions 
of the laminate: net-tension, shear-out, and bearing [10]. Net-tension and shear-out 
failures are the most catastrophic failure modes. While net-tension failure occurs at a low 
value for the ratio between the width of the plate to the diameter of the hole and a high 
value for the ratio between the distance from the hole to the edge of the joint by the 
diameter of the hole, shear-out failure occurs for reasons inverse to net tension, i.e., a high 
value between the width by the diameter and low value between the edge distance by the 
diameter [10]. However, unlike other failure modes, bearing failure produces a progressive 
failure. This failure is initiated by the compressive force applied to the inside of the hole by 
the bolt shank and a small value of the width-to-diameter ratio [9]. Due to the progressive 
failure behavior of bearing, bolted joints are designed to fail in this mode [7]. 

It is important to note that the application of torque is directly related to the resulting 
tension in the bolts and plates. Therefore, it is crucial to consider torque when studying 
bolted joints [7]. Torque generates a preload in the bolt, which aims to restrict the hole 
region and enable the transfer of external loads between plates through fixation [11]. The 
torque value should be defined based on the bolt strength, the material of the clamped 
parts and the type of installation so that the preload increases the strength of the bolted 
joint. Otherwise, if the torque is not properly applied, it could cause premature failure of 
the composite component due to the low resistance to out-of-plane stresses of these 
materials [7,9,10]. 

Furthermore, due to the wide range of factors that influence the failure modes of these 
components, the number of experimental tests has increased considerably, making 
material analysis costly, time-consuming, and analytically challenging [5,8]. This is 
particularly evident in the aerospace industry, due to the considerable costs and labor 
associated with the composites applied to this sector and the tools used in their production 
[3]. However, with increasingly powerful computers and the evolution of numerical 
modeling, simulation in software such as those using the finite element method (FEM) 
significantly reduces the number of tests, proving to be a cost-effective alternative when 
experimentally validated [2,3]. 

In conjunction with FEM simulation models, failure criteria for composite materials can be 
used to identify and predict the modes and onset of failure in the component being 
analyzed [5]. These criteria can be classified into macroscopic and microscopic aspects, 
with the macroscopic group being the most widely used due to their ease of application 
[12,13]. Within this group, there is a further classification grouping the criteria as follows 
[5,14]: 

• Criteria that neglect the interactions between the different stress components, such 
as the maximum stress criterion and the maximum strain criterion. 

• Criteria that include total stress interaction and have only one inequality, so they 
do not predict the initial failure mode, such as the Hoffman, Tsai-Wu, and Tsai-Hill 
criteria. 

• Phenomenological criteria address the physical aspects of fracture and distinguish 
between different failure modes, such as the Hashin, Puck, and LaRC04 criteria. 
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The criteria in the third group, which deal with phenomenological models, are the closest 
to reality. Therefore, the study of these criteria is crucial for enhancing numerical analysis 
with accurate and realistic failure modes, especially in the industry, such as aircraft 
components, where the mechanical qualities are high and safety is of main concern. As the 
majority of commercial finite element software only provides the most traditional criteria, 
including Hashin, Tsai-Wu, Tsai-Hill, a limited number of studies have demonstrated the 
implementation of the Puck criterion used in the aeronautical sector [1,15]. Consequently, 
in addition to incorporating new criteria into the software, it is essential to validate them 
through experimental tests and identify the criterion that most closely aligns with reality 
for each component and specific conditions, with aim of reducing costs, time, materials and 
tests [1,13]. 

Good results using phenomenological criteria can be found in the literature. Zheng et al. 
[12] conducted a comparative study of failure criteria for predicting the onset of failure, 
concluding that the Hashin criterion provides reasonable results in a good execution time 
while the Puck and LaRC03 criteria offer more accurate results but with a longer execution 
time. Kober and Kühhorn [16] used the Tsai-Hill, Puck, and LaRC04 criteria to analyze, 
determining that the Puck criterion generates more realistic results. On the other hand, the 
LaRC04 criterion achieves results like the Puck criteria but from a mechanical point of view 
of the fracture. Marques et al. [13] carried out a comparative analysis between various 
criteria such as Hashin, Puck, Tsai-Hill, Tsai-Wu, Hoffman, and maximum stress, resulting 
in coherent results, but with an advantage for the Puck criterion due to the distinction 
between fiber and inter-fiber failure modes. 

It is clear from the literature that the Puck criterion correlates well with experimental 
results, making it a reference for others [16]. The World-Wide Failure Exercise (WWFE) 
identified this criterion as one of the most effective in failure assessment [5]. In addition, 
several studies analyzing the results of FEM simulations of failure criteria for composite 
models compared to experimental results are available in the literature [1,15,17-20]. 
These studies present models with satisfactory results compared to their experimental 
tests. 

In this context, a comparative analysis is proposed between the Hashin, Puck, and LaRC04 
criteria, applied to a 2D model of a carbon/epoxy CFRP bolted joint in the FEMAP 2021.2 
educational version software to determine the one best suits to this type of component. 
The model is a simple shear, two plates, and a bolt, subjected to multiaxial loads and 
dimensions according to ASTM D5961 [21]. 

2. Failure Criteria  

The failure criteria employed in this study were consulted from the literature [5,13,15, 
16,22], leading to the creation of Tables 1, 2, and 4, encompassing the equations for each 
criterion. In addition, some failure criteria depend on other constants and equations that 
may vary depending on the material and specimen analyzed. 

In the equations, σ1, σ2, and σ3 are the normal stresses in the principal axes of the specimen, 
τ12, τ13 and τ23 are the in-plane and out-of-plane shear stresses, Xt and Xc are the 
longitudinal tensile and compressive strengths, Yt and Yc are the transverse tensile and 
compressive strengths, S12, S13 and S23 are the in-plane and out-of-plane shear strengths, ε1 
is the normal strain, γ12 is the in-plane shear strain, m is the stress magnification factor, ε1t 
and ε1c are the longitudinal strain in tension and compression respectively. 

Moreover, the failure modes are categorized as follows: fiber failure in tension (FFT), fiber 
failure in compression (FFC), matrix failure in tension (FMT), matrix failure in 
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compression (FMC), inter-fiber failure in transverse tension (IFF-A), inter-fiber failure in 
in-plane shearing (IFF-B), and inter-fiber failure in large transverse compression (IFF-C). 

2.1. Hashin Criterion 

Table 1. Hashin criterion equations [5,13] 

FFT (
𝜎1

𝑋𝑡

)
2

+
(𝜏12

2 + 𝜏13
2)

𝑆12

= 1 (1) 

FFC − (
𝜎1

𝑋𝑐

) = 1 (2) 

FMT 
(𝜎2 + 𝜎3)2

𝑌𝑡
2 +

(𝜏23
2 − 𝜎2𝜎3)

𝑆23
2 +

(𝜏23
2 + 𝜏13

2)

𝑆12
2 = 1 for 𝜎2 + 𝜎3 > 0 (3) 

FMC 

1

𝑌𝑐

[(
𝑌𝑐

2𝑆23

)
2

− 1] (𝜎2 + 𝜎3) +
(𝜎2 + 𝜎3)2

𝑌𝑡
2 +

(𝜏23
2 − 𝜎2𝜎3)

𝑆23
2 +

(𝜏23
2 + 𝜏13

2)

𝑆12
2 = 1 (4)

 for 𝜎2 + 𝜎3 < 0 

 

 

2.2. Puck Criterion 

Puck [23] determined the value of the inclination parameters (for further details, see [23]), 
and the parameters for CFRP materials are presented in Table 3. It should be noted that 
the parameter 𝑃⊥⊥

−  exhibits a specified variation set at 0.30. Another constant, defined by 
the Puck criterion is the stress magnification factor (m), which accounts for the mismatch 
of elastic properties between the fiber and the matrix. For CFRP materials, its value is 1.1 
[13]. 

Table 2. Puck criterion equations [13,15] 

FFT 
1

𝜀1𝑡

(𝜀1 +
𝜈𝑓12

𝐸𝑓1

𝑚𝜎2) = 1 for (𝜀1 +
𝜈𝑓12

𝐸𝑓1

𝑚𝜎2) ≥ 0 (5) 

FFC 
1

𝜀1𝑐

|(𝜀1 +
𝜈𝑓12

𝐸𝑓1

𝑚𝜎2)| + (10𝛾12)2 = 1 for (𝜀1 +
𝜈𝑓12

𝐸𝑓1

𝑚𝜎2) < 0 and 𝜎1 < 0 (6) 

IFF-A √(
𝜏12

𝑆12

)
2

+ (1 − 𝑃⊥∥
+

𝑌𝑡

𝑆12

)
2

(
𝜎2

𝑌𝑡

)
2

+ 𝑃⊥∥
+

𝜎2

𝑆12

+
𝜎1

𝜎1𝐷

= 1 for 𝜎2 ≥ 0 (7) 

IFF-B 

1

𝑆12

(√(𝜏12)2 + (𝑃⊥∥
− 𝜎2)

2
+ (𝑃⊥∥

− 𝜎2)
2
) +

𝜎1

𝜎1𝐷

= 1 (8)

for 𝜎2 < 0 and 0 ≤ |
𝜎2

𝜏12

| ≤
𝑅⊥⊥

𝐴

|𝜏12𝑐|
 

 

IFF-C ([(
𝜏12

2(1 + 𝑃⊥⊥
− 𝑆12)

)
2

+ (
𝜎2

𝑌𝑐

)
2

] .
𝑌𝑐

−𝜎2

) = 1 for 𝜎2 < 0 and 0 ≤ |
𝜏12

𝜎2

| ≤
|𝜏12𝑐|

𝑅⊥⊥
𝐴  (9) 

 

The longitudinal linear degradation index (𝜎1𝐷) is obtained experimentally, but as 
experimental tests will not be conducted, it will not be possible to obtain the linear 
degradation index, so two situations will be evaluated: the linear degradation index having 
a numerical value equal to the longitudinal stress (𝜎1), with the ratio between the 



Mathias and Marques / Research on Engineering Structures & Materials 11(2) (2025) 569-585 

 

573 

unknowns being equal to one; and the linear degradation index being significantly greater 
than the stress, with this ratio tending to zero. 

Table 3. Inclination parameters [13] 

Parameter Value 

𝑃⊥⊥
−  0.25 – 0.30 

𝑃⊥∥
−  0.30 

𝑃⊥∥
+  0.35 

 

The longitudinal strain in tension (𝜀1𝑡) and compression (𝜀1𝑐) can be calculated as follows: 

𝜀1𝑡 =
𝑌𝑡

𝐸1
                                                                                                                                 (10) 

𝜀1𝑐 =
𝑌𝑐

𝐸1
                                                                                                                   (11) 

The terms 𝑅⊥⊥
𝐴  and 𝜏12𝑐  represent, respectively, the in-plane failure strength due to 

transverse or shear stress and the shear stress at the critical point where the transition 
between Mode B and Mode C occurs [15]. They can be calculated from the following 
equations [15]: 

𝑅⊥⊥
𝐴 =

𝑆12

2𝑃⊥⊥
− (√1 + 2𝑃⊥∥

− 𝑌𝑐

𝑆12
− 1)                                                                                               (12) 

𝜏12𝑐 = 𝑆12√1 + 2𝑃⊥⊥
−                                                                                                               (13) 

2.3. LaRC04 Criterion 

Table 4.  LaRC04 criterion equations [16,22] 

FFT 
𝜎1

𝑋𝑡

= 1 for 𝜎1 ≥ 0 (14) 

FFC (
𝜏1𝑚2𝑚

𝑆12𝑖𝑠 − 𝜂𝐿𝜎2𝑚2𝑚

)
2

= 1 for 𝜎1 < 0 and 𝜎2𝑚2𝑚 < 0 (15) 

FFC¹ 
(1 − 𝑔)

𝜎2𝑚2𝑚

𝑌𝑡𝑖𝑠

+ 𝑔 (
𝜎2𝑚2𝑚

𝑌𝑡𝑖𝑠

)
2

+
△23

0 𝜏2𝑚3𝜓
2 + 𝜒(𝛾1𝑚2𝑚)

𝜒 (𝛾12

𝑖𝑠

𝑢 )
= 1 (16)

for 𝜎1 < 0 and 𝜎2𝑚2𝑚 ≥ 0 

 

FMT (1 − 𝑔)
𝜎2

𝑌𝑡𝑖𝑠

+ 𝑔 (
𝜎2

𝑌𝑡𝑖𝑠

)
2

+
△23

0 𝜏23
2 + 𝜒(𝛾12)

𝜒(𝛾12/𝑖𝑠
𝑢 )

= 1 for 𝜎2 ≥ 0 (17) 

FMC 
(

𝜏𝑇

𝑆𝑇 − 𝜂𝑇𝜎𝑛

)

2

+ (
𝜏𝐿

𝑆12𝑖𝑠 − 𝜂𝐿𝜎𝑛

) = 1 for 𝜎2 < 0 and 𝜎1 ≥ −𝑌𝑐  (18) 

 

(
𝜏𝑇𝑚

𝑆𝑇 − 𝜂𝑇𝜎𝑛
𝑚

)

2

+ (
𝜏𝐿𝑚

𝑆12𝑖𝑠 − 𝜂𝐿𝜎𝑛
𝑚

) = 1 for 𝜎2 < 0 and 𝜎1 < −𝑌𝑐  (19) 
FMC² 

¹ Tensile failure of the matrix under longitudinal compression (with eventual fiber-kinking). 

² Failure of the matrix under biaxial compression. 
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For the LaRC04 criterion, it is necessary to make some considerations regarding the 
behavior and dimensions of the specimen. According to Dvorak and Laws [22], the 
transition between a thin and thick ply is between 0.7 mm, about 5 or 6 plies. Therefore, 
for the analysis, it was assumed that the specimen has a thick ply and is subjected to linear 
shear behavior. Knowing the laminate thickness, the transverse tensile strength (𝑌𝑡𝑖𝑠) and 
the in-plane shear strength (𝑆12𝑖𝑠) under the in-situ effect are calculated from the following 
equations [22]: 

𝑆12𝑖𝑠 = √2𝑆12                                                                                                                           (20) 

𝑌𝑡𝑖𝑠 = 1.12√2𝑌𝑡                                                                                                                       (21) 

Additionally, for matrix failure under tension, the toughness ratio (g) was calculated using 
the Equation (14): 

𝑔 =
△22

0 𝑌𝑡𝑖𝑠
2

𝜒(𝛾12/𝑖𝑠
𝑢 )

                                                                                                                               (22) 

Thus:  

△22
0 = 2 (

1

𝐸2
−  

𝜈12
2

𝐸1
)                                                                                                                  (23) 

𝜒 (𝛾12

𝑖𝑠

𝑢 ) =  
𝑆12/𝑖𝑠

2

𝐺12
                                                                                                                        (24) 

The fracture angle (α) can be analytically calculated, so it was considered equal to 0º 
according to Pinho et al. [22], and the angle of fracture under uniaxial compression (αo) 
based on experimental tests is generally equal to 53 ± 2º for composite materials, being 
defined as 53º for the application of the equations. These angles are applied to calculate 
some of the unknowns used in the equations of the LaRC04 criterion and are presented in 
more detail in Pinho et al. [22]. 

3. Failure Criteria Code 

For the application of failure criteria in the FEMAP 2021.2 software – educational version 
- it was necessary to write the equations according to the software’s programming. To 
achieve this, we used the guidelines described in the Function Reference document, 
accessed from the Help Topics option in FEMAP [25]. 

Table 5. Coding example: Hashin criterion - tensile fiber failure 

Format Written 

Equation (
𝜎1

𝑋𝑡

)
2

+  
(𝜏12

2 + 𝜏13
2)

𝑆12

= 1 

Coded¹ 
(SQR(VEC(!case;O1;!i)/Xt))+(((SQR(VEC(!case;T12;!i)))+(SQR(VEC(!ca

se;T13;!i))))/SQR(S12)) 
Coded with 
properties 
(First Ply) 

(SQR(VEC(!case;1000020;!i)/1006))+(((SQR(VEC(!case;1000023;!i)))
+(SQR(VEC(!case;1000025;!i))))/SQR(68.1)) 

¹O1=𝜎1; 𝜏12=T12; 𝜏13=T13.  
 

Initially, the properties of the composite material have been defined as parameters to make 
it possible to apply the coded equations to different materials. In addition, the stresses and 
strains were defined as vectors, because as they are associated with the model tested by 
the software, it is necessary to know the positions of the vectors for each of the stresses 
and strains generated by the software in post-processing. The parameters for vector 
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positions and property values were substituted into the software. An example of the coding 
of the equations is in Table 5. The mechanical properties used in the analysis are of a 
carbon/epoxy CFRP material produced by Gurit, SE 84LV RC416T [26] and are detailed in 
Table 6. 

Table 6. Material and carbon fiber properties [13, 27] 

Property Value 

Longitudinal modulus, E1 (GPa) 59.1 

Transverse modulus, E2 (GPa) 58.9 

Transverse modulus, E3 (GPa) 3.9 

In-plane shear modulus, G12 (GPa) 4.2 

Out-of-plane shear modulus, G13 (GPa) 4.2 

Out-of-plane shear modulus, G23 (GPa) 22.7 

Longitudinal tensile strength, XT (MPa) 1006 

Transverse tensile strength, YT (MPa) 858 

Longitudinal compressive strength, XC (MPa) 649 

Transverse compressive strength, YC (MPa) 659 

In-plane shear strength, S12 (MPa) 68.1 

In-plane shear strength, S13 (MPa) 55.8 

Major Poisson’s ratio, ν12 0.037 

Elastic modulus of the fiber, Ef1 (GPa) 231 

Major Poisson’s ratio of the fiber, νf12 0.28 

 

The bolted joint was dimensioned according to the specifications of the ASTM D5961 
standard, considering a simple two-piece shear test specimen without a fixing bracket [21]. 
The specimen was defined as having a thickness of 2.58 mm, divided into six plies of 0.43 
mm each, and oriented [0º/45º/90º]S. The dimensions are shown in Table 7 and illustrated 
in Fig. 1. 

 

Fig. 1. Dimensions of the specimen [21] 
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Table 7. Dimensions of the specimen (mm) [21] 

Hole diameter [d] Length [L] Width [w] Edge distance [e] Tab length [s] 
6.35 135 36 18 75 

 

The hole diameter was determined based on the NAS6204-4 standard [28]. According to 
the same standard, the bolt material was defined as AISI 4340 steels, and the mechanical 
properties of the material are in Table 8. To simulate the contact region, a washer with an 
outer diameter of 12.70 mm was used, following the NAS1149F0416P standard [29]. 

Table 8. AISI 4340 Steel property [30] 

Property Value 

E1 (GPa) 210 

ν12 0.28 

To conduct the simulation, it was developed a 2D model of the bolted joint using FEMAP. 
The specimen’s material was specified as 2D orthotropic, and the model property was 
divided into three sections: the left tab, the right tab, and the plate. Although the laminate 
plate property was defined in all three cases, the tab region, containing twice the number 
of plies, required specific definition and adjustment to accurately represent the specimen. 

The left tab represents the region of the clamped end, while the right tab represents the 
region subjected to loading. Despite being a 2D model, it is possible to visualize the model 
considers the thickness of the specimen. Fig. 2 illustrates the model with the colors 
according to each property, and Table 9 shows the properties defined for each region of 
the model. 

 

Fig. 2. Specimen model 

Table 9. Properties applied to the model 

Color 
Number 
of plies 

BondSh Allow 
(Mpa) 

Ply configuration 

10 6 55,8 0°/45°/90°/90°/45°/0° 

14 12 55,8 0°/45°/90°/90°/45°/0°/0°/45°/90°/90°/45°/0° 

120 12 55,8 0°/45°/90°/90°/45°/0°/0°/45°/90°/90°/45°/0° 
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The surface was discretized into 1.5 mm elements, resulting in 4604 elements and 14371 
nodes after mesh refinement around the hole. Subsequently, two rigid elements (RBE2) 
were used to connect all nodes of each plate to a radius of 6.35 mm from the center of the 
hole to represent the washer in contact with the plates and the bolt. The bolt was 
represented by a beam element, which connected the RBE2s through the central node of 
each one.  

However, the connections alone are not enough to represent the specimen, and it is 
necessary to establish a connection between them. The connection was made between the 
washers to link one plate to another. The connection type was set to contact, and 
properties were defined as standard by the software, with a coefficient of friction set to 0.3 
[27]. Further details of the contact are illustrated in Fig. 3. 

 

Fig. 3. Contact properties 

Loadings were applied to a node outside the part, which transmits the load via an RBE2 to 
the nodes at the right end of the specimen. Eight loading cases were defined: 8000, 10000, 
12000, 14000, 16000, 18000, 20000 and 22000 N. In addition, as the bolted joint is 
subjected to multiaxial loadings, a preload of 13124N was also applied in all loading cases. 
In order to calculate the pre-load using Equation (25) [10] the torque is set at 25 N.m and 
the torque coefficient at 0.3, based on the study by Marques [27], which showed that a 
torque of 25 N.m increases the mechanical strength of the joint without causing damage to 
the laminate.  

𝐹 =
𝑇

𝑘. 𝑑
 (25) 
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Where F is the preload, k is the torque coefficient, T is the applied torque and d is the bolt 
diameter [10]. After simulating and adding the failure criteria equations to FEMAP, the 
failure indexes (FI) analysis was conducted, considering failure in the first ply. For each 
failure mode of each criterion, the element with the highest failure index in each ply was 
chosen. Then, the highest failure index among all plies was identified. Using the 
interpolation technique, loadings that closely approach the onset of failure were 
determined, with the failure index approaching the value 1. Consequently, the load values 
and the plies that failed were compared between the criteria to determine the criterion 
that best suits the behavior observed in the specimen. 

4. Results and Discussion 

After analyzing the failure index, Tables 10, 11, and 12 were generated, which show the 
loads at which the onset of failure was observed for each criterion in question, considering 
the failure of the first ply. In addition, no specific element in the model was considered, but 
rather the element that achieved the highest failure index, with the data interpolated to 
obtain a failure index equal to 1. The data was then put together in a line graph, illustrated 
in Fig. 4, providing a clear visual representation of the results obtained. For criteria with 
more than one compression failure mode, the lowest failure index was considered in the 
graphical representation. 

Table 10. Hashin criterion - Loadings 

Failure modes Load (N) Ply 

Fiber failure in tension 15761 1 

Fiber failure in compression 26032 6 

Matrix failure in tension 18252 3 

Matrix failure in compression 24904 2 

Table 11. Puck criterion - Loadings 

Failure modes Load (N) Ply 
Fiber failure in tension 13839.07 6 

Fiber failure in compression 26115.14 6 
Inter-fiber failure in transverse 

tension (Mode A) 
σ1D = σ1: 1000¹ 

σ1D >>> σ1: 4103.8 
3 

Inter-fiber failure in in-plane shearing 
(Mode B) 

σ1D = σ1: 1000¹ 
σ1D >>> σ1: 5400.6 

1 

Inter-fiber failure in large transverse 
compression (Mode C) 

4134.72 2 

¹Failure occurs at loads less than 1000N 

Notably, the failure exhibits similar behavior between the criteria analyzed, such as Hashin 
and Puck. In plies 1 and 6, oriented at 0 degrees, fiber failure is observed, while in plies 2 
and 3, at 45 and 90 degrees, respectively, matrix failure occurs. This is due to the fibers in 
the 0-degree direction being more resistant and supporting higher loads while in the 45 
and 90-degree orientation, the matrix plays a supporting role, as the fibers are less 
resistant in these directions. 

Furthermore, it was observed that tensile failures occur at lower loads compared to 
compressive failures. This behavior is related to the crushing failure mode of these 
components, as it generates compression in the region between the end and the edge of 
the hole. Therefore, as it is a progressive failure mode, it propagates slowly until failure 
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occurs. As tensile failure is a catastrophic failure mode, it is expected to occur at lower 
loads than compressive failure. Fig. 5 illustrates the mapping of stresses in the component, 
allowing precise identification of the areas where each type of failure occurs. 

Table 12. LaRC04 criterion – Loadings 

Failure modes Load (N) Ply 

Fiber failure in tension 18229.3 1 

Fiber failure in 
compression 

39519.35 6 

Fiber failure in 
compression¹ 

46210.36 1 

Matrix failure in tension 31037.45 1 

Matrix failure in 
compression 

29453.34 1 

Matrix failure under biaxial 
compression 

42132.17 1 

¹ Tensile failure of the matrix under longitudinal compression (with eventual fiber-kinking); 

*For Puck: Inter-fiber failure in transverse tension (Mode A) 

** For Puck: Inter-fiber failure in large transverse compression (Mode C) 

 

Fig. 4. Failure loads comparison 

Similar results with experimental analysis are found in the literature, but it is important to 
highlight that are some differences due to the mechanical properties, orientations and the 
analysis method. Montagne et al. [31] studied the main parameters leading to the failure 
of joints based on an experimental database that included single-shear tests with 
countersunk head screws on various composite materials. They used Hashin’s criterion for 
fiber failure and, based on the experimental results, found that some specimens failed in 
the net section, corresponding with Hashin’s fiber failure criteria computed in the 0° plies. 
Additionally, the bearing failure mode was related to fiber failure in compression, 
delamination, or matrix damage, corresponding to failures in 0º or 45º plies due to fiber 
compression. 

Park, Jeon, and Choi [32] studied the bearing strength of bolted joints in Carbon Fiber 
Reinforced Plastic (CFRP) with unidirectional weave fabric. They varied the specimen 
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width-to-hole diameter ratio and the distance between the hole center and specimen end-
to-hole diameter ratio. For a width-to-hole diameter ratio of 6 and a distance-to-hole 
diameter ratio of 3, similar to the present work, the specimens experienced bearing failure. 

 

Fig. 5. Longitudinal stress map in ply 1 (0º), 18000 N and T0 model 

Marques [27] studied the torque coefficients applicable to bolted joints in single shear 
overlays with two protruding head screws of carbon fiber reinforced epoxy matrix 
composite materials. The study examined the effects of different torque values on the 
laminate and demonstrated the relationship between bolt proof load and preload. Hashin’s 
failure criteria was applied, which revealed interlaminar failure in the matrix, confirming 
the crushing effect and fiber failure in the longitudinal direction of the specimen due to 
traction. The results showed good correlation with the experimental tests. 

About the criteria, Fig. 4 highlights that the matrix failure index for the Puck criterion 
occurs at significantly lower loads compared to the other criteria analyzed. Table 11 shows 
that for mode A and mode B the loads vary based on the value assigned to the linear 
degradation index, a material parameter that can be experimentally obtained. However, in 
the absence of experimental tests, the value was considered analytically. In the first case, 
it assumes that the linear degradation index value equals the longitudinal stress; 
consequently, the ratio between the parameters is 1. In the second case, the linear 
degradation index is considered much greater than the longitudinal stress, so the ratio 
between the parameters tends to be zero. 

As a result, it is observed that for mode A, the tensile failure mode, in the first case, failure 
occurred at loads below 1000 N, while in the second case, failure was recorded at 4103.8 
N. This type of failure, originating between the fibers, is associated with delamination 
between the plies and represents an initial failure mechanism because even with the 
presence of this mechanism, the component can withstand higher load levels [1, 13]. 

About mode B and mode C of the Puck criterion, both representing compressive failure 
mechanisms, Table 11 shows that they achieve a failure index equal to 1 in different plies 
and loads. In mode B, failure occurs in ply 1 at loads below 1000 N in the first case and at 
5400.6 N in the second case. On the other hand, mode C results in failure in ply 2 with a 
load of 4134.72 N. This difference is due to the failure modes being associated with 
moderate and large compression, respectively. Thus, the region in which the equations are 
applied is limited by the ratio between the transverse stress and the in-plane shear stress, 
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and by the ratio between the strength of the failure plane and the critical transition point 
between mode B and C, as shown in Equations (8) and (9). 

Despite being applied to different regions, modes B and C are characterized by the 
formation of cracks in the matrix, which propagate to the limits of the fiber, also 
representing an initial failure mode [1]. In this context, it is expected that both mode A and 
modes B and C, as they are initial failure mechanisms, will occur at lower loads, although 
in this case, they resulted in much lower loads than the other criteria. 

As for the tensile and compressive fiber failure modes for Puck, the loads are close to the 
Hashin criterion. Puck is more conservative for tensile fiber failure, while Hashin is more 
conservative for compressive fiber failure, with a difference of approximately 100 N. 
Puck’s more conservative behavior may be due to its equation, since it considers the failure 
plane, considering the micro-damage that occurs before the load reaches the material’s 
strength, decreasing the strength of the matrix and increasing the chance of fiber failure 
[16]. 

On the other hand, the LaRC04 criterion behaves oppositely to the Puck criterion because 
failure occurs at much higher loads than the other criterion, especially in calculations 
involving compression, as shown in Table 12. The LaRC04 criterion considers the in-situ 
effect in its calculations, i.e., it considers the transverse tensile and shear strengths present 
in a ply of the laminate, limited by other plies of different fiber orientations [16, 22]. These 
strengths, as shown by Pinho et al. [22], are significantly higher when compared to 
unidirectional laminates. Therefore, due to the in-situ effect, it is expected that failure will 
occur at higher loads due to the greater resistance in the plies. 

The in-situ effect is not considered only for tensile fiber failure which presents a more 
simplified equation, as shown in Equation (14). Fig. 4 shows that the discrepancy between 
the loads for which the failure index reaches 1 in this mode is smaller compared to the 
other modes, due to the greater similarity between the equations. 

In addition, for the tensile failure of the matrix, the LaRC04 criterion occurs at a very high 
load and in a ply with a different orientation from the other criteria. For this failure mode, 
the LaRC04 criterion considers the ply stresses and in-situ strengths. However, it also 
considers the material’s toughness coefficient, which can be obtained experimentally and 
analytically, based on Equation (22). However, after some comparisons, it was observed 
that the value calculated analytically is significantly higher than those obtained in the 
literature [16, 33]. Therefore, the coefficient may have influenced the results, causing the 
ply and the resulting load to vary. 

As for the compressive failure modes, they can be divided into four failure modes, two of 
which are attributed to the fibers and two to the matrix. When analyzing the fiber failure 
modes by compression in the LaRC04 criterion, Table 12 shows that fiber failure by 
compression occurs at lower loads than tensile failure in the matrix under longitudinal 
compression (with eventual fiber kinking). Both are considered fiber failures, but they do 
have some differences. Fiber failure due to compression is related to kink-band formation, 
resulting in the phenomenon of micro buckling, while tensile failure in the matrix under 
longitudinal compression, with possible fiber kinking, relates two distinct types of failure: 
tensile failure in the matrix and fiber kinking due to deformation caused by shear in the 
matrix [22]. 

Regarding matrix failure, it is observed that matrix compression failure occurs at loadings 
lower than biaxial matrix compression failure. Biaxial compression failure considers fiber 
misalignment in its equations, while matrix compression failure considers the fracture 
plane [16]. Furthermore, biaxial matrix failure is related to fiber failure under 
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compression, resulting from micro buckling in the matrix and kink-band formation 
[Pihno21]. 

Finally, the Hashin criterion shows failure at intermediate loads. While the Puck criterion 
is associated with failure at low loads and the LaRC04 criterion is associated with failure 
at high loads. In addition, the Hashin criterion is subdivided into four failure modes, in 
which the failure is consistent with the orientation of the plies. It is important to note that 
to apply this criterion, all the material properties used were available, eliminating the need 
for analytical calculations to obtain them. 

Also, it is important to note that, as the Hashin criterion was proposed first, the Puck and 
LaRC04 criteria that came later were based on some of its concepts [1,22]. Puck and his 
partners extended the Hashin criterion by dividing inter-fiber and fiber failure modes with 
the implementation of the fracture angle [1]. On the other hand, in the case of the LaRC04 
criterion, the most recent of those discussed, it is developed from the fracture mechanics 
point of view [16,22]. 

Regarding failure criteria, several studies in the literature have utilized and compared 
different approaches. Dogan et al [34] investigated the failure behavior of carbon fiber 
reinforced pin-jointed composite plates using Hashin and Puck criteria. Compared with the 
experimental results, the numerical data using the Puck damage criterion showed at least 
87% compatibility, while the Hashin damage criterion showed 85% compatibility for a 
single pin joint. In this case, for a ratio equal to 3 in a single pin, bearing failure, inter-fiber 
failure in shear, and inter-fiber failure in plane shear occur for Puck, while matrix shear 
and fiber compression occur for Hashin. 

Gao et al [35] studied the strength and failure modes of fastened composite plates under 
static tensile loading based on experimental bolted joint bearing tests. They compared 
these results with various progressive damage numerical modeling simulations, 
considering the effects of damage variables, subroutines, and the Puck, Hashin, LaRC05, 
and maximum-stress criteria. The LaRC05 and Puck criteria provided more accurate 
results than the maximum stress and Hashin criteria in predicting matrix failure. 

It is important to emphasize that some parameters used can be experimentally obtained 
for greater accuracy in the results. However, as it is not within the scope of this work to 
carry out tests on the specimens analyzed, the theoretical values were considered. 
Therefore, this variation in very high or very low failure index may be related to the 
considerations made when applying the criterion. 

5. Conclusions 

The FEMAP 2021.2 Educational Version software was used to perform a computer 
simulation of a bolted carbon fiber composite specimen, focusing on three failure criteria, 
Hashin, Puck, and LaRC04, to determine which best represented the specimen analyzed. 

Thus, it can be concluded that the analysis based on the failure of the first ply of the bolted 
joint model was successful, presenting satisfactory and consistent results for the failure 
indexes of each criterion. With respect to fiber orientations, a variation in failure modes 
was observed depending on the orientation of each ply, with a greater tendency for fiber 
failure in the 0º plies, while matrix failure occurred in the 45º and 90º plies. 

Additionally, it has been observed that tensile failure occurs at lower loads than 
compression failure, which aligns with the progressive crushing failure mechanism of 
these components. In terms of failure criteria, the Puck criterion is more conservative for 
fiber tensile failure, while the LaRC04 criterion is less conservative. On the other hand, the 
Hashin criterion is the most conservative for fiber compression failure, while the LaRC04 
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criterion is the least conservative. It is important to note that these observations are based 
on the modes of failure for LaRC04. The Puck criterion, which has an initial failure 
mechanism, exhibits much lower loadings, while the LaRC04 criterion shows significantly 
higher loadings for both matrix tensile and compression failure. 

Therefore, the choice of criterion that best suits this type of component will depend on how 
conservative and detailed the analysis needs to be. In general, it is recommended to apply 
the Hashin criterion for the analyses. For analyses that require a more detailed 
examination of compression failure modes, it is suggested to use the LaRC04 criterion. For 
more conservative analyses, the use of the Puck criterion is proposed. However, it should 
be noted that the Puck criterion has shown failures at very low loadings, so it is 
recommended to verify the results using experimentally obtained parameters. 
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 This study investigates the performance of roller compacted concrete (RCC) 
made with recycled aggregates derived from crushed demolished concrete with 
various proportions of natural. The experimental study examines substituting 
various proportions of natural aggregate (3/8, 8/15, and 15/20) with recycled 
aggregate. The replacement rates range from 0% to 100% in increments of 25%. 
Eleven different mixtures have been made by changing the amount of recycled 
aggregate used, with and without pre-wetting, before being added to concrete. 
Additionally, 5% of the cement content was substituted with silica fume and slag 
in each composition. An experiment test was done to see how recycled 
aggregate-based BCRs' performance changed with the incorporation rate on 
fresh and hardened concrete's mechanical and physical properties. Physical 
parameters, including volume masse, vebe time consistency, and mechanical 
properties such as compression resistance, flexion resistance, and ultrasonic 
pulse speed, were measured over time. The results found were compared to the 
control mix made with 100% natural aggregates. Those results show that as the 
replacement rate increases, the water absorption rate increases with a decrease 
in mechanical strength. In addition, the pre-wetting treatment did not 
significantly impact mechanical strength. This can be explained by the 
characteristics of the recycled aggregate, such as high absorption, low resistance 
to wear, and low density, which were caused by the residual paste adhered to 
the recycled aggregate. 
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1.Introduction 

 Protecting the environment is absolutely essential to human being. Modern construction 
standards with several considerations, including environmental awareness, protection of 
natural resources, and sustainable development. Hence, it is crucial to minimize the use of 
natural resources and implement effective strategies to manage and recover solid waste. 
Today, concrete is the most widely used as construction material in the world, 4 to 10 times 
more than metals and 10 to 30 times more than cardboard or plastic[1] Moreover, 
aggregates represent the majority of the volume of concrete [2]; As a result, there is a huge 
demand for aggregates in the construction field. To meet this demand, it is essential to limit 
the use of natural aggregates and maximize the use of recycled aggregates. The increasing 
use of natural coarse aggregates is causing ecological disruption. Therefore, the utilization 
of alternative resources in the construction industry is imperative. Numerous studies have 
shown a keen interest in this field, whereby environmental preservation has emerged as a 
significant target, specifically regarding the use of recycled concrete aggregates (RCA) [2]. 
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According to the literature, the European Union and the United States of America produced 
850 million tons and 530 of deconstruction waste in 2014, respectively [3]. In comparison, 
the amount of deconstruction waste generated in 2015 reached a staggering 1.5 billion 
tons in China. [4]. In Algeria, population growth is accompanied by a growing demand for 
infrastructure to meet these needs. As a result, the number of construction sites in the field 
of construction is increasing significantly, increasing the amount of inert waste generated, 
according to a study implemented by the National Waste Agency. The annual production 
of inert waste from construction field amounted to approximately 11 million tonnes in 
2016 [5]. According to a projected scenario, this production is expected to reach an 
estimated 27 million tonnes by 2035. Various forms of garbage pose significant difficulties 
at the end of their lifecycle. A significant quantity of concrete waste is generated as a result 
of the demolition of ancient concrete edifices. The most common way of disposing of 
concrete waste is by its deposition in landfills, which causes significant environmental 
impacts and serious hazards to health [6]. Reusing this material offers the potential to 
preserve natural resources, thereby improving the sustainability of construction projects 
[7]. One of the techniques used to protect the environment is recycling inert waste in 
construction by reusing such materials. Utilizing recycled concrete aggregates (RCAs) is 
considered as the most efficient method of decreasing the worldwide need for natural 
aggregate. [8]. This approach has two significant advantages. It helps to reduce the 
accumulation of debris, which is essential mainly since inert waste constitutes a significant 
portion of solid waste, and contributes to preserving the environment's visual appeal and 
ecological characteristics. Also, recycling and reusing construction and demolition waste 
can reduce energy demand and CO2 emissions. [3,7,8] 

Recycled aggregates are characterized by a gang of cementitious paste that adheres to the 
surface. The principal distinction between RCAs and natural aggregates is the adhering 
mortar and cement paste. The presence of this adhesive layer on the cover leads to a 
reduction in the mechanical and physical characteristics of aggregates, in particular their 
density and ability to resist fragmentation, while at the same time increasing their water 
absorption capacity. Several researchers have confirmed these findings [9-11]. This study 
investigates the impact of recycled concrete aggregate (RCA) on the mechanical properties 
of roller-compacted concrete (RCC) mixes. The research covers a variety of RCC mix 
designs with both natural and RCA materials. RCC is a type of concrete that can withstand 
a roller's compaction while remaining unhardened.[12]It consists of the same constituents 
as conventional concrete, in different ratios: cement materials, both fine and coarse 
aggregates, water, and, if necessary, chemical admixtures.[13,14] It is typically laid by 
asphalt pavers and compacted using vibratory rollers, and a similar slump cannot measure 
its workability because it has zero slump. The workability or consistency of this type of 
concrete is frequently evaluated using a vibrating table test. This test involves measuring 
the vibratory time, which refers to the period of vibration required to create a mortar ring 
inside the specimen[15]. Multiple parameters, including aggregate gradation, water 
content, cement content, additive content, and the presence of admixtures, may impact the 
consistency of a roller-compacted concrete (RCC) mixture [16,17]. The first use of a non-
slump mixture goes back to the 1960s, with the construction of the Alpe Gere dam in Italy 
and the Manicouagan I dam in Canada. However, it wasn’t until 1970 once the subject 
became more appealing when Raphael presented an edit for the "optimum gravity dam" 
concept. After a considerable amount of ten years focused on research and development in 
different countries of the world, dam building with RCC was acknowledged as the most 
economical approach[12]. RCC mixes usually have a lower cement content than 
conventional concrete. This considerably reduces problems caused by the heat of cement 
hydration. In addition to their positive economic impact, these properties also contribute 
to the reduction of CO2 emissions and atmospheric pollution. [13,18,19]. The significant 
growth and widespread application of this particular type of concrete it’s due to the 
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exceptional performance and low cost compared with other types of concrete. According 
to an economic study, the initial cost of roller compacted concrete RCC pavements is 
approximately 30% less than that of conventional asphalt pavements and around 10 to 
20% lower than the costs of conventional Portland cement concrete pavements [13]. The 
RCC is now used in many constructions, including dams, heavily trafficked roads, highway 
borders, city streets, and rural highways. In industrial applications such as wood storage 
areas, port infrastructure, storage car parks, sheds, and airport corridors. [20-23]. 

The study involved the use of recycled aggregates obtained from a landfill as a replacement 
for natural aggregates in the production of roller-compacted concrete. Eleven different 
formulations have been developed by varying the proportion of recycled aggregates, both 
with and without treatment, in order to assess the effect, the quality of recycled aggregate 
Furthermore, adjustments were made to the cement content by incorporating silica fume 
and slag at a 5% substitution rate. The primary aim of this is present research is to improve 
the mechanical properties of the concrete. The purpose of these formulations was to 
evaluate the impact of different quantities of recycled aggregates on the physical and 
mechanical characteristics of concrete at different levels of replacement. 

2.Methodology 

2.1. Material 

A combination of materials was employed to prepare RCC specimens for this study. These 
materials included water, cement, natural aggregates (NA), recycled aggregates (RA), a 
setting retardant, silica fume, and slag. Also, two types of aggregate were employed. 

2.1.1. Cement 

The present research takes into account the use of Portland cement CEM II/B L 42.5 N, 
which was obtained from the LAFARGE firm in Algeria. A dosage of 300 kg/m3 was used in 
all the mixes. Cement's Blaine surface was 4238 m2/kg, and its bulk density was 3013 
kg/m3. Table 1 presents the chemical composition. 

Table1. Characteristics and composition of the used cement 

2.1.2. Mineral Additive  

Silica Fume  

The silica fume used in the present investigation is a grey powder acquired from 
microsilica sourced from the GRANITEX firm. Analysis shows that the surface has a mass 
of 19785 g/cm2 and a density of 2.23 g/cm3 

Slag  

The blast furnace slag used in this research is sourced from the El Hadjar steel plant. The 
substance has a density of 2.8 g/cm3 and a Blaine-specific surface area measuring 3600 
cm²/g. 

2.1.3. Chemical Admixture 

This study used a setting retarder (SR) as a chemical admixture. The SR serves the purpose 
of reducing water content. It is known as "SIKA PLASTIRETARD" in Algeria. Table 2 
provides an overview of the properties associated with this SR. 

Fe2O3 
(%) 

SiO2 
Al2O3 
(%) 

SO3 
(%) 

 

MgO 
(%) 

CaO 
(%) 

LOI 
(%) 

K2O 
Free 
CaO 

NaO2 
Vol. 

masse 
(g/cm3) 

Specific 
surface 
Blaine 

(cm2/g) 

2.88 17.45 3.99 2.26 1.66 61.51 10.75 00 1.71 0.52 3,01 4238 



Kaabeche et al. / Research on Engineering Structures & Materials 11(2) (2025) 587-605 

 

590 

Table 2. Properties of the chemical admixture used 

Density 1,175 ±0,015 
PH 8,5 à 10,5 

Chloride continent ≤ 0,1% 
equivalent sodium oxide ≤ 6,0% 

Dry solid content 31±2% 
 

2.1.4. Natural Aggregates 

Sand and natural aggregates were extracted from the Ouled Sidi Brahim M'sila quarry. The 
sand had a diameter of 4 mm. Crushed rock and coarse natural limestone aggregates (NA) 
varied in size from 4 to 20 millimeters. Figure 1 presents the distribution of particles used 
for this project: (3/8), (8/15), and (15/20). 

 

Fig. 1. The granulometric curve of the NA used 

2.1.5. Recycled Aggregates 

The recycled aggregates came from Algeria's Hamici Zerlada landfill (Fig.2). The 
aggregates recovered are crushed demolition and deconstruction concrete aggregates that 
have been recycled. A procedure was implemented to achieve the desired fractions of 
recycled aggregates by cleaning and washing the recycled waste. The process involved the 
removal of plastic, glass, and wood contaminants, resulting in a clean material ready for 
further processing. 

   

Fig. 2. Recycled aggregates recovered from Construction and Demolition Waste (CDW) 



Kaabeche et al. / Research on Engineering Structures & Materials 11(2) (2025) 587-605 

 

591 

 

 

 

Fig. 3. Particle size distribution curves of the RCA 
used 

Fig.4. composition of recycled 
aggregate in accordance with 

standard EN 933-11 

Table 3. Properties of natural and recycled aggregates 

Table 4. RCA composition according to EN 933_11 

Composition % 
Rc: Concrete masonry units, mortar, and concrete-based materials 35 
Ru: Aggregates that have been treated with hydraulic binders include 
untreated gravel and natural stone. 

62 

Rb: Clay materials, such as bricks and tiles 
Masonry made of calcium silicate 
Aerated concrete that is not floatable 

4 

X: Other: Cohesive, Miscellaneous: metals (ferrous and non-ferrous) 0,13 
Rg: Glass 0 

 

Properties 
NA RA 

NS RS 
Test 

method 3/8 8/15 15/20 3/8 8/15 15/20 
Absolute volumetric 

mass (kg/m3) 
2,73 2,71 2,83 2,72 2,72 2,69 2,72 2,69 EN12697-6 

SSD density (g/cm3) 2,65 2,64 2,75 2,50 2,53 2,53 2,64 2,47 EN12697-6 

Water absorption (%) 1,65 1,41 1,30 5,43 4,58 3,91 1,78 5,52 EN12697-6 

Acid-soluble sulphate 
content (% SO3) 

0.0011 0.9898 - 0.8446 EN 1744-1 

% MO 0.7512 2.7272 0.4003 4.9222 EN 1744-1 

Sand equivalent _ _ _ _ _ _ 71.43 60,65 EN 933-8 

Los-Angeles (%) 29.5 33.83 - - EN 1097-2 

Micro-Deval (%) 12.96 34.4 - - EN 1097-1 
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The rubble was then sieved through a 20-mm sieve to eliminate rejected particles. 
Subsequently, a series of sieves were used to obtain the four desired fractions: sand (0/4), 
aggregates (3/8), (8/15), and (15/20).  However, because of its high capacity for water 
absorption and less desirable chemical properties, including a high organic material 
content compared to standard recommendations, it was determined that recycled sand 
would not be used in this research. The mechanical, chemical, physical, and characteristic 
properties of these materials are given in Table 3. Table 4 and Figure 4 present the 
composition of recycled aggregates as described in the standard [24].  

2.2.Mix Design  

In order to reach the main objectives of this research, a total of eleven mixtures were 
prepared. Table 4 presents the proportions of each mix investigated in this study. Roller-
compacted concrete (RCC) should be between 12% and 16% of its dry mass made up of 
cementitious materials, according to research that has already been done and best 
practices for mix design [12, 13, 20, 25] . To carry out this study, a mean of these factors 
was chosen, and the cementitious material content stayed at 15% throughout all mix 
proportions. This includes cement and other cementitious materials like slag and silica 
fume. In this study, the RCC mix had a cement content of 15%.The LCPC laboratory 
conducted a compaction test on a shake table to determine the relative proportions of the 
various aggregate classes, aiming to improve the density of the mixture. [26]This 
experiment test assesses the degree of compactness of a defined granular mass fraction 
when subjected to a standardized mechanical load within a cylindrical container. After 
determining the compactness of each class, tests were conducted to determine the 
maximum compactness of each mixture. These tests assessed the compactness of both 
recycled and natural granular mixtures. Subsequently, the fractions were quantitatively 
analyzed and compared to the recommended granular spindle outlined in the standard 
[25]. This evaluation was carried out to verify whether the mixtures adhered to the 
specified standards, ensuring optimal compactness. Figure 5 shows the aggregates' 
granulometry and the upper and lower limits determined by the standard [25] . 

 

Fig. 5. Mixing curve used for the present research  

After estimating the aggregate quantities, the cement dosage was determined to be 300 
kg/m3. The water quantity was calculated using the Proctor-modified standard [27]. In 
general, the cement content of RCC pavement ranges from 8% to 12% [12], [25] .For this 
study, a cement composition containing 15% of cement was used. The compressive 
strength test showed that a cement concentration of 300 kg/m3 and an optimal water 
content of 5.3% reached the best compressive strength for RCC after seven days. Table 5 
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presents full details about each concrete mix, including the specific composition, 
proportions, and water/cement (W/C) ratios. 

Table. 5. The groupings, titles, proportions, water/cement ratios, and material for each 
mix 

Type of 
concrete 

W/C 
NG 
(%) 

RG 
(%) 

NS 
(%) 

Proportions (kg/m3) 

3/8N 3/8 R 8/15N 8/15R 15/20 N 15/20 R 

RCC0 0,46 100 0 
986 

 
495 0 356 0 144 0 

RCC25 0,48 75 25 986 371 124 267 89 108 36 
RCC50 0,50 50 50 986 248 248 178 178 72 72 
RCC75 0,53 25 75 986 124 371 89 267 36 108 

RCC100 0,54 0 100 986 0 264 0 386 0 259 
RCC25SF 0,48 25 75 986 371 124 267 89 108 36 
RCC50SF 0,50 50 50 986 248 248 178 178 72 72 
RCC25S 0,48 25 75 986 371 124 267 89 108 36 
RCC5OS 0,50 50 50 986 248 248 178 178 72 72 

RCC25 PREW 0,41 25 75 986 371 124 267 89 108 36 
RCC50PREW 0,42 50 50 986 248 248 178 178 72 72 

 

The procedure for mixing the eleven mixtures consisted of using a concrete mixer. The 
mixtures were divided into three different groups. The first group included five mixtures 
in which the aggregates were substituted with different proportions of recycled 
aggregates: 0%, 25%, 50%, 75%, and 100%.  

Table.  Mixing method 

1 minute of mixing 1 minute of mixing 1 minute of mixing 2 minutes of mixing 0 min 

Aggregates Cement rest Water + adj Mix 
 

In the second group of experiments, additional silica fume (SF) and slag (S) were added at 
a proportion of 5% to replace cement in the concrete mixtures, which contained 25% and 
50% recycled aggregates. Finally, the third group was subjected to a preliminary pre-
wetting (PREW) treatment of recycled aggregates for 48 hours before being implemented 
into the mixtures, which contained 25% and 50% recycled aggregate following the mixing 
protocol described in Table 6. After mixing, as described in the table above, the concrete 
was placed in the cubic moulds in four layers, while the prismatic moulds received the 
concrete in two layers.  

  

Fig. 6. The vibrating hammer employed for compacting the RCC specimens 
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The concrete specimens were made using cubic moulds with dimensions of 150 mm × 150 
mm and prismatic moulds of 70 mm × 70 mm × 280 mm. Before its use, the moulds 
underwent a rigorous cleaning procedure and were then treated with oil to eliminate 
impurities and mitigate the adhesion of concrete to the interior surfaces of the moulds. 
Fresh concrete was introduced into cubic, prismatic, and cylindrical moulds, then 
compacted using an electric vibrating hammer with square, rectangular, and circular 
plates, according to[28] the cast specimens were retained inside the moulds for 24 hours. 
Subsequently, the moulds were recovered, and the specimens were subjected to a 
controlled humidity environment for seven, twenty-eight, and ninety days. Three 
specimens were used for each test. 

3. Results and Discussion 

3.1. Vebe Time 

Consistency is the main factor in determining the buildability of RCC. Because of its stiff to 
extremely dry consistency, the standard slump test with an Abrams cone is not applicable 
to this type of concrete. The vebe test[15] is generally used to evaluate the consistency of 
an RCC mixture. According to the ASTM C1170 Standard Test, in the case of roller-
compacted concrete, workability corresponds to the compaction energy required to 
consolidate the concrete in its fresh state adequately [29]. The procedure consists of 
placing the specimen of the RCC in a cylindrical mould fixed on a vibrating table figure 7. 
An overcharge of 22.7 kg is placed on the top of the material. The vebe time is the time of 
vibration when a mortar ring is observed around the total perimeter of the surcharge. 

Table 7. The mean values of compressive, flexural, ultrasonic pulse and vebe time 

 

Mixtures 

Compressive strength 
(MPa) 

Flexural 

strength (MPa) 

Ultrasonic pulse velocity 

(m/s) 

 

7days 

 

28 days 

 

90 days 

 

7days 

 

28 days 

 

90 days 
7days 28 days 90 days 

RCC0 46,25 56,47 60,41 8,86 9,46 10,30 4941,15 4970,43 5220,61 

RCC25 44,74 53,98 59,94 8,39 8,79 9,58 4865,27 4875,82 5102,63 

RCC50 43,17 51,06 53,26 7,47 8,72 8,82 4687,55 4871,36 4852,40 

RCC75 38,49 46,58 50,62 7,73 8,80 8,86 4604,99 4737,66 4732,51 

RCC100 36,48 40,29 47,39 6,92 7,87 8,64 4592,37 4634,04 4713,5 

RCC25SF 41,48 53,29 56,58 8,02 8,75 8,88 4931,10 4904,55 5180,98 

RCC50SF 41,53 45,69 57,91 7,90 8,70 8,75 4854,89 4876,3 4988,33 

RCC25S 40,71 47,34 57,66 8,23 8,51 8,81 4886,95 4840,77 5025,59 

RCC5OS 37,20 46,79 57,10 8,09 8,14 8,44 4836,41 4869,53 5021,53 

RCC25PREW 44,49 45,69 55,05 8,75 8,94 8,7 4719,821 4928,374 4942,146 

RCC50PREW 41,16 45,06 51,64 7,07 7,73 8,63 4607,993 4808,467 4855,437 
 

 

The table below displays the test results, demonstrating the variation in vebe time with the 
proportion of recycled aggregate substitution. The objective in designing RCC mixtures is 
to achieve a blend that provides maximum dry density and suitable consistency (vebe time 
ranging from 30 to 75 seconds). A few lab tests show that a changed vebe time of 30 to 40 
seconds for RCC pavement mixtures, measured with a 50-lb (22.7 kg) extra charge, works 
much better[19] . To investigate the consistency of roller-compacted concrete (RCC) mixes, 
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through modified vebe tests, the process is conducted ten minutes after the casting 
process, following the ASTM C 1170 standard. 

    

Fig. 7. Vebe test Apparatus for evaluating consistency of fresh RCC 

The primary objective was to evaluate the impact of recycled aggregate substitution on the 
consistency of RCC mixes. The test results, as presented in Table 8, revealed that increased 
recycled aggregate substitution led to higher optimum water contents. Furthermore, it was 
observed that the vebe times for mixtures with a high substitution of recycled aggregates 
decreased when compared to the control specimen. This was due to the mixtures having a 
higher optimum water content. In the context of the vebe test, a decrease in the vebe time 
reflects a wet consistency of the mixture, while an increase in this parameter indicates a 
dry or rigid mixture consistency. The comparison of vebe time between the two concrete 
mixes, RCC75 and RCC50SF, shows that water quantity, aggregate gradation, and fine content 
have a significant impact. 

Table 8. The results of Vebe time 

Mixes Vebe time(s) 

RCC0 43 

RCC25 42 

RCC50 39 

RCC75 36 

RCC100 31 

RCC25SF 43 

RCC50SF 40 

RCC25S 41 

RCC5OS 35 

RCC25PREW 30 

RCC50PREW 28 
 

The vebe time for RCC50 is 36 seconds, while for RCC50SF, it is 40 seconds. The difference 
suggests that the mixture with a greater number of fines takes longer to settle and compact, 
possibly due to the increased surface area of the fine particles. These results are consistent 
with the findings obtained by [16], who found a decrease in vebe time with increased water 
content. Using silica fume in RCC0 and RCC25SF mixtures resulted in the highest vebe time 
of 43 seconds. This oddly contrasts with the impact of slag on the consistency properties 
of RCC mixtures. The addition of silica fume resulted in the mixtures becoming drier, which 
in turn led to a longer compaction time. This finding suggests that using silica fume in RCC 
mixtures may pose challenges to fieldwork. This result is based on research by [30], who 
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observed an improvement in the workability of mixes with 30% pumice substitution, 
recording an average time of 69 seconds. 

In comparison, they recorded an average time of 88 seconds for the C12S10 mix. These 
findings confirm the observations regarding the use of silica fume. As the substitution of 
aggregates increases, the vebe time tends to decrease. The RCC50PREW mix has the lowest 
vebe time of 28 seconds. This reduction may be attributed to the residual water content in 
the recycled aggregates after pre-wetting them before adding them to the mix. The pre-
wetting makes up for the high-water absorption. However, studies have noted that 
excessive mixing, typically lasting longer than 30 seconds, can lead to segregation in 
recycled aggregate concrete[31], increased by the compaction vibration from the vibrating 
hammer. The vibration effect causes the water stored in the aggregates to come out and 
envelop them, resulting in an excess film of water covering the aggregates. This excess 
water leads to a higher workability of the concrete, which sets it apart from other mixes 
and explains the reduction in vebe time. This result aligns with previous research [32], 
which identified a loss of workability with the increasing substitution of recycled 
aggregates with the same ration (w/c). The higher water absorption of concrete waste 
compared to natural aggregates could be the cause of this workability loss. 

3.2. Density  

It is important to note that RCA may have a lighter specific gravity and may contain 
adhered old cement mortar, contributing to the reduced density of concrete containing 
RCA. [33], [34] Researchers suggest that the low specific gravity of recycled concrete 
aggregates (RCA) may be attributed to the quality of virgin aggregates rather than the 
quantity of old cement mortar present [35], [36]. 

 

Fig. 8. Variation of the Density according to the rate of substitution of aggregates 

During sample preparation, it was observed that integrating recycled aggregates (RA) had 
a little influence on the wet density. The following figure illustrates the density evolution 
by substituting recycled aggregates over time. As depicted in Figure 8, the highest density 
is for the natural aggregate concrete. A decrease of around 3% was observed for the RCC100 
mix over time, decreasing as the substitution rate increased. A 1% and 2% decrease for the 
RCC25 and RCC50 mixes, respectively, was noted. This decrease is attributed to the 
properties and quantity of the substituted recycled aggregate. The mortar paste adhered 
to the aggregate makes the density of the aggregate lower than a natural aggregate [37], 
and this is due to the porosity of the interface between the two materials. However, the 
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RCC 50PREW mix showed a minor decrease in density due to the pre-wetting process, during 
which recycled aggregates are saturated before being incorporated into the concrete. The 
RCC25SF and RCC25S mixes decreased due to the substitution of recycled aggregates and the 
addition of cementitious materials. Some previous studies on recycled concrete confirm 
what has been mentioned above. In their study, Maleseva et al. [10] noted a reduction in 
wet density as the amount of recycled aggregate increased. This effect was observed to be 
approximately 3% when recycled aggregates entirely replaced natural aggregates. Similar 
outcomes were reported by [38], indicating a significant reduction in fresh density of 
approximately 11% due to an increase in the 100% recycled aggregate substitution rate. 
Furthermore, a decline in the hardened density of approximately 6% was observed in 
concrete specimens that contained 100% recycled aggregate. Other research developed by 
Zaetang et al. [39]discovered a 5% decrease in density for concrete substituted with 100% 
recycled aggregates compared to control concrete. Abraham et al. [40][40] found that as 
recycled aggregates and fines increased, the fresh density of concrete decreased by 
approximately 2% and 5%, respectively. 

Similarly, the density of hardened concrete dropped by about 5% and 10% for mixtures 
replaced with 100% recycled granulates without fines and with fines, respectively, after 
28 days. Marta Sánchez et al.[37]found that old mortar on recycled aggregates affects 
concrete density, with increased mortar causing a decrease. Angel Salesa et al.[41] found a 
2.54% decrease in SSD for 2nd generation recycled aggregates and 1.45% for RC1, with a 
4.03% reduction in dry density compared to control concrete. The above study found that 
the difference in density depends on the type and amount of aggregate used. The lower 
specific gravity of the cohesive mortar layer on top of the aggregates causes the density to 
drop down. 

3.3. Compressive Strength 

Three groups were tested to evaluate the influence of recycled aggregates (RCA) on the 
compressive strength of roller-compacted concrete mix (RCC). Ninety-nine cubic 
specimens with 150 mm x 150 mm dimensions were prepared and subjected to 
compression testing to assess their resistance at three different periods: seven days, 28 
days, and 90 days. These tests were performed according to [42] standards after the curing 
period, during which the samples were kept in a moist room at 22 °C with a relative 
humidity of 92%. After the curing period, three samples of each mixture were subjected to 
testing. The load was applied perpendicular to the surface of the concrete during 
compaction.   

 

Fig. 9. Compressive strength of Roller-Compacted Concrete (RCC) at various 
substitution rates 
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According to the substitution rate, the average 28-day compression resistance losses for 
RCC mixtures with recycled aggregate compared to RCC mixtures with 100% natural 
aggregates with a 25% progression were 7%, 10%, 18%, and 29%, respectively. The data 
from Table 7 and Figure 9 indicates that the mixes with a pre-wetting treatment displayed 
less favorable results when compared to those without a pre-wetting treatment. A 
decrease in compressive strength of approximately 12% for the RCC50PREW mixture was 
observed compared to the untreated RCC50 mixture, and a decrease of about 11% for the 
RCC50S and RCC50SF mixtures compared to RCC50. The higher (w/c) ratio and the 
inclusion of silica fume and slag in the RCC50 mix, which had no impact at the 28-day age, 
contributed to the latter's strength decrease. It is noteworthy that the inclusion of 5% SF 
did not affect the compressive strength results of these mixtures. Table 7 presents the 
compressive strengths of different mixtures after 7, 28, and 90 days of curing. In 
consideration of the substitution rate, the average 7-day compression resistance losses for 
RCC mixtures containing 100% natural aggregate until RCC mixtures containing 100% 
recycled aggregates with a 25% progression were 3%, 7%, 16%, and 22%, respectively. 
Mixtures containing recycled aggregates, silica fume, and slag exhibit reduced strength due 
to aggregate substitution and the water-cement ratio(w/c). Experiments tests show that 
the addition of 5% silica fume and slag has an insignificant effect on strength. It was 
observed that RCC25SF, RCC50SF, RCC25S, and RCC50S mixes became weaker after 7 and 28 days 
compared to the reference concrete, indicating a decrease in strength. At seven days, the 
decreases were 10%, 11%, 12%, and 20%, respectively, while at 28 days, they were 
approximately 12%, 20%, 16%, and 18%, respectively. Notably, using 5% SF and 5% slag 
had no significant impact on the compressive strength results. Resistance improved after 
90 days of age when mixtures were replaced with silica fume, indicating increased 
resistance. The decrease amounts to approximately 4% in comparison to the control 
concrete. The enhancement is due to its high reactivity and pozzolanic qualities, which 
improve the microstructure of the cement paste and reinforce the link between the 
aggregates and the cement by closing voids in the concrete [43], [44]. A study by Farshid 
et al.[30] showed similar results. They showed that replacing 10% of the cement with silica 
fume (SF) increased the compressive strength of roller-compacted concrete. In contrast, a 
5% substitution had no significant effect on strength. Another study [45] documented an 
increase in the compressive strength of roller-compacted concrete (RCC) with the addition 
of silica fume (SF). However, another reference [46] reported similar results at a 10% SF 
cement replacement. For comparative analysis, more research is needed regarding the use 
of a blend of RCA and slag in the production of RCC. Most existing studies have focused on 
using RAP or RCA in conjunction with silica fume. The results indicate that a low 
percentage of slag does not significantly improve resistance. The figure's representation 
indicates that mixes subjected to a pre-wetting treatment exhibited lower results 
compared to non-treated mixes. 

The RCC50PREW mixture exhibited a 12% reduction in compressive strength compared to 
the untreated RCC50 mixture. Similarly, the RCC25PREW mixture demonstrated an 11% 
decrease in compressive strength relative to the RCC50 mixture. The reduction in strength 
of recycled concrete aggregates (RCA) can be attributed to various factors, such as the 
properties of the mortar matrix and the interfacial transition zone (ITZ). The presence of 
old mortar affects the bond between the aggregate and the new cement in the mix, leading 
to weakened ITZ behaviour and a subsequent reduction in strength. Additionally, recycled 
aggregates have high absorption, and the pores in the old mortar weaken the aggregate 
compared to natural aggregates, resulting in lower density and a higher susceptibility to 
fragmentation. This ultimately affects the mechanical properties of concrete made with 
recycled aggregates. When compared to the results of McGinnis et al., who noticed a 
decrease in strength of around 16 to 26% for substitution rates of 50% and 100%, 
respectively, similar trends are evident. Other references [34], [47] that reported similar 
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results attributed the strength loss to variations in humidity, the water-to-cement (W/C) 
ratio, and the mixing method. These factors all significantly affect compressive strength, 
causing a substantial decrease after seven days of curing. Vivian et al.[48] attributed the 
loss in strength to the mixing method, where they observed a 20% improvement in 
compressive strength using a two-stage mixing approach (TSMA) compared to normal 
mixing (NMA), which strengthens the interfacial bond. These results are consistent with 
the findings of [49]. According to the American Concrete Institute (ACI) 325-10R[19], 
roller-compacted concrete pavements must exhibit a minimum compressive strength of 
27.6 MPa after 28 days. According to the data in Table 7, all the mixes achieved the 
specified limiting level at 28 days. 

3.4. Flexural Strength 

In order to assess the mechanical properties of a mixture, an experiment test was 
conducted in accordance with EN standard 12390-5 [50]. The test involved using three 
prismatic specimens with dimensions of 7x7x28, which were subjected to a three-point 
bending moment. During the testing process, the force was applied perpendicular to the 
surface of the compacted specimens. Testing was carried out at three intervals: seven, 
twenty-eight, and ninety days. The mean of three measurements was calculated for each 
specimen, and the results are presented in Table 7. The experiment test was implemented 
to evaluate the performance of the mixtures for flexural strength over time. 

 

Fig. 10. Flexural strength of Roller-Compacted Concrete (RCC) at various substitution 
rates 

The graphical representation illustrates the flexural strength results of various concrete 
mixtures. Particularly, the concrete compositions that exhibited the most substantial 
declines in strength were RCC100 and RCC50PREW, with a recorded decrease of 22% and 21%, 
respectively, compared to the control concrete at seven days of curing. Conversely, the 
control mixes, namely RCC0 and the mixtures RCC25, RCC25SF, RCC25S, and RCC50PREW, showed 
the highest resistance values. Within the first seven days, the reduction in strength was 
relatively minor, ranging between 3% and 5%. However, RCC100 experienced a decline of 
17% at the 28 and 90-day marks. It is worth emphasizing that the reduction in strength 
diminishes over time, with the control concrete exhibiting the maximum strength 
characteristics among all the mixes. The study's results reveal a close relationship between 
the concrete's flexural strength and compressive strength, which decreases as recycled 
aggregates are substituted. However, the decline in strength is comparatively less 
pronounced than the compressive strength. The concrete mix that included recycled 
aggregates, identified by RCC100, recorded a 29% reduction in strength compared to the 
concrete used as a control. A previous study [46] observed a decrease of approximately 
36% in flexural strength, which aligns with these findings. In comparison, compressive 
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strength suffered a decline as high as 70%. According to a study conducted by 

R.Kumar[51], similar results were found, with a decrease of 20% observed in the mix 
made with a small recycled  granular class, possibly due to the negative impact of 
cementitious paste on strength. As previously mentioned, a mortar layer attached to the 
recycled aggregates creates a transition zone (TZ) between the natural aggregates and the 
cementitious paste, there by influencing the properties of new concrete. The use of 
recycled aggregates in new concrete results in the creation of a new interface that is 
directly affected by the moisture content and characteristics of the old concrete. 
Consequently, the resulting concrete shows a decrease in its overall characteristics and 
increased water absorption. These findings are compliant with those of earlier studies, 
such as the ones presented by[28] . Based on the guide for roller-compacted concrete 
pavements[52] ,the flexural strength of pavement concrete varies between 3.5 and 7 MPa 
at 28 days. As shown in the figure, the results obtained for the eleven mixes prepared meet 
the required values, indicating that using recycled aggregates is desirable in pavement 
concrete. 

3.5. Ultrasonic Pulse Velocity 

All the concrete samples were subjected to UPV evaluation after being cured for 7, 28, and 
90 days. To calculate the velocity of the waves, The distance between the transducers was 
equivalent to the width of the concrete specimen, which measured 150 mm, was divided 
by the measured time. Each specimen was examined five times, and the mean values of the 
results was taken in consideration. 

Three cubic samples (150×150×150) mm3 were used for each mixture to determine the 
ultrasonic pulse velocity. The results for each mixture are the average of three samples at 
7, 28, and 90 days. The results of the non-destructive ultrasonic wave propagation test 
were obtained from the test conducted by EN 12504-4 [53], Figure 1 illustrates the 
evolution of concrete mixtures' ultrasonic pulse velocity (UPV). It is quite evident from the 
image that when recycled aggregates substituted natural aggregates, the UPV of concrete 
mixtures decreased at all test ages. 

 

Fig. 11. Progression of UPV with time for RCC mixes 

This reduction correlates with the previous mechanical strength findings, in opposition to 
the results obtained by [54], who noticed a decrease in ultrasonic pulse velocity as strength 
increased. The results showed a decrease in UPV for concrete with recycled aggregates. 
The decrease in UPV was significant, with values of 5%, 9%, and 10% for concrete with 
50%, 75%, and 100% substitution, respectively, in comparison to the control concrete. 
However, the decrease was less pronounced for concrete containing silica fume and slag, 
with a decrease of 3% for RCC50S and RCC50SF mixtures compared to the control concrete. 
Based on the findings, it has been observed that the ultrasonic pulse velocity (UPV) of 
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concrete manufactured with recycled aggregate tends to decrease. This can be explained 
by the fact that recycled aggregate typically has a lower density and greater porosity than 
natural aggregate. The presence of voids and pores in recycled aggregate leads to a higher 
degree of attenuation and scattering of ultrasonic waves, thereby reducing UPV values. 
These findings highlight the need for appropriate selection and processing of recycled 
aggregates to ensure their compatibility with the desired concrete properties. The velocity 
of ultrasonic pulses that travel through a solid material depends on the material’s 
thickness and elastic properties. 

4. Conclusion 

This study has provided empirical evidence supporting using recycled concrete aggregate 
as a sustainable option for creating new roller-compacted concrete. Its shows that using 
this method can result in significant reductions in waste production while maintaining 
similar performance qualities as conventional concrete. The results have potential 
implications for the construction industry, where the adoption of environmentally friendly 
techniques is becoming more important. The results obtained from this experimental 
study led to the following conclusions:  

The incorporation of recycled aggregates in concrete is associated with a reduction in its 
compressive strength. This decrease in strength has been observed to become more 
pronounced with increased substitution rates However, it is important to note that despite 
the decrease in strength, the recommended mechanical strengths for roller-compacted 
concrete were met for all substitution percentages. 

• The substitution of aggregates in roller-compacted concrete (RCC) mixes with 
recycled materials leads to higher optimum waters contents. Additionally, the vebe 
times tend to decrease as the substitution of aggregates increases, with silica fume 
mixtures having the longest Vebe times and RCC50PREW mix having the lowest vebe 
time. This decrease in vebe time is mainly due to the water retained in recycled 
aggregates and the compaction vibration of the vibrating hammer.  

• The moisture content and characteristics of the old concrete have an impact on the 
new interface that recycled aggregates introduce. This alteration leads to a decrease 
in the overall characteristics of the concrete. 

• Based on the results it has been found that the mechanical properties of concrete 
remain comparable to those of the control with up to 50% substitution of recycled 
aggregates. However, beyond this substitution level, there is a noticeable decrease 
in strength and properties. 

• The use of recycled aggregates in concrete production lead to a significant decrease 
in ultrasonic pulse velocity (UPV), which is mainly due to the lower density and 
higher porosity of these aggregates compared to natural ones. However, the 
addition of silica fume and slag can mitigate this decrease to some extent 

• Using recycled aggregates in making concrete can result in a gradual reduction in 
density over time. The RCC0 had the maximum density, and the RCC100 had the 
minimum density, with a 3% decline detected as the substitution rate fell. The drop 
in density is due to the properties and quantity of the substituted recycled 
aggregate and the amount of mortar attached to the recycled aggregates used as a 
substitute.  

• The results demonstrate that the flexural strength is comparable to the compressive 
strength. The study also revealed that the strength of the material decreases with 
an increase in the substitution of recycled aggregates. However, the drop in 
strength is less pronounced in flexural strength compared to compressive strength 
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Based on the positive results obtained from using recycled aggregates in this study, it can 
be confidently concluded that concrete created with these materials is suitable for practical 
applications. Utilizing waste by recycling aggregates, rather than using new materials, 
contributes to the attainment of sustainable development objectives and provides 
substantial cost reductions in construction. Furthermore, using recycled materials reduces 
environmental damage and conserves natural resources for subsequent generations. 
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 This study explores the potential of Friction Stir Welding (FSW) for Aluminum 
Lithium (AA8090) Alloys, emphasizing the crucial role of experimental 
investigations in optimizing the FSW process. Using a vertical machine center 
(VMC) with a customized fixture and tool for FSW, factors like Rotational speed 
(RS), Tilt angle (TA), and Welding Speed (WS) are considered to enhance ultimate 
tensile strength (UTS) and % elongation (EL). A regression model based on 
Response Surface Methodology's Central Composite Design (CCD) is used to 
analyze UTS and % EL. The effectiveness of welded joints is comparable to the 
parent metal, with optimal UTS and EL achieved at 1428 rpm rotational speed, 
36.4 mm/min welding speed, and 1.5° tilt angle. While significant interaction 
effects are observed in UTS, none are noted in EL. FSW joint performance is 
evaluated through microstructural analysis, microhardness distribution and 
fractography analysis. 
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1.  Introduction 

FS-welding is a solid-state joining procedure that has received considerable interest in 
recent years due to its several advantages over traditional welding techniques, such as 
increased joint strength, decreased distortion and reduced thermal distortion. In a variety 
of industries, notably aerospace, automobile, marine and defence the method has been 
used successfully to combine diverse materials, particularly aluminium alloys. With the 
continuous development of new materials, it is essential to investigate the feasibility and 
performance of FS-welding for emerging alloys, such as Aluminum Lithium (AA8090) 
alloys [1]. The fundamental concept of FSW technique is depicted in Figure 1. It consists of 
a non-consumable rotating tool having a specially designed tool pin and shoulder. Tool pin 
is plunged into the faying faces of sheets or plates to be joined thus tool moves in the 
transverse direction along the length. The purpose of this study is to investigate the 
viability of friction stir welding (FS-welding) of AA8090 Aluminum Lithium alloy and to 
conduct a comprehensive experimental investigation of the process parameters, 
microstructural characterization and mechanical properties of the resulting joints. 
Utilizing the CCD technique of Surface Methodology (RSM), regression design models for 
UTS and % elongation (EL) of welded joints are developed [2-7]. In addition, 
microstructural analysis, microhardness distribution and fractography are performed to 
evaluate the performance of the FS-welding joints and comprehend the links between the 
process parameters, microstructure and mechanical properties [8-10]. 

The experimental setup involves using a vertical machine center (VMC) equipped with a 
custom fixture and tool specifically designed for the FS-welding process [11-12]. During 
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the FS-welding process, the VMC is combined with a control system that manages the RS, 
WS and axial force providing accurate and reproducible outcomes. The precise design of 
the experimental procedure ensures a stable and evidenced for the FS-welding procedure, 
which contributes to the dependability and reproducibility of the obtained results. 

 

Fig. 1. FS-welding with its components 

The outcome of the study discusses the results and focusing on the parametric 
optimization, microstructural analysis, microhardness distribution, and fractography of 
the FS-welding joints. Finally, the last part conclusion summarizes the study's conclusions 
and highlights the implications of the findings for the improvement of FS-welding 
processes and the potential applications of AA8090 Aluminum Lithium alloys in various 
industries. Mahto et al. conducted a study to determine the physical parameters of AA 
6061-T6 Al-alloy and AISI 304 stainless steel friction stir lap welded joints. The study 
discovered that faster tool speeds and slower WS led to stronger joints [13]. Verma and 
Misra studied the FS-welding of dissimilar Al-alloys and found that joint strength is 
maximized when a stronger Al-alloy is utilized to cover the AS [14]. Verma et al. 
investigated the temperature distribution during FS-welding of Al-6082 plates using eight 
L-shaped thermocouples[15]. Verma et al. FS-welding of Al-Mg-Si-Mn alloy (AA6082) for 
butt joint fabrication[16], while Verma et al. evaluated six different tool pin-geometries for 
FS-welding of aviation-grade Al-alloy (AA6082) [17]. Verma et al. studied the effects of 
preheating and water cooling on the properties of friction-stir-welded AA6082 joints[18], 
and Verma et al. studied FS-welding of aviation grade Al-alloy[19]. Additionally, Verma et 
al. used a modified vertical milling machine to perform FS-welding on AA7039 plates [20], 
while Mahto et al. investigated mechanical factors such as ultimate UTS and fractography 
and the influence of welding and rotating speeds[21]. Raja et al. examined the effect of FS-
welding on the microstructure and physical parameters of two Al-alloys with variable 
hardness levels: AA7475-T651 and AA2219-O.ls [22]. Rajendran et al. investigated the 
effect of tool TA on the strength of friction stir lap welding of AA2014-T6 Al-alloy[23], 
while Rajkumar et al. optimized the FS-welding process for dissimilar Al-alloys AA 5052 
and AA 6061[24]. Lastly, Mehta and Badheka conducted two studies; one in 2016 [25] to 
investigate defect development in FS-welding using different tool pin designs and another 
in 2017 [26] to investigate the dissimilar FS-welding of copper and Al- using nine different 
tool designs. Overall, these experimental studies prove the potential of FS-welding and 
highlight the importance of varying process parameters to optimize FS-welding for varied 
materials and applications. Several studies have used artificial intelligence (AI) techniques, 
specifically artificial neural networks (ANN) to perfect the FS-welding process and predict 
the resulting joint properties. Boldsaikhan et al. [27] evaluated the quality of FS-welding 
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in real-time using feedback signals, achieving high accuracy rates for identifying welds 
with defects and classifying weld strength. Fratini et al. [28] used an artificial neural 
network with a finite element design model to forecast the average grain size of FS-welding 
joints. Both Ghetiya and Patel were present [29] optimized the FS-welding process 
parameters for an aluminum alloy using an ANN to predict the joint's tensile strength 
based on input parameters. Wakchaure et al. [30] used Taguchi-based Grey Relational 
Analysis and ANN to optimize FS-welding parameters, while Alkayem et al. [31] ANN 
design models were created to predict weld quality based on process characteristics. 
Kamal Babu et al. [32] ANN and algorithm (GA) techniques were used to optimize FS-
welding of cryorolled AA2219 alloy for a defect-free weld junction with optimal strength. 
Additionally, Masoudi Nejad et al. [33]AA2024-T351's fracture behaviour and fatigue crack 
propagation rate were explored utilizing ANN to predict the ensuing attributes. Prasanna 
et al. (2013)[34]examined the impact of heat-treatment techniques and tool pin 
geometries on FS-welding of AA6061, comparing the mechanical behavior of single-pass 
and double-pass welded joints. These studies prove the potential of AI techniques to 
optimize FS-welding and predict resulting joint properties, leading to enhanced quality 
and cost-effective production. V. Haribalaji et al. perfected the FS-welding process 
parameters to join dissimilar AA2014 and AA7075 aluminum alloys using the RSM and 
Taguchi methods. Author found that the WS had a significant influence on the joint strength 
of the welded alloys [35]. A. Nait Salah et al. perfected the process parameters of FS-
welding joints of dissimilar aluminum alloys AA3003 and AA6061 using the RSM. Author 
found that the RS and WS had a significant effect on the mechanical properties of the 
welded joints [36]. Sarvaiya and D. Singh proposed a particle swarm optimization 
algorithm to select the best process parameters in FS-welding/processing. Author found 
that the proposed algorithm provided a more efficient and accurate optimization process 
for the selection of the optimal process parameters[37]. M. Simoncini et al. performed an 
experimental and numerical investigation on forming limit curves of AA6082 aluminum 
alloy at high strain rates. Author concluded that the forming limit curves of the AA6082 
aluminum alloy were significantly influenced by the strain rate[38]. Abd Elnabi et al. 
investigated the influence of FS-welding parameters on metallurgical and mechanical 
properties of dissimilar AA5454-AA7075 aluminum alloys. Author concluded that 
optimizing the FS-welding parameters led to improved mechanical properties and a more 
refined microstructure[39]. Subramanian et al. used RSM to optimize FS-welding process 
parameters for dissimilar magnesium alloys. The study showed that optimized parameters 
significantly improved the weld quality, mechanical properties, and microstructure[40]. 
Khan) optimized FS-welding of AA6062-T6 alloy, showing that proper selection of process 
parameters can enhance the mechanical properties of the joint[41]. Haribalaji et al. 
optimized FS-welding process parameters for joining dissimilar AA2014 and AA7075 
aluminum alloys. Author found that optimizing the parameters improved the tensile 
strength and microstructural characteristics of the joint [42].  The alloys exhibit high 
strength-to-weight ratios, excellent fatigue properties and reduced density making them 
suitable for various applications requiring lightweight and high-performance materials. 
The purpose of this investigation focuses on the benefits of friction stir welding (FS-
welding) over conventional welding techniques and stresses the significance of 
experimental research in enhancing the FS-welding process and the resulting joints. 

2. Materials and Methods 

2.1. Material 

The material used for this study is AA8090 having welding plate’s dimensions of 100 mm 
x 70 mm x 6 mm. Table 1 provides details on the chemical composition and mechanical 
properties of AA8090. 
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Table 1. Chemical Composition and mechanical properties of AA8090 

Elements 
Percentage 

Mg Si Li Zr Fe Cu Zn Ti Al 

0.95 0.20 2.30 0.12 0.33 1.3 0.25 0.10 Bal 

Density 
Young’s 
Modulus 

Poisson’s 
Ratio 

Tensile 
Strength 

% 
Elongation 

Hardness 
(HV) 

Shear 
Strength 

2.54 g/cc 77 GPa 0.3 450Mpa 7 158 270Mpa 
 

2.2. Experimental Setup 

The present study involves the use of a vertical machine center (VMC) to conduct the FS-
welding process and Specifications of Vertical Milling Center (VMC) shown in Table 2. A 
fixture and tool are specifically designed for this purpose, as shown in Figure 2.  

  

Fig. 2. Fixture and tool used in the FS-welding process 

The fixture is designed to firmly hold the workpiece during the FS-welding process, while 
the tool generates the necessary heat to melt the material and join the workpiece. The tool 
is mounted on the spindle of the VMC, while the fixture is attached with bed of machine. 
The VMC is equipped with a control system to regulate the RS, WS and TA applied during 
the FS-welding process.  

Table 2. Specifications of vertical milling center (VMC) 

Specifications Values 

Company MAXMILL++(Vertical Milling Center) 

Control system Siemens 828D 

Rpm range 100-8000rpm 

Motor capacity 7kw 

Programmable feed rate 0-10m/min 

X-Axis Travel(Longitudinal Travel) 600mm 

Y-Axis Travel(Latitudinal Travel) 450mm 

Z-Axis Travel(Vertical Travel) 500mm 
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2.3. Experiment Design and Procedure 

This study uses the design of experiment (DOE) approach, specifically response surface 
methodology (RSM) to optimize FS-welding process parameters. RSM is a mathematical 
practice introduced by Box and Wilson in 1951, used to analyze and optimize processes. It 
is particularly useful when multiple variables significantly influence the process's 
outcomes. Using RSM, the relationship between input variables and outcomes can be 
expressed, and an experimental matrix can be designed to determine optimal conditions. 

 

Fig. 3. Design point in CCD 

To address the curvature in the response surface, the study adopts a second-order design 
model with interaction effects. As an economical and precise design technique, central 
composite design (CCD) is adopted. The experimental matrix is made up of factorial design, 
star and centre points as well as process variables with varying values of RS, WS and TA. 
The CCD design is made up of three groups of design points, as shown in Table 3. The CCD 
approach was used to design a total of 20 tests. Table 5 shows the experimental parameters 
and matching responses for all 20 studies. 

Table 3. Input variables and their values 

Symbol 
Input 

Parameter 
Units 

Level 

Low Medium High 

A RS rpm 1428 1652 1876 

B WS mm/min 24.6 36.4 48.2 

C TA degree 1.1° 1.5° 1.9° 

Table 4. Detail of CCD design group 

No. of Input Variables 
(k) 

Factorial Points 
(2k) 

Star Points 
(2k) 

Center Points 
(N) 

Total 

3 8 6 6 20 
 

Numerous researchers have used a variety of experimental design methods to generate 
regression equations, but central composite rotatable design (CCD) is regarded as one of 
the most efficient and accurate design methods. As illustrated in Figure 3, the design 
incorporates three sets of points, namely factorial design, star, and centre points. As 
indicated in Table 4, the experiment incorporates three process variables: RS, WS and TA, 
each with three distinct levels.[2], [4]. 
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Table 5. Experimental design and its results 

Exp 
no. 

Coded welding parameters Value of welded parameters 
UTS           

(MPa) 

% 
Elong. 

(%) 

RS           
(rpm) 

A 

WS 
(mm/min) 

B 

Tilt 
angle 
(°)C 

RS             
(rpm) 

A 

WS 
(mm/min) 

B 

Tilt 
angle         
(°)C 

1 -1 1 -1 1428 48.2 1.1 356 7.46 

2 0 0 0 1652 36.4 1.5 360 7.23 

3 0 -1 0 1652 24.6 1.5 328 5.53 

4 1 -1 -1 1876 24.6 1.1 233 3.41 

5 0 0 1 1652 36.4 1.9 341 6.73 

6 0 0 0 1652 36.4 1.5 371 7.54 

7 0 0 0 1652 36.4 1.5 362 6.97 

8 1 1 -1 1876 48.2 1.1 316 5.21 

9 -1 1 1 1428 48.2 1.9 349 6.88 

10 -1 -1 1 1428 24.6 1.9 359 7.31 

11 1 1 1 1876 48.2 1.9 333 5.87 

12 0 1 0 1652 48.2 1.5 340 6.17 

13 1 -1 1 1876 24.6 1.9 281 4.89 

14 0 0 -1 1652 36.4 1.1 306 5.79 

15 -1 0 0 1428 36.4 1.5 407 8.13 

16 0 0 0 1652 36.4 1.5 354 7.27 

17 1 0 0 1876 36.4 1.5 343 6.61 

18 0 0 0 1652 36.4 1.5 352 7.03 

19 0 0 0 1652 36.4 1.5 350 7.05 

20 -1 -1 -1 1428 24.6 1.1 353 6.91 

 

2.4. Testing 

For the current investigation, rectangular strips of 100×12×6 mm was cut from of the 
welded sample to use a power hacksaw in order to perform UTS and microhardness 
testing. Using an end milling on a milling machine, these strips were subsequently turned 
into tensile specimens in accordance with ASTM E8M-04 and with the orientation of the 
specimens opposite to the welding direction. Utilizing a servo-controlled universal testing 
machine, the ultimate tensile and EL of the friction stir-welded joint were measured by 
UTM (universal testing machine). Figure 4 is a pictorial view of the tensile specimens 
utilised in the research work. 

In this study, rectangular strips measuring 25 mm × 5 mm × 6 mm were cut from the 
welded plates to prepare the specimens for microstructure analysis. To ensure the surfaces 
of the specimens were uniform, emery papers with varying grit sizes were used ranging 
from 200 to 2000. The surfaces were then cloth-polished to make them scratch-free and 
reflective. Chemical etching with Kroll's reagent was applied to reveal the microstructure 
and an optical microscope (Conation Technologies) was used to observe and analyze the 
different welding zones. Figure 5 describes a photographic view of the metallurgical 
samples. The microstructure analysis is a crucial step for understanding the properties of 
the welded joint, as it provides essential information about the grain structure, phase 
composition and other significant characteristics of the material.  
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Fig. 4. Photographic representation of tensile specimens 

 

Fig. 5.Photographic depiction of (microstructure and microhardness) samples 

The use of emery papers and cloth polishing helps to ensure that the surfaces of the 
specimens are free from scratches and other surface defects that may affect the accuracy 
of the analysis. The optical microscope and Kroll's reagent provide a powerful combination 
of tools for visualizing and analyzing the microstructure of the material. 

 

 

(a) 
 

(b) 

Fig. 6. The impression of the indenter on the surface of the specimen (a) Schematics 
diagram of different location for measuring microhardness and (b)Impression 

indentation 

Microhardness testing is a vital method for assessing the mechanical properties and 
hardness of materials particularly at small scales. The precise Vickers indenter allows 
accurate measurements providing insights into strength, toughness and other critical 
properties. Proper sample preparation is crucial to obtain reliable results, as surface 
defects can affect microhardness measurements. In this study, rectangular strips 
measuring 25 mm × 5 mm × 6 mm cut from welded plates and prepared with emery sheets 
of differing grits. Cloth-polishing ensured reflective and scratch-free surfaces. A Vickers 
microhardness tester analyzed the specimens at a 100 g load yielding precise 
microhardness measurements. Figures 6(a) and (b) depict the indenter imprint and 
microhardness distribution points, respectively. 
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3. Experimental Result and Analysis 

The sufficiency test is essential for ensuring the precision and dependability of the design 
model system. Variables such as sum of the squares (SS), lack-of-fit test and design model 
descriptive statistic can be used to evaluate the design model's fit. These testing and 
evaluations are simplified by statistical software. 

Table 6. ANOVA for UTS 

Independent 
variable 

SS df MS F-value P-value  

Model 
(Prototype) 

23836.86 9 2648.54 39.69 < 0.0001 Significant 

A-RS 10112.40 1 10112.40 151.53 < 0.0001  

B-WS 1960.00 1 1960.00 29.37 0.0003  
C-TA 980.10 1 980.10 14.69 0.0033  
AB 2520.50 1 2520.50 37.77 0.0001  
AC 544.50 1 544.50 8.16 0.0171  
BC 242.00 1 242.00 3.63 0.0860  
A² 1007.05 1 1007.05 15.09 0.0030  
B² 1314.55 1 1314.55 19.70 0.0013  
C² 2880.36 1 2880.36 43.16 < 0.0001  

Residual 667.34 10 66.73    

Lack of Fit 362.50 5 72.50 1.19 0.4269 
not 

significant 
Residual error 304.83 5 60.97    

Cor Total 24504.20 19     
 

Table 7. ANOVA for % elongation 

Independent 
variable 

SS df MS F-value P-value  

Model 
(Prototype) 

22.49 9 2.50 28.22 < 0.0001 significant 

A-RS 11.45 1 11.45 129.26 < 0.0001  
B-WS 1.25 1 1.25 14.15 0.0037  
C-TA 0.8410 1 0.8410 9.49 0.0116  

AB 0.8844 1 0.8844 9.99 0.0102  
AC 0.6728 1 0.6728 7.60 0.0203  
BC 0.4050 1 0.4050 4.57 0.0582  
A² 0.7064 1 0.7064 7.97 0.0180  
B² 2.82 1 2.82 31.87 0.0002  
C² 1.00 1 1.00 11.30 0.0072  

Residual 0.8858 10 0.0886    

Lack of Fit 0.6621 5 0.1324 2.96 0.1294 
not 

significant 
Residual error 0.2237 5 0.0447    

 Cor Total  23.38 19     
 

In this study, Design-Expert software was used to analyze experimental outcomes and 
assess design model adequacy. Sum of squares, lack-of-fit test and design model summary 
statistics were considered. Results indicate that the quadratic design model is suitable for 
both UTS and EL. Insignificant terms were identified and removed through backward 
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elimination to enhance design model adequacy. Pooled ANOVA results after elimination 
are presented in Tables 8 and 9 for UTS and EL, respectively. The adequacy check confirms 
the design model's suitability for predicting responses across different input parameter 
combinations. 

Table 8. Pooled ANOVA for UTS 

Independent 
variable 

SS df MS F-value P-value  
% 

Contribution 
Model 

(Prototype) 
23594.86 8 2949.36 35.68 < 0.0001 significant  

A-RS 10112.40 1 
10112.4

0 
122.33 < 0.0001  42.85 

B-WS 1960.00 1 1960.00 23.71 0.0005  8.30 
C-TA 980.10 1 980.10 11.86 0.0055  4.15 
AB 2520.50 1 2520.50 30.49 0.0002  10.68 
AC 544.50 1 544.50 6.59 0.0262  2.30 
A² 1007.05 1 1007.05 12.18 0.0051  4.26 
B² 1314.55 1 1314.55 15.90 0.0021  5.57 
C² 2880.36 1 2880.36 34.84 0.0001  12.20 

Residual 909.34 11 82.67    3.80 

Lack of Fit 604.50 6 100.75 1.65 0.2990 
not 

significant 
2.56 

Residual 
error 

304.83 5 60.97    1.29 

CorTotal  24504.20 19      
 

Table 9. Pooled ANOVA for % elongation 

Independent 
variable 

SS df MS 
F-

value 
P-

value 
 

% 
Contribution 

Model 
(Prototype) 

22.09 8 2.76 23.53 
< 

0.0001 
significant  

A-RS 11.45 1 11.45 97.57 
< 

0.0001 
 51.83 

B-WS 1.25 1 1.25 10.68 0.0075  5.65 
C-TA 0.8410 1 0.8410 7.17 0.0215  3.80 
AB 0.8844 1 0.8844 7.54 0.0190  4.00 
AC 0.6728 1 0.6728 5.73 0.0356  3.04 
A² 0.7064 1 0.7064 6.02 0.0320  3.19 
B² 2.82 1 2.82 24.06 0.0005  12.76 
C² 1.00 1 1.00 8.53 0.0139  4.52 

Residual 1.29 11 0.1173    5.63 

Lack of Fit 1.07 6 0.1778 3.98 0.0757 
not 

significant 
4.85 

Residual 
error 

0.2237 5 0.0447    1.01 

Cor Total 23.38 19      
 

Table 10. Fit statistics data for UTS, and % elongation 

 S.D. Mean CV (%) R² 
Adjusted 

R² 
Predicted 

R² 
Adeq. 

Precision 

UTS 9.09 339.70 2.68 0.9629 0.9359 0.8159 27.4999 

EL 0.3426 6.50 5.27 0.9448 0.9046 0.7125 21.8585 
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By dividing the mean square value for the design models by the mean square values of the 
residuals, the F- value of the design model is calculated. The F- value test is used to look at 
the relationship between the residual variance and the variance in the design model. The 
percentage will be close to one if the variances are almost equal, suggesting that the model 
of design may not have a big impact on the outcomes. The developed design models for 
UTS and % elongation (EL) have F-values of 35.68 and 23.53%, each with a P-value of less 
than 0.01. The developed design model has a substantial impact on the outcomes if the 
Prob > F value is below 0.05, which is the degree of confidence used in this study to 
determine whether the design model is adequate. The most important terms in the design 
model for UTS are A, B, C, AB, AC, A², B² and C², whereas the most important terms in the 
design model for EL are A, B, C, AB, AC, A², B² and C². By dividing each term's sum of square 
by the sum of squares for the design model, the proportional contribution made by each 
design modeling term is determined.  

  

Fig. 7. Contributions of various significant terms for both design models 

The contributions of different important variables for both design models are shown in 
Figure 7 which reveals that RS provides 42.85% for UTS and 51.83% for EL. The design 
model component is not significant if the p-value is higher than 0.05. According to Tables 
8 and 9 the lack of fit F-value for UTS and EL are 1.65 and 3.98, accordingly, indicating a 
negligible joint with pure error. Noise may be to blame for the lack of fit probability for 
UTS and EL which are 0.2990 and 0.0757, respectively. The designed models are suitable 
due to this negligible lack of fit. According to Table 10 the determination coefficients (R²) 
for UTS and EL are 96.29% and 94.48%, respectively. A closer fit between the response 
designing model and the experimental data is shown by higher R² values. Less fluctuation 
between experimental and predicted outcomes can be seen in R² values that are closer to 
1. R² values alone however, should not be taken into account as sufficient for the suitability 
of the established design model. Therefore, other properties such as for design model 
adequacy, adjusted R², predicted R² and adequate precision are also taken into account. 
Both the predicted R² (71.25) and adjusted R² (90.46%) for EL and the predicted R² 
(81.59%) and adjusted R² (93.59%) for UTS show a high degree of agreement. A signal-to-
noise ratio (S/N) value greater than 4 is typically needed to achieve adequate precision. 

For UTS and % elongation (EL), the appropriate precision values in this investigation were 
found to be 27.49 and 21.85, respectively. The generated design models can be used to 
direct the design space and forecast values for both responses thanks to these high values, 
which imply adequate signal strength.  Both design models' R² and adequate precision 
values highlight how important they are for fitting and forecasting experimental data. 
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𝑈𝑇𝑆 = +1521.11387 − 1.78461𝐴 + 1.52384𝐵 + 479.4588𝐶 +

0.00671𝐴𝐵 + 0.092076𝐴𝐶 + 0.000381𝐴² − 0.157021𝐵² −202.27273C² 
(1) 

𝐸𝐿 = +37.79353 − 0.047584𝐴 + 0.351918𝐵 + 6.68778𝐶 + 0.000126𝐴𝐵
+ 0.003237𝐴𝐶 + 0.000010𝐴2 − 0.007277𝐵2

− 3.76989𝐶² 
(2) 

The normal probability curve for residuals is shown in Figure 8(a), and it shows that for 
both UTS and EL, residuals are aligned with a straight line and fall within 3 limits. Figure 
8(b) shows that for UTS and EL, the predicted values from the design model agree with the 
experimental values, supporting the validity of the findings from the ANOVA tables. Figures 
8 meet the requirements for error normalcy and predictive potential. The regression 
designs for UTS and EL are shown in equations (1) and (2), respectively.                                     

  

(a) 

  

(b) 

Fig. 8. Diagnostics plots of UTS and EL (a) normal probability curve (b) predicted vs. 
actual  
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3.1. Effect of Welding Parameters on UTS 

A regression analysis model for UTS is presented in this paper emphasizing the importance 
of first- and second-order variables as well as the relationship between the tools RS and 
TA. These terms are significant in the following order: A, B, C, AB, AC, A², B², and C². 
Variations in joint characteristics occur throughout the FS-welding process due to 
temperature cycles, cooling speeds and plastic deformation. These modifications also have 
an impact on the creation, growth, and dissolution of reinforcing precipitates in the NZ.  

 

(a) (b) 

 

(c) 

Fig. 9. Performance of overall factors in UTS (a) rotation speed vs UTS, (b) WS vs UTS 
and (c) tool TA vs UTS 

These precipitates dissolve in Aluminium Lithium (AA8090) Alloys during FS-welding 
mechanical stirring, but the HAZ has a coarser structure. In order to regulate the degree of 
coarsening, which is controlled by the rate of cooling and thermal cycles throughout the 
FS-welding process, proper control of temperature is essential. 

The Figure 9 highlights the individual effects of process parameters on UTS. Figure 9 (a) 
describes that UTS decreases significantly when RS increases from 1428 rpm to 1876 rpm. 
This phenomenon observed by other researchers in precipitation-hardening alloys can be 
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attributed to the increased heat input resulting from the higher RS [23]. The subsequent 
turbulence in the NZ causes material to rise to the workpiece's upper surface as flashes, 
which then creates tunnel defects in the NZ. Out of the 20 experiments conducted in the 
study only two joint presented tunnel defects all of which were fabricated at the higher RS 
of 1876 rpm. The tunnel defects contributed to a reduced tensile strength[43], [44]. Figure 
9 (b) describes the relationship between WS and UTS showing a minimum UTS at lower 
WS a sharp increase up to a WS of 36.4 mm/min and a subsequent decline as WS continues 
to increase. 

 3.2. Interaction Effects on UTS 

3.2.1. RS and WS 

Figure 10 depicts how RS and WS affect the UTS of friction stir welded joints with a TA of 
1.5°. Maximum joint efficiency is 450 MPa (90%) with low RS and moderate WS measured 
as the joint's UTS divided by the parent metal's UTS.  

 

(a) 

 

(b) 

Fig.e 10. (a) Three-dimensional response and (b) contour plot for UTS 

The heat cycle in FS-welding processes is greatly influenced by RS and WS. Changes in both 
parameters cause the heat intake to rise, which causes the cooling rate to fall. Joint strength 
for heat-treatable alloys depends on the melting of hardening precipitates [25]. Solid-state 
diffusion, that is dependent on temperature and time, is the basis for this dissolution 
procedure. The solid-state diffusion process takes less time with increased WS and heat 
input. While the area with joint efficiency greater than 85% is significantly larger the 
region with joint efficiency exceeding the parent metal is very tiny. A minimum area is one 
whose joint efficiency is less than 85%. Joint efficiency of more than 80% can be attained 
at all RS as illustrated in Figure 10(b) provided that the WS is properly selected. 

UTS levels below 300 MPa are produced by the procedure when RS is high and WS is low 
as shown in Figure 10(b). Overheating slows down cooling, extending the holding period 
required for metallurgical changes. Therefore, RS should be decreased and WS should be 
moderate in order to get better tensile strength values. 

𝑈𝑇𝑆 = +1521.11387 − 1.78461𝐴 + 1.52384𝐵 + 479.4588𝐶 +

0.00671𝐴𝐵 + 0.092076𝐴𝐶 + 0.000381𝐴² − 0.157021𝐵² −202.27273C² 
(3) 
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The coefficients for term A² are larger than those for term B², showing that RS is of greater 
importance than WS, and Equation 5 shows the coded factor values of UTS. The interaction 
between RS and WS is denoted by the word AB. Equation 5 shows that when the RS has 
been set to a value of "-1" and the WS to level "0", this interaction is helpful in boosting 
joint strength. Joint efficiency falls off when the WS has been set to a value of "-1" and the 
RS is at level "1". 

3.2.2. RS and Tilt Angle 

Figure 11 depicts the effects of TA and RS at a WS of 36.4 mm/min. The procedure's 
temperature cycle, stirring manage and movement of materials are all considerably 
influenced by RS and TA. Minimum RS and moderate TA result in maximum joint efficiency. 
Heat input rises at higher RS causing a material flow to become more turbulent. 
Additionally, a decreased TA leads in less plunge force being used throughout the 
procedure. As a result, incorrect material flow and extrusion of material on the outermost 
layer due to higher speed of rotation and lower TA result in the production of tunnel 
defects.  

  

Fig. 11. (a) Three-dimensional response and (b) contour plot for UTS 

In the area where the TA fluctuates between 1.3° and 1.7° and the RS varies between 1428 
rpm and 1540 rpm, joint efficiency exceeding 86% is attained. Equation 5 shows that RS 
has a greater impact than TA because the coefficient of A² is higher than the coefficient of 
C². The relationship between RS and TA is denoted by the term AC. According to Equation 
5 UTS is seen to rise when RS is set to level "-1" and TA is set to level "0". RS at level "1" 
and WS at level "-1" result in a reduction in joint efficiency. 

3.3.  Impact of Welding Parameters on EL 

The developed design model for EL shows significant first-order and second-order terms, 
while the interaction between process parameters is insignificant. The design model 
includes square terms, resulting in curvature plots as shown in Figure 12. Figure 12(a) 
shows a dramatic decrease in EL as RS rises, which is ascribed to material flow turbulence 
at faster speeds which causes tunnel defect development in the NZ. In contrast as shown 
in Figure 12(b) EL steadily rises with WS up to 36.4 mm/min because there is less heat 
input and less precipitation disintegration. Above 36.4 mm/min EL declines as a result of 
a greater WS which results in irregular material flow, inadequate heat input, incorrect 
mixing and cavity development. The effect of TA on EL is shown in Figure 12(c) where EL 
increases gradually up to 1.5° before declining. This indicates that the tool loses its ability 
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to effectively manage and keep molten metal under the shoulder above a particular TA 
limit. Improper stirring causes material to move incorrectly, extrude as flashes onto the 
working surface and diminish EL. 

 
(a) 

 
(b) 

 

(c) 

Fig. 12. Performance of overall factors in EL Rotation speed vs EL (a) rotation speed vs 
UTS, (b) WS vs UTS and (c) tool TA vs UTS 

4. Microstructure Analysis 

Microstructure analysis was conducted to examine the morphology of the FS weld with 
maximum strength obtained in experiment no. 15 at ( 1428rpm,36.4mm/min,1.5°) , 
medium strength ibtained in experiment no. 3 at (1652rpm, 24.6mm/min,1.5°) lowest 
strength obtained at experiment no. 4 at (1876rpm,24.6mm/min,1.1°). The microstructure 
revealed the presence of three distinct zones, including the NZ , TMAZ , and HAZ [2] as 
shown in Figure 13. In contrast to the FS-welding procedure, it was discovered that the 
parent metal (PM) had huge, elongated grains. In contrast to TMAZ and HAZ, dynamic 
recrystallization in the NZ during FS-welding led to the development of fine equiaxed 
grains [36–37]. Material strengthening is due to the combined effect of dislocations 
multiplication, secondary phases and the development of finer grains when the density of 
dislocations reaches a critical value. Furthermore, the HAZ's grains resembled those of the 
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parent metal since it was heated without undergoing any plastic deformation. Because of 
mechanical deformation in the TMAZ, the zone's grain sizes were smaller than those of the 
HAZ Lowest strength. The microstructural study provided insightful information about the 
structure of the FS weld and the effect of FS welding on the welded joint's microstructure. 

 

 

Fig. 13.Microstructural morphology of FS-welding joint 

5. Microhardness Distribution 

As shown in Figure 14, a microhardness test was carried out with an angle of 0.5 mm for 
each reading in order to explore the NZ. The base metal was found to have a microhardness 
of 158 HV. The distribution of microhardness with regard to the process parameters is 
shown in Figure 14. It was discovered that the NZ's microhardness, which ranged from 103 
HV to 118 HV, was lower than that of the parent metal. The dislocation density, size of 
grains, coarsening, and dissolving of second phase particles were blamed for the decline in 
microhardness in the NZ. In addition to plastic deformation, the heat cycle variation 
throughout the process has an impact on the dissolving of strengthening precipitates in 
alloys from the 8xxx series. Figure 14(a) shows that the NZ's microhardness reduced from 
118 HV to 103 HV while its RS increased from 1428 rpm to 1876 rpm. In contrast, the NZ's 
greatest microhardness was discovered at an average WS of 36.4 mm/min, while the NZ's 
minimum microhardness was discovered at a WS of 24.6 mm/min. These outcomes 
matched the tensile strength findings shown in Table 5. As seen in Figures 14(a) and 14(b), 
applied to the advancing side than the retreating side, the degree of microhardness on the 
strengthening precipitates were more easily dissolved as a result of the increased heat 
input brought on by an increase the rotational speed and a decrease Welding Speed. This 
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resulted in reduced microhardness in the NZ. Of all the constructed joints on the RS, the 
TMAZ had the highest microhardness. This was due to decreased second phase particle 
coarsening and dissolution which Sharma et al. [38] also reported. Because more heat was 
advancing side was lower [39]. This led to the discovery of an asymmetrical microhardness 
gradient on either side of the centerline. When FS-welding AA7075 Evik et al. [28] noted 
the similar asymmetrical microhardness distribution. The TMAZ received more intense 
temperatures than the HAZ, which led to a greater quantity of the second phase particles 
dissolving, and was therefore determined to have a higher microhardness than the NZ and 
HAZ. The formation of new nuclei during the process' natural aging can be aided by the 
breakdown of strengthening precipitates, and the work-hardening effect may also be a 
factor in the TMAZ's increased microhardness. 

  

Fig. 14.Microhardness Profile at different a) RS and b) WS 

6. Fractography Analysis 

As shown in Figure 15 the fractured area of the parent metal, the high strength and the low 
strength specimens were examined using the fractography analysis. According to the 
macro fracture the entire artificial joint was shear cracked at an angle of 45 degrees to the 
tensile axis. On the surfaces of the parent metal and the manufactured joint tiny and big 
dimples were visible indicating ductile fracture. Small, deep dimples with ripped edges 
could be seen on the fracture surface of the specimen with lower tensile strength which 
suggests reduced ductility. 

 
(a) 

 
(b) 
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The fracture surface of the joint with higher tensile strength on the other hand revealed 
wider and shallower dimples, indicating adequate material mixing and greater plastic 
deformation throughout the process without any flaws. Similar to how the parent metal's 
fracture surface showed huge dimples which suggested excellent ductility. 

6.1 Analysis of Fracture Location 

Figure 16 show the failure locations of the fractured aluminium joints. The table shows 
that the fractured phenomena are observed in different area of welded portion nugget 
zone, thermos-mechanically heat effected zone and heat affected zone. Mostly failure of 
FSW joints in the NZ is a common phenomenon.  

 
Fig. 16. Tensile specimens of welding aluminium alloys and failure locations 

In this research found that mostly fractured at NZ, and others are HAZ. Moreover, it has 
been shown that HAZ fracture tends to occur on the side of relatively softer materials. The 
reason is grain coarsening at HAZ as a consequence of high temperature transmission 
throughout the process. For better understanding SEM is used for fracture failure. 

 
(c) 

Fig. 15. (a) Tensile specimens of the parent metal (b) the highest strength specimen 
and (c) the lowest strength specimen 
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7. Optimization 

7.1. Numerical optimization 

UTS and EL are the quantitative parameters used in this study to evaluate the efficiency of 
the FS-welding procedure. The lowest RS, moderate WS and TA together with the 
maximum UTS are obtained. UTS and % EL are reduced when RS, TA and WS are increased. 
Higher values in both replies can only be attained with optimal process settings. The ideal 
UTS and % EL process parameters are chosen using the desirability function. 

Harrington first proposed the desirability function approach in 1965 [31–33] and Derinder 
and Suich later modified it in 1980 [34]. There are several different desirability functions 
such as target, smaller-the-better and larger-the-better. Equation 3 specifies that the 
larger-the-better functional is applied to both replies in the current investigation. To 
calculate the combined desirability function, use equation 4. 

𝑑𝑖 =

{
 
 

 
 

0 𝑦𝑖 ≤ 𝑦𝑖∗

[
𝑦𝑖 − 𝑦𝑖∗
𝑦𝑖
′ − 𝑦𝑖∗

]

𝑡

, 𝑦𝑖∗ < 𝑦𝑖 < 𝑦𝑖
′

1, 𝑦𝑖 ≥ 𝑦𝑖
′

 (4) 

𝐷 = (𝑑1𝑥𝑑2𝑥𝑑3…𝑥𝑑𝑚)
1

𝑚 (5) 

𝐷 = (𝑑1
𝑤1𝑥𝑑2

𝑤2𝑥𝑑3
𝑤3𝑥…𝑥𝑑𝑛

𝑤𝑚)1/𝑚 (6) 

 Deringer added weight values to the results in 1994, as shown in Equation 6, to further 
express the desirability function. Where w is the weight given to the m-th response, m is 
the overall amount of options, and D stands for the combined desirability. Desirability 
scales from 0 to 1. Response are less capable as desirability values get closer to 0, whereas 
Response are more capable as desirability values get closer to 1.  

Table 11. Range of input parameters and responses for desirability 

Name Goal Lower 
Limit 

Upper Limit Importance 

A:Rotational Speed is in range 1428 1876 3 
B:Welding Speed is in range 24.6 48.2 3 

C:Tilt Angle is in range 1.1 1.9 3 
UTS Maximize 233 407 3 

% elongation Maximize 3.41 8.13 3 
 

Table 12. FS-welding process parameters for highest desirability value 

No. RS WS TA UTS 
% 

Elongation 
Desirability 

1 1430.477 36.194 1.510 407.488 8.607 1.000 
2 1428.036 37.199 1.467 407.466 8.624 1.000 
3 1428.000 36.400 1.500 408.182 8.631 1.000 
4 1430.120 36.423 1.507 407.534 8.611 1.000 
5 1428.676 36.410 1.492 407.919 8.625 1.000 

 

The current study's goal is to determine the ideal input parameter values for the FS-
welding process in order to maximize desirability [35]. Table 11 lists the limited values of 
the process parameters used in this study and describes the ideal values at which the 
highest level of desirability is attained. The overall desirability plot for both the individual 
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and combined process variables is shown in Figure 17. The ramp function's plots in Figure 
18 show the values of the process variables needed to achieve high desirability. 

 

Fig.17. Desirability of process variables and outcomes overall 

 

Fig. 18. Ramp diagram of optimized input and output responses of JOINTS 

As shown in Figure 19, the desirable index of 1 was attained at the ideal process settings. 
The WS and TA exhibited negative effects before and after 36.91mm/min and 
1.51°respectively while the decrease in RS had a beneficial impact on the desirability 
function. The multi-response optimization's greatest desirability function values were 
attained at RS 1430.47 rpm, TA 1.51° and WS 36.19 mm/min table13. presents the findings 
of the validation experiment carried out to establish the ideal circumstance for maximal 
desirability. The experimental results were in line with what was expected. 



Dahiya and Gupta / Research on Engineering Structures & Materials 11(2) (2025) 607-630 

 

627 

Table 13. Confirmation experiments result 

RS (rpm) WS 
(mm/min) 

TA 
(degree) 

UTS (MPa) 
Predicted 

UTS (MPa) 
Actual 

EL 
Predicted 

EL 
actual 

1430.47 36.19 1.51 407.48 407 8.60 8.13 
 

 

Fig. 19. Overall desirability curve for process parameters 

8. Conclusion 

The statistical design models for UTS and EL in the current study were created using CCD-
RSM. It was discovered that CCD-RSM was used to create these models, which were shown 
to be substantial and quadratic in nature. According to the regression design models, RS 
(rotational speed) was the most important variable for both responses and each input 
variable was thought to be the least effective parameter. This was the case even though RS 
was not the sole factor that was taken into account. All components, with the exception of 
WS and TA were found to interact significantly for UTS, but there was no proof that this 
interaction was substantial for EL. The maximum joint strength that could be achieved was 
407 MPa. The maximum joint strength was found where RS was least and WS was medium 
level in the 3D interaction plot of RS and WS for UTS, which can be attributed to sufficient 
heat input during the process. The fact that this location was situated in the middle of the 
plot provided additional support for this conclusion. The 3D interaction plot between RS 
and TA for UTS similarly showed that the region where RS was reduced to its lower limit 
while TA was modest was where the best joint strength was reached. For the UTS, this was 
true. We were able to get the perfect conditions for achieving the maximum UTS and EL at 
an RS of 1430.47 rpm, WS of 36.19 mm/min and a TA (tilt angle) of 1.51°. The maximum 
EL of 10.57% that we were able to get was higher than that of the parent metal. The grains 
in the parent metal and the HAZ were found to be relatively big and elongated, whereas 
the grains in the NZ were found to be fine due to mechanical stirring. The microhardness 
of the TMAZ was discovered to be higher than typical due to the intense heat. This resulted 
in more second phase particles dissolving, which could result in the production of 
additional nuclei during the subsequent natural aging process. Furthermore, it was shown 
that the increased microhardness in the TMAZ was a result of the work hardening effect. 
Finally, the presence of dimples on the fracture surfaces of all the samples allowed ductile 
fracture to be recognized. 



Dahiya and Gupta / Research on Engineering Structures & Materials 11(2) (2025) 607-630 

 

628 

References 

[1] Yang Y, Zhang J, Li W, Zhuang W, Jiang H, Wu X, et al. Research progress on the 
microstructure and mechanical properties of friction stir welded Al-Li alloy joints. J 
Manuf Process. 2022;82(May):230-44. https://doi.org/10.1016/j.jmapro.2022.07.067  

[2] Seetharaman R, Seeman M, Kanagarajan D, Sivaraj P, Saravanan I. A statistical 
evaluation of the corrosion behaviour of friction stir welded AA2024 aluminium alloy. 
Mater Today Proc. 2020;22:673-80. https://doi.org/10.1016/j.matpr.2019.09.066  

[3] Nosrati HG, Yazdani NM, Khoran M. Double-sided friction stir welding of AA 2024-T6 
joints: Mathematical design modeling and optimization. CIRP J Manuf Sci Technol. 
2022;36(2022):1-11. https://doi.org/10.1016/j.cirpj.2021.10.010  

[4] Palanivel R, Mathews PK, Murugan N, Dinaharan I. Prediction and optimization of wear 
resistance of friction stir welded dissimilar aluminum alloy. Procedia Eng. 
2012;38:578-84. https://doi.org/10.1016/j.proeng.2012.06.072  

[5] Elatharasan G, Kumar VSS. An experimental analysis and optimization of process 
parameter on friction stir welding of AA 6061-T6 aluminum alloy using RSM. Procedia 
Eng. 2013;64:1227-34. https://doi.org/10.1016/j.proeng.2013.09.202  

[6] Rambabu G, Naik DB, Rao CHV, Rao KS, Reddy GM. Optimization of friction stir welding 
parameters for improved corrosion resistance of AA2219 aluminum alloy joints. Def 
Technol. 2015;11(4):330-7. https://doi.org/10.1016/j.dt.2015.05.003  

[7] Elatharasan G, Kumar VSS. Modelling and optimization of friction stir welding 
parameters for dissimilar aluminium alloys using RSM. Procedia Eng. 2012;38:3477-
81. https://doi.org/10.1016/j.proeng.2012.06.401  

[8] Bruce AR, Kumar PP, Arul K, Kumar PM, Kumar SL, Aravindh. Experimental 
characteristics and optimization of friction stir welded AA5052-AA6061 using RSM 
technique. Mater Today Proc. 2022;59:1379-87. 
https://doi.org/10.1016/j.matpr.2021.12.099  

[9] Qin Q, Zhao H, Li J, Zhang Y, Su X. Microstructure and mechanical properties of friction 
stir processed Al−Mg2Si alloys. Trans Nonferrous Met Soc China. 2020;30(9):2355-68. 
https://doi.org/10.1016/S1003-6326(20)65384-5  

[10] Liu Z, Zhang H, Hou Z, Feng H, Dong P, Liaw PK. Microstructural origins of mechanical 
and electrochemical heterogeneities of friction stir welded heat-treatable aluminum 
alloy. Mater Today Commun. 2020;24(May):101229. 
https://doi.org/10.1016/j.mtcomm.2020.101229  

[11] Sharma HK, Bhatt K, Shah K, Joshi U. Experimental analysis of friction stir welding of 
dissimilar alloys AA6061 and Mg AZ31 using circular butt joint geometry. Procedia 
Technol. 2016;23:566-72. https://doi.org/10.1016/j.protcy.2016.03.064  

[12] Özel C. Research of production times and cutting of the spur gears by end mill in CNC 
milling machine. Int J Adv Manuf Technol. 2011;54(1-4):203-13. 
https://doi.org/10.1007/s00170-010-2943-5  

[13] Mahto RP, Bhoje R, Pal SK, Joshi HS, Das S. A study on mechanical properties in friction 
stir lap welding of AA 6061-T6 and AISI 304. Mater Sci Eng A. 2016;652:136-44. 
https://doi.org/10.1016/j.msea.2015.11.064  

[14] Verma S, Misra JP. Experimental investigation on friction stir welding of dissimilar 
aluminium alloys. Proc Inst Mech Eng Part E J Process Mech Eng. 2021;235(5):1545-
54. https://doi.org/10.1177/09544089211008694  

[15] Verma S, Meenu, Misra JP. Study on temperature distribution during friction stir 
welding of 6082 aluminum alloy. Mater Today Proc. 2017;4(2):1350-6. 
https://doi.org/10.1016/j.matpr.2017.01.156  

[16] Verma S, Misra JP, Gupta M. Study of temperature distribution and parametric 
optimization during FS-welding of AA6082 using statistical approaches. SAE Int J Mater 
Manuf. 2019;12(1):73-82. https://doi.org/10.4271/05-12-01-0005  

https://doi.org/10.1016/j.jmapro.2022.07.067
https://doi.org/10.1016/j.matpr.2019.09.066
https://doi.org/10.1016/j.cirpj.2021.10.010
https://doi.org/10.1016/j.proeng.2012.06.072
https://doi.org/10.1016/j.proeng.2013.09.202
https://doi.org/10.1016/j.dt.2015.05.003
https://doi.org/10.1016/j.proeng.2012.06.401
https://doi.org/10.1016/j.matpr.2021.12.099
https://doi.org/10.1016/S1003-6326(20)65384-5
https://doi.org/10.1016/j.mtcomm.2020.101229
https://doi.org/10.1016/j.protcy.2016.03.064
https://doi.org/10.1007/s00170-010-2943-5
https://doi.org/10.1016/j.msea.2015.11.064
https://doi.org/10.1177/09544089211008694
https://doi.org/10.1016/j.matpr.2017.01.156
https://doi.org/10.4271/05-12-01-0005


Dahiya and Gupta / Research on Engineering Structures & Materials 11(2) (2025) 607-630 

 

629 

[17] Verma S, Gupta M, Misra JP. Effect of pin-profiles on thermal cycle, mechanical and 
metallurgical properties of friction stir-welded aviation-grade aluminum alloy. Proc 
Inst Mech Eng Part B J Eng Manuf. 2019;233(11):2183-95. 
https://doi.org/10.1177/0954405419832109  

[18] Verma S, Gupta M, Misra JP. Effect of preheating and water cooling on the performance 
of friction-stir-welded aviation-grade aluminum alloy joints. J Mater Eng Perform. 
2019;28(7):4209-20. https://doi.org/10.1007/s11665-019-04183-z  

[19] Verma S, Gupta M, Misra JP. Study of thermal cycle, mechanical, and metallurgical 
properties of friction stir welded aviation grade aluminum alloy. Proc Inst Mech Eng 
Part:G J.Aerosp Eng. 2019;233(11):4202-13. 
https://doi.org/10.1177/0954410018816601  

[20] Verma S, Misra JP, Gupta M. Procedure to find out the optimal ranges of process 
parameters for friction stir welding. Proc Inst Mech Eng Part L J Mater Des Appl. 
2021;235(5):1172-80. https://doi.org/10.1177/1464420721993145  

[21] Mahto RP, Kumar R, Pal SK, Panda SK. A comprehensive study on force, temperature, 
mechanical properties and micro-structural characterizations in friction stir lap 
welding of dissimilar materials (AA6061-T6 & AISI304). J Manuf Process. 2018;31:624-
39. https://doi.org/10.1016/j.jmapro.2017.12.017  

[22] Raja R, Parthiban A, Jeyakumar S, Radha Krishnan B. Investigation of mechanical 
properties of friction stir welding aluminium alloy AA7475-T651 and AA2219-O. Mater 
Today Proc. 2022;60:1421-3. https://doi.org/10.1016/j.matpr.2021.10.439  

[23] Rajendran C, Srinivasan K, Balasubramanian V, Balaji H, Selvaraj P. Effect of tool TA 
on strength and microstructural characteristics of friction stir welded lap joints of 
AA2014-T6 aluminum alloy. Trans Nonferrous Met Soc China. 2019;29(9):1824-35. 
https://doi.org/10.1016/S1003-6326(19)65090-9  

[24] RajKumar V, VenkateshKannan M, Sadeesh P, Arivazhagan N, Devendranath 
Ramkumar K. Studies on effect of tool design and welding parameters on the friction 
stir welding of dissimilar aluminium alloys AA 5052 - AA 6061. Procedia Eng. 
2014;75:93-7. https://doi.org/10.1016/j.proeng.2013.11.019  

[25] Mehta KP, Badheka VJ. Effects of tool pin design on formation of defects in dissimilar 
friction stir welding. Procedia Technol. 2016;23:513-8. 
https://doi.org/10.1016/j.protcy.2016.03.057  

[26] Mehta KP, Badheka VJ. Influence of tool pin design on properties of dissimilar copper 
to aluminum friction stir welding. Trans Nonferrous Met Soc China. 2017;27(1):36-54. 
https://doi.org/10.1016/S1003-6326(17)60005-0  

[27] Boldsaikhan E, Corwin E, Logar A, Arbegast W. Neural network evaluation of weld 
quality using FS-welding feedback data. 2006. 

[28] Fratini L, Buffa G, Palmeri D. Using a neural network for predicting the average grain 
size in friction stir welding processes. Comput Struct. 2009;87:1166-74. 
https://doi.org/10.1016/j.compstruc.2009.04.008  

[29] Ghetiya ND, Patel KM. Prediction of wear behaviour and optimization of process 
parameters of AA7075-T6 hybrid composite using Taguchi coupled ANN approach. 
Measurement. 2018;127:185-97. 

[30] Wakchaure KN, Thakur AG, Gadakh V, Kumar A. Multi-Objective Optimization of 
Friction Stir Welding of Aluminium Alloy 6082-T6 Using Hybrid Taguchi-Grey Relation 
Analysis-ANN Method. Mater Today Proc. 2018;5(2):7150-9. 
https://doi.org/10.1016/j.matpr.2017.11.380  

[31] Alkayem NF, Parida B, Pal S. Optimization of friction stir welding process parameters 
using soft computing techniques. Soft Comput. 2017;21(23):7083-98. 
https://doi.org/10.1007/s00500-016-2251-6  

[32] Babu KK, Rao CR, Reddy GM, et al. Parameter optimization of friction stir welding of 
cryorolled AA2219 alloy using artificial neural network design modeling with genetic 

https://doi.org/10.1177/0954405419832109
https://doi.org/10.1007/s11665-019-04183-z
https://doi.org/10.1177/0954410018816601
https://doi.org/10.1177/1464420721993145
https://doi.org/10.1016/j.jmapro.2017.12.017
https://doi.org/10.1016/j.matpr.2021.10.439
https://doi.org/10.1016/S1003-6326(19)65090-9
https://doi.org/10.1016/j.proeng.2013.11.019
https://doi.org/10.1016/j.protcy.2016.03.057
https://doi.org/10.1016/S1003-6326(17)60005-0
https://doi.org/10.1016/j.compstruc.2009.04.008
https://doi.org/10.1016/j.matpr.2017.11.380
https://doi.org/10.1007/s00500-016-2251-6


Dahiya and Gupta / Research on Engineering Structures & Materials 11(2) (2025) 607-630 

 

630 

algorithm. Int J Adv Manuf Technol. 2018;94(9-12):3117-29. 
https://doi.org/10.1007/s00170-017-0897-6  

[33] Masoudi Nejad R, Sina N, Ghahremani Moghadam D, Branco R, Macek W, Berto F. 
Artificial neural network based fatigue life assessment of friction stir welding AA2024-
T351 aluminum alloy and multi-objective optimization of welding parameters. Int J 
Fatigue. 2022;160:106840. https://doi.org/10.1016/j.ijfatigue.2022.106840  

[34] Prasanna P, Penchalayya CH, Rao DA. Effect of tool pin profiles and heat treatment 
process in the friction stir welding of AA 6061 aluminium alloy. Am J Eng Res. 
2013;2(1):7-15.  

[35] Haribalaji V, Sampath, Asif MM. Optimization of friction stir welding process to join 
dissimilar AA2014 and AA7075 aluminum alloys. Mater Today Proc. 2021;50:2227-34. 
https://doi.org/10.1016/j.matpr.2021.09.499  

[36] Nait Salah A, Mehdi H, Mehmood A, Hashmi AW, Malla C, Kumar R. Optimization of 
process parameters of friction stir welded joints of dissimilar aluminum alloys AA3003 
and AA6061 by RSM. Mater Today Proc. 2022;56:1675-83. 
https://doi.org/10.1016/j.matpr.2021.10.288  

[37] Sarvaiya J, Singh D. Selection of the optimal process parameters in friction stir 
welding/processing using particle swarm optimization algorithm. Mater Today Proc. 
2022;62:896-901. https://doi.org/10.1016/j.matpr.2022.04.062  

[38] Simoncini M, Forcellese A, Mancini E, Chiappini G, Sasso M. Experimental and 
numerical investigation on forming limit curves of AA6082 aluminum alloy at high 
strain rates. Int J Adv Manuf Technol. 2021;112(7-8):1973-91. 
https://doi.org/10.1007/s00170-020-06448-7  

[39] Abd Elnabi MM, Elshalakany AB, Abdel-Mottaleb MM, Osman TA, El Mokadem A. 
Influence of friction stir welding parameters on metallurgical and mechanical 
properties of dissimilar AA5454-AA7075 aluminum alloys. J Mater Res Technol. 
2019;8(2):1684-93. https://doi.org/10.1016/j.jmrt.2018.10.015  

[40] Subramanian M, Sathishkumar N, Sasthrigal JS, Arunkumar N, Hariharan V. 
Optimization of process parameters in friction stir welded dissimilar magnesium alloys 
using RSM. Mater Today Proc. 2019;46:9736-46. 
https://doi.org/10.1016/j.matpr.2020.09.049  

[41] Khan N. Optimization of friction stir welding of AA6062-T6 alloy. Mater Today Proc. 
2018;29:448-55. https://doi.org/10.1016/j.matpr.2020.07.298  

[42] Haribalaji V, Boopathi S, Asif MM. Optimization of friction stir welding process to join 
dissimilar AA2014 and AA7075 aluminum alloys. Mater Today Proc. 2021;50:2227-34. 
https://doi.org/10.1016/j.matpr.2021.09.499  

[43] Kumar SR, Rao VS, Pranesh RV. Effect of Welding Parameters on Macro and 
Microstructure of Friction Stir Welded Dissimilar Butt Joints between AA7075-T651 
and AA6061-T651 Alloys. Procedia Mater Sci. 2014;5:1726-35. 
https://doi.org/10.1016/j.mspro.2014.07.362  

[44] Heirani F, Abbasi A, Ardestani M. Effects of processing parameters on microstructure 
and mechanical behaviors of underwater friction stir welding of Al5083 alloy. J Manuf 
Process. 2017;25:77-84. https://doi.org/10.1016/j.jmapro.2016.11.002  

https://doi.org/10.1007/s00170-017-0897-6
https://doi.org/10.1016/j.ijfatigue.2022.106840
https://doi.org/10.1016/j.matpr.2021.09.499
https://doi.org/10.1016/j.matpr.2021.10.288
https://doi.org/10.1016/j.matpr.2022.04.062
https://doi.org/10.1007/s00170-020-06448-7
https://doi.org/10.1016/j.jmrt.2018.10.015
https://doi.org/10.1016/j.matpr.2020.09.049
https://doi.org/10.1016/j.matpr.2020.07.298
https://doi.org/10.1016/j.matpr.2021.09.499
https://doi.org/10.1016/j.mspro.2014.07.362
https://doi.org/10.1016/j.jmapro.2016.11.002


*Corresponding author: bharathv88@gmail.com   
aorcid.org/0000-0003-2543-4801; borcid.org/0000-0003-0210-3540; corcid.org/0000-0001-6765-4728;         
dorcid.org/0000-0001-9209-5104; eorcid.org/0000-0003-3138-9453; forcid.org/0000-0002-8248-7603; 
gorcid.org/0000-0001-6549-6340 
DOI: http://dx.doi.org/10.17515/resm2024.292ma0518rs  

Res. Eng. Struct. Mat. Vol. 11 Iss. 2 (2025) 631-646  631 

 

Research Article 

Optimization of stir casting parameters for the tensile behavior of 
nano Al2O3 and ZrO2 reinforced Al-Mg-Si alloy metal composites 

Annapoorna K1,2,a, Shobha R2,b, Bharath V1,*,c, Rajanna S3,d, Manjunath Vatnalmath4,e 
Madeva Nagaral5,f, V Auradi4,e, C G Shivaprasad6,g  

1Dept. of Mechanical Eng., RNS Institute of Technology, Visvesvaraya Technological University, India 
2Dept. of Industrial Eng. and Management, Ramaiah Institute of Technology, Bengaluru, Karnataka, India 
3Dept. of Mechanical Eng., Government Engineering College, Mosale Hosahalli, India  
4Dept. of Mechanical Eng., Siddaganga Institute of Tech., Visvesvaraya Technological University, India 
5Aircraft Research and Design Centre, Hindustan Aeronautics Limited, Bangalore 560037, Karnataka, India  
6Hindustan Management Academy, Hindustan Aeronautics Limited, Bangalore 560037, Karnataka, India 

 

Article Info  Abstract 

 
Article history: 
 
Received 18 May 2024 
Accepted 07 Aug 2024 

 Stir casting is a frequently used method in the metallurgical process of casting 
aluminium composites. The microstructure and performance of the composites 
are influenced by the stirring casting parameters. The majority of research 
conducted in this area focused on producing composites using stir casting 
parameters that were predetermined, without utilizing an optimization method. 
This work aims to optimize the stir casting parameters for the manufacturing of 
Al-Mg-Si (Al6061) alloy reinforced with hybrid nano Al2O3 and nano ZrO2 in 
order to enhance its performance. The Taguchi optimization technique was 
employed to analyze the important effects of stir casting parameters on the 
ultimate tensile strength of a hybrid metal matrix composite. The composites 
were produced by the ultrasonic aided stir casting method, employing a set of 
process parameters determined by the Taguchi L16 orthogonal array. The S/N 
(Signal to Noise ratio) and Regression model were utilized to determine the 
optimal values and assess the influence of process parameters on the tensile 
qualities. The Minitab 21 software was utilized to perform simultaneous 
optimization of the attributes. The findings indicated that the composition of the 
nano reinforcement, stirring temperature, stirring speed, and stirring time all 
had a substantial impact on improving the UTS (Ultimate Tensile Strength) of the 
material. 
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1. Introduction 

In recent years, the modern in service performance demands the materials with a bundle 
of properties, which are difficult to achieve using monolithic materials [1, 2]. New 
generation hybrid nano metal matrix composites have been satisfying the recent demand 
of advance engineering. For several years, researchers have been investigating the 
mechanical properties of light metal matrix composite materials that incorporate ceramic 
particles as reinforcements due to their exceptional performance. Aluminium matrix 
composites, which are strengthened by ceramic particles, have become increasingly 
popular in the military, aerospace, and electrical industries because of their improved 
mechanical properties [3, 4]. Ongoing research is being conducted to enhance the 
characteristics of metal matrix composites in the domains of automotive, aerospace, 
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electrical, and marine sectors. Aluminium 6061 is a metal alloy that possesses a low 
density, high ductility, good corrosion resistance, and is relatively inexpensive [5]. It finds 
uses in engineering fields such as automotive and aerospace, where mechanical features 
like high tensile strength and high wear resistance are crucial. Aluminium alloys possess 
low hardness and exhibit less wear resistance, hence restricting their use. The 
incorporation of rigid ceramic reinforcing particles into aluminium and its alloys results in 
the formation of a composite material with a discontinuous metal matrix. This composite 
exhibits almost isotropic properties [6, 7].  There is a lack of study on Aluminium metal 
matrix composites that are strengthened by hybrid nano particles. Alumina is a highly 
utilized engineering ceramic material because of its exceptional elastic modulus, wear 
resistance, and resistance to chemical corrosion [8, 9]. Zirconia possesses several 
distinctive characteristics, including high toughness that contributes to its strong 
mechanical strength, exceptional resistance to crack propagation, outstanding thermal 
resistance, and low thermal conductivity at elevated temperatures. These features have 
been demonstrated to surpass those of other ceramics [10, 11]. There is an increasing 
global interest in the production of HMMC's (Hybrid Metal Matrix Composites). HMMC 
materials comprise a combination of the qualities of their reinforcements and have 
enhanced mechanical and tribological capabilities. Hence, the incorporation of a hard 
nanostructure material such as Al2O3 into a ZrO2 matrix with high toughness appears to be 
a very promising approach for creating a superior composite reinforcement and enhancing 
the overall mechanical properties of the composite [12, 13].  

The literature review reveals that numerous research studies have been published on the 
use of nano particles as reinforcement in aluminium metal matrix composites. However, 
there is a limitation of works specifically focused on the use of hybrid nano particle 
reinforcement and also there is a limited research on the impact of weight fraction, stirring 
speed, stirring time, and temperature when using Alumina and Zirconia as reinforcement. 
In addition, there is a scarcity of research that investigate the combined impact of various 
process factors, such as percent weight fraction, stirring speed, and stirring duration [14]. 
Stir casting is a widely acknowledged and commercially utilized manufacturing process for 
Metal Matrix Composites (MMCs). It is considered a potential route for mass production 
[15, 16]. The process of combining reinforcement and matrix is a crucial step to achieve a 
uniform dispersion of reinforcing particles within the matrix. Stir casting provides 
enhanced bonding between the matrix and particles by incorporating the stirring 
movement of particles into the molten material. In order to thoroughly investigate the 
impact of different process parameters, the Taguchi design is utilized [17]. This design 
methodology provides an effective and methodical approach by reducing the number of 
tests while encompassing a broad variety of parameter combinations [18, 19]. It allows for 
the investigation of factors like stirring speed, stirring time, temperature, and nano particle 
composition simultaneously [20]. This study aims to create a new material by 
incorporating nano alumina and zirconia as reinforcements into an aluminium metal 
matrix composite. The goal is to enhance the mechanical properties of the material and 
improve the distribution and wettability of the reinforcing particles. To achieve this, a two-
stage mixing process combined with preheating of the reinforcing particles is being 
utilized. The study will also examine how different stir casting parameters, including as 
stirring speed, time, temperature, and weight percentage of reinforcement, affect the final 
tensile strength of the Al/Alumina/Zirconia HMMC's. This will be done using Taguchi DOE 
[21]. The ANOVA, or Analysis of Variance, is employed to examine the collective impact of 
the aforementioned parameters, including their interactions.  
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2. Experimental Details  

2.1 Reinforcement Materials and Matrix 

Al6061 aluminium metal was used as the base for this study, and nano Al2O3 and nano ZrO2 
were used to make it stronger. An Energy Dispersive X-ray Analysis (EDAX) machine was 
used to check the chemical compositions make-up of the raw material. The chemical make-
up of the Al6061 metal is shown in Table 1. 

Table 1. displays the precise chemical composition of the Al6061 alloy 

Constituent Mg Si Ti Cr Mn Fe Cu Zn Al 

Wt. % 0.81 0.62 0.1 0.13 0.11 0.35 0.2 0.12 Balance 
 

Table 2. displays the characteristics of the matrix and reinforcing material 

Material Density 

(gm/cc) 

Melting 

point(deg C) 

Modulus of 

Elasticity 

(GPa) 

Brinell 

Hardness 

Poisons 

Ratio 

Tensile 

Strength 

(MPa) 

Al6061 2.7 585 68.9 30-33 0.33 110-182 

Al2O3 3.98 2072 370 450-500 0.21 650-660 

ZrO2 5.68 2715 94.5 130-145 0.34 300-330 
                

2.2 Composite Fabrication 

The stir casting process is a vital technique used to manufacture metal matrix composites 
(MMCs) that have improved characteristics. This experiment focuses on investigating the 
effects of varying parameters (stirring speed, stirring time, temperature), Composition 
(nano Zirconia and nano Alumina) on the properties of Al6061-based composites. The 
Taguchi L16 orthogonal array design was employed for an efficient experimental setup. 
This method allows for studying multiple factors with minimal experimentation. The array 
consists of 16 distinct combinations of components being studied, as displayed in Table 4, 
in order to optimize the variables of stirring time, speed, and temperature and wt. % of 
reinforcement. The hybrid metal matrix composite is fabricated using Al6061 Alloy with a 
chemical composition outlined in Table 1. The reinforcement materials employed were 
nano alumina (n-Al2O3) and nano zirconia (n-ZrO2), with an average particle size ranging 
from 50 to 90 nanometers. Figure 1 and 2 depict the stir casting experimental setup 
(Manufacturer: Swamequip) that was utilized for producing Metal Matrix Composites 
(MMCs). The setup comprises an electrical induction furnace, a crucible, a stirring 
apparatus, thermocouples, a weighing scale, a digital timer, and an ultrasonic vibrator. 

Al6061 ingots were placed inside the induction furnace and melted until it reaches the 
desired molten state at the temperature (700, 725, 750, 775°C) a degassing agent was 
added into molten Al6061 to remove the slag. Preheat the nano ZrO2 (0.50, 0.75, 1.00 and 
1.25 wt %) and nano Al2O3 (0.50, 0.75, 1.00 & 1.25 wt.%) particles at 250 deg C to eliminate 
any moisture and ensure uniform dispersion during stirring. At 1.25 wt. %, the particle-
matrix interface is optimized, allowing for effective load transfer between the 
reinforcements and the matrix, leading to improved mechanical properties. A stainless-
steel stirrer coupled with electric motor was immersed into the molten aluminum alloy. 

A fixed amount of preheated n-Al2O3 powder and n-ZrO2 powder was introduced into the 
mixture while stirring at varying speeds (400, 450, 500, 550 RPM) for different durations 
(6, 8, 10, and 12 minutes) to create a swirling motion. An ultrasonic vibrator was then 
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applied for 5 minutes, followed by an additional 5 minutes of stirring. The frequency of 
Ultrasonic vibrator used is 20 KHz and power is 2500 watts. Finally pour the melt into the 
preheated (400 deg C) mould, allow the cast material to cool and solidify inside the mould 
before removing it for further analysis. Taguchi L16 orthogonal array design was used to 
create 16 unique combinations of stirring speed, stirring time, temperature, and 
ZrO2/Al2O3 composition. 

  

Fig. 1. Stir casting machine Fig. 2. Stirring of molten metal 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Tensile specimen specification 
 
The tensile specimens were prepared according to the ASTM E8-22 standard [22, 23]. The 
specimens were manufactured according to the procedure depicted in Figure 3. The tensile 
test was conducted using a servo hydraulic universal testing machine (Make: BISS) with a 
load capability of 25KN.The testing machine is equipped with a load cell to measure the 
applied force and an extensometer to measure the deformation. The load and displacement 
data is converted into stress-strain values, which are subsequently used to calculate 
mechanical properties (i.e., such as Young's modulus, yield stress, and UTS).  

3. Results and Discussion  

Table 3 displays the experimental design and the associated levels for the different 
parameters examined in the study. Five criteria were taken into account, with each factor 
having four levels. The five factors and their respective levels were systematically varied 
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to investigate their individual and combined effects on the properties of the fabricated 
material. Such a design allows for a comprehensive exploration of the parameter space and 
facilitates the identification of optimal conditions for desired material properties. 

The Table 4 provides a detailed overview of the experimental runs conducted, along with 
the corresponding values of the factors and the resultant UTS of the fabricated material. 
Each row represents a distinct experimental run, while the columns depict the weight 
percentage of reinforcement, stirring time, stirring speed and temperature respectively.  
Each combination of factor levels resulted in a unique set of ultimate tensile strength and 
S/N ratio, as reflected in table 4. The table provides a comprehensive dataset that enables 
the analysis of the effects of individual factors as well as their interactions on the UTS of 
the material. These experimental data are valuable for optimizing the fabrication process 
to achieve desired mechanical properties and overall performance characteristics of the 
material. 

Table 3. Design of Factors for Stir Casting Process 

Factor Levels Values 

Zirconia 4 0.50, 0.75, 1.00, 1.25 

Alumina 4 0.50, 0.75, 1.00, 1.25 

Temperature 4 700, 725, 750, 775 

Speed 4 400, 450, 500, 550 

Time 4 6, 8, 10, 12 

Table 4. Design matrix and experimental observations 
 

 

The stress-strain relationship of the composites that were created with varying weight 
fractions is displayed in Figure 4. Because the presence of nano-alumina and nano-ZrO2 
reinforcing particles inhibits the matrix material's ability to flow plastically, the weight 
fraction of n-Al2O3p and n- ZrO2 increased while the fracture strain and ductility of the 
resulting composites dropped gradually. 

Runs ZrO2 Al2O3 Time Speed Temperature UTS S/N Ratio 

1 0.50 0.50 6 400 700 149.3 43.48 

2 0.50 0.75 8 450 725 155.2 43.82 

3 0.50 1.00 10 500 750 170 44.61 

4 0.50 1.25 12 550 775 167.1 44.46 

5 0.75 0.50 8 500 775 165.5 44.38 

6 0.75 0.75 6 550 750 168 44.51 

7 0.75 1.00 12 400 725 169.7 44.59 

8 0.75 1.25 10 450 700 167 44.45 

9 1.00 0.50 10 550 725 172.1 44.72 

10 1.00 0.75 12 500 700 171 44.66 

11 1.00 1.00 6 450 775 183.7 45.28 

12 1.00 1.25 8 400 750 184.9 45.34 

13 1.25 0.50 12 450 750 173 44.76 

14 1.25 0.75 10 400 775 174.3 44.83 

15 1.25 1.00 8 550 700 177 44.96 

16 1.25 1.25 6 500 725 180.5 45.13 
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The findings from Tables 5 and 6 illustrate the responses concerning the S/N ratio and 
means, respectively. These tables collectively identify key factors significantly influencing 
the UTS of the composite material under investigation. Notably, among the five parameters 
analyzed, ZrO2, Al2O3 percentage and temperature emerges as particularly noteworthy, as 
indicated by its high delta value. Following this, stirring speed, and stirring time also 
exhibit notable impacts on the UTS behavior of the Al6061 composite with ZrO2 and Al2O3 
content. This influence can be attributed to the enhancement of composite strength 
facilitated by the inclusion of ZrO2 and Al2O3 nanoparticles in the matrix. These 
nanoparticles play a crucial role in refining the grain structure of the composite, thereby 
contributing to the observed improvement in mechanical properties. 

 

 
Fig. 4. Stress-strain curve of the produced composites at different runs 

 
Table 5 displays the response table for signal to noise ratios 

Level ZrO2 Al2O3 Time Speed Temperature 

1 44.09 44.33 44.6 44.56 44.39 

2 44.48 44.45 44.62 44.58 44.56 

3 45 44.86 44.65 44.69 44.8 

4 44.92 44.85 44.62 44.66 44.74 

Delta 0.91 0.53 0.05 0.13 0.41 

Rank 1 2 5 4 3 
 

Figures 5 and 6 display the primary effect graphs, illustrating the impact of different 
settings on the S/N ratio and data means, respectively. After careful investigation, it has 
been determined that the ideal conditions for producing the highest ultimate tensile 
strength (UTS) are as follows: a composition consisting of 1% weight percent, a melt 
temperature of 750°C, a stirring speed of 500 RPM, and a stirring period of 10 minutes. 

Notably, the UTS demonstrates its highest values at a moderate stirring speed of 500 
RPM, with a decrease in tensile properties observed upon further increases in stirring 
speed. Additionally, it is observed that a moderate stirring time yields superior tensile 
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strength, whereas an excessive increase in stirring time leads to a reduction in tensile 
strength. 

Table 6. displays the response table for means 

Level ZrO2 Al2O3 Time Speed Temperature 

1 160.4 165 170.4 169.6 166.1 

2 167.6 167.1 170.7 169.7 169.4 

3 177.9 175.1 170.9 171.8 174 

4 176.2 174.9 170.2 171.1 172.6 

Delta 17.5 10.1 0.7 2.2 7.9 

Rank 1 2 5 4 3 

 

 

Fig. 5. Main effects plot for S/N ratios 

Fig. 7 illustrates the interaction plot concerning tensile strength, revealing notable 
interactions primarily among filler percentage followed by temperature, stirring speed, 
and stirring time. Among these factors, ZrO2 and Al2O3 emerge as the most influential and 
highly interacting parameter affecting ultimate tensile strength (UTS). Specifically, the 
interaction between stirring speed and stirring time indicates a pattern wherein an 
increase in stirring time initially boosts strength before exhibiting a subsequent decline. 
The observed enhancement in strength when the filler content increases by 1% can be 
ascribed to mechanisms such as particle reinforcement and grain refining. Moreover, the 
increase in stirring speed first improves the strength of the composite, but then it 
decreases. Appropriate stirring speeds are essential for achieving a uniform dispersion of 
reinforcement inside the matrix.  The contour plots in Figure 8 depict the correlation 
between the process parameters and ultimate tensile strength (UTS) in relation to the 
weight percentage (wt %) of ZrO2. 

The weight percentage of ZrO2 is a crucial factor that can impact the ultimate tensile 
strength (UTS). Experimental evidence demonstrates that increasing temperatures, while 
decreasing the weight percentage of ZrO2 and increasing the weight percentage of Al2O3, 
lead to increased ultimate tensile strength (UTS).  On the other hand, low stirring time and 
high ZrO2 wt % yield maximum UTS, however high stirring speed and high ZrO2 wt % can 
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also yield the highest UTS. Likewise, Fig. 12 shows the contour plots of UTS relative to wt 
% of Al2O3. It is evident that the low stirring time, stirring speed and wt % of Al2O3 increases 
the UTS. Additionally, the low wt% of Al2O3 with high temperature also attains maximum 
UTS. 

 

Fig. 6. Main effects plot for means 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Interaction plot for UTS of Al6061/ZrO2/ Al2O3 
 

ANOVA Table 7 summarizes regression analysis results to determine how factors affected 
the dependent variable. ZrO2, Al2O3, Time, Speed, and Temperature are considered. The 
regression model is significant with an F-value of 10.35 and a p-value of 0.001.  The p-
values for ZrO2, Al2O3, and temperature are 0.000, 0.004, and 0.038, respectively. These 
low p-values indicate a substantial relationship with UTS, as they are all below the 
threshold of 0.05. The high p-values of 0.975 and 0.537 for stirring duration and speed 
indicate that they do not affect the dependent variable.  
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Fig. 8. Contour plots of UTS for various process parameters with respect to wt% of ZrO2 

  

 

Fig. 9. Contour plots of UTS with various process parameters with respect to wt.% of 
Al2O3 
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Table 7. Summary of Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 1078.35 215.67 10.35 0.001 

ZrO2 1 667.59 667.59 32.02 0.000 

Al2O3 1 283.88 283.881 13.62 0.004 

Time 1 0.02 0.021 0 0.975 

Speed 1 8.52 8.515 0.41 0.537 

Temperature 1 118.34 118.341 5.68 0.038 

Error 10 208.48 20.848   

Total 15 1286.82    
 

• Regression Equation 

UTS= 59.3 + 23.11 ZrO2 + 15.07 Al2O3 - 0.016 Time + 0.0130 Speed + 0.0973 Temperature 

Regression equation is a mathematical representation of the relationship between the 
predictor variables (ZrO2, Al2O3, Time, Speed, and Temperature) and the response variable 
(UTS). It can be used to predict the Ultimate Tensile Strength for given values of the 
predictor variables. 

• Model Summary 

These data provide a comprehensive understanding of the regression model's accuracy 
and predictive capabilities. The regression's standard error, shown as S, is precisely 4.566. 
The provided value is the standard deviation of the residuals, which indicates the average 
difference between the actual values and the expected values. An R-squared value of 
83.80% shows that the model successfully explains a substantial portion of the variability 
seen in the dependent variable (ZrO2, Al2O3, Time, Speed, and Temperature). Overall, the 
high R-squared value shows that the model fits the data well. 

Table 8. Model summary 

S R-sq R-sq(adj) R-sq(pred) 

4.566 83.80% 75.70% 51.15% 

 

3.1 Outcome of Taguchi and ANOVA Analysis 

Table 4 summarizes the average UTS of the runs. The Ultimate tensile strength for 
Al6061/Al2O3/ZrO2 composite was higher when compared to base alloy. Figures 5 and 6 
demonstrate that the combination of 1 weight % of ZrO2 and 1 weight % of Al2O3 exhibits 
the highest Ultimate tensile strength when subjected to a melt temperature of 750 deg C, 
speed of 500 RPM, and time of 10 minutes. The quality qualities are assessed by converting 
the experimental values into S/N ratio. An analysis has been conducted on the impact of 
parameters such as composition, melt temperature, stirring speed, and stirring time on the 
ultimate tensile strength. This analysis was performed utilizing a signal-to-noise response 
table. The signal-to-noise ratio (S/N ratio) is a single value that represents the level of 
variation in a set of iterations. Table 5 provides the ranking of process parameters for 
Ultimate tensile strength based on the signal to noise ratio achieved for different 
parameter values. The control factors have been found to be statistically significant in 
influencing the signal to noise ratio. It has been noted that the composition is the most 
influential parameter in improving the Ultimate tensile strength, followed by the Melt 
temperature, speed, and time of stirring. Figure 10 depicts the graphical representation of 
the impact of process parameters. The experimental data was analyzed utilizing the signal-
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to-noise ratio approach to ascertain the optimal conditions that result in an augmentation 
of the ultimate tensile strength. According to Figure 8, the highest Ultimate tensile strength 
is achieved at a melt temperature of 750 deg C, speed of stirring is 500 RPM, and duration 
of 10 minutes when the composition includes 1 weight % of ZrO2 and 1 weight % of Al2O3. 
Therefore, the most effective configuration of the control variables to enhance the Ultimate 
tensile strength of HMMC has been determined. Furthermore, the literature survey clearly 
indicates that these process parameters are quite similar to the optimized parameters [24]. 

3.2 Confirmation Test 

After conducting Taguchi and ANOVA analyses to optimize the fabrication process of 
Al6061- based composites with nano ZrO2 and nano Al2O3, it is essential to validate the 
results by performing confirmation tests. These tests provide assurance that the identified 
optimal parameter settings indeed lead to the desired material properties and consistent 
performance. 

Table 9. Optimized parameters 

ZrO2 Al2O3 Time Speed Temperature 

1 1 10 500 750 
 

The main goal of the confirmation test is to verify the outcomes of the Taguchi and ANOVA 
analyses. By implementing the optimized parameter combinations, as determined by these 
analyses, we aim to assess whether the predicted improvements in mechanical properties 
are reproducible and consistent. 

Table 10. Predicted and Experimental Values 

S/N 
Ratio 

Predicted 
UTS 

Experimental 
UTS 

Deviation 

45.5162 187.52 195.21 4.1% 

 

3.3 SEM/EDAX Analysis of Produced Composites 

SEM and EDAX plot indicate the presence of peaks associated with n-Al2O3, n-ZrO2, base 
alloy, and Al6061/1% n-ZrO2/1% n-Al2O3 is depicted in Figures 10, 11, 12 and 14, 
respectively. 

  

Fig. 10. SEM and EDS Spectrum of Al6061 
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Fig. 11. SEM and EDS Spectrum of n-Al2O3 

 
 

Fig. 12. EDS Spectrum of n-ZrO2 

  

Fig. 13. EDS Spectrum of Al6061/1%ZrO2/1%Al2O3  

Table 11. Chemical composition of Al6061/1%ZrO2/1%Al2O3 

Elements Mg Si Ti Cr Mn Fe Cu Zn O Zr Al 

Percentage 0.84 0.72 0.12 0.2 0.09 0.34 0.3 0.16 0.52 0.91 Balance 

3.4 Fracture Behavior 

An essential procedure for identifying the cause of material failure involves analyzing the 
broken surface of the alloys and their composites. When examining fractography, it is 
crucial to bear in mind two fundamental aspects. Firstly, a ductile material that does not 
exhibit the formation of small dimples, such as a structural pattern, in the fractured 
regions. Furthermore, when examining SEM pictures of a failed material, one may notice 
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trans-granular or intergranular fragmentations in the event of fractures occurring. Figure 
14 (a-e) shows the fractured surfaces of the Al6061 alloy and Al6061-0.5, 0.75, 1, and 1.25 
wt. % n- Al2O3 and n-ZrO2 particles in their as-cast state. The base matrix exhibited a 
smooth and consistent surface with shallow and evenly distributed depressions, indicating 
a fracture that is capable of being stretched without breaking. This can be observed in 
Figure 14a. On the other hand, the composite material displayed a distribution of 
depressions in two directions. This means that the larger depressions absorbed the 
reinforcing particles, while the smaller depressions were caused by the breaking down of 
the stretchable matrix. Furthermore, the scanning electron microscope (SEM) analysis of 
the damaged composite surface (Fig. 14b and Fig. 14d) revealed the presence of fine cracks 
on the n- Al2O3p and n-ZrO2 particles, as well as partial separation between the matrix and 
reinforcement, and even fracture of the matrix itself. Typically, the fracture surfaces 
displayed smooth particles, suggesting that the particles were broken rather than 
detached, and that these composites are mainly distinguished by their robust interfacial 
connections. The fracture surfaces in the Al6061 matrix showed both large and relatively 
smaller depressions in the composites reinforced with 1.25 and 1.25 wt % n- Al2O3p/n-
ZrO2 (Figure 14 e). These findings indicate that the failure was caused by the expansion, 
combination, and eventual collapse of flexible empty spaces. The addition of n- Al2O3p/n-
ZrO2 resulted in a change in the fracture behavior of the Al6061 matrix. It shifted from 
being ductile to brittle, and then to an intermediate ductile mode [25]. The n-Al2O3 particle 
displays small depressions, as well as a matrix and a fine crack. 

 

(a) 
 

(b) 

 

(c) 

 

(d) 
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4.  Conclusion 

The present experiment produced 16 stir-cast composite samples.  Through optimization 
techniques, the ultimate tensile strength results of Al6061 with ZrO2 and Al2O3 filler 
content were obtained. The experimental findings are summarized as follows: 

• Scanning electron microscopy (SEM) analysis revealed that the ZrO2 and Al2O3 

components were evenly distributed throughout the aluminium matrix. Energy-
dispersive X-ray spectroscopy (EDS) confirmed ZrO2 and Al2O3 particles in 
composite materials. 

• Among the parameters studied, filler content (ZrO2 and Al2O3) and temperature 
emerged as the most significant factors influencing the output response (UTS), in 
contrast to stirring speed and stirring time which exhibited comparatively lesser 
significance. 

• The most effective parameters ( i.e., a temperature of 750 deg C, a speed of 500 
RPM, and a time of stirring is 10 minutes) determined through stir casting to 
achieve improved ultimate tensile strength are 1 wt.% ZrO2, 1 wt.% Al2O3 

• The interaction plot concerning tensile strength, revealing notable interactions 
primarily among filler percentage followed by stirring speed, temperature, and 
stirring time. Among these factors, ZrO2 and Al2O3 emerge as the most influential 
and highly interacting parameter affecting ultimate tensile strength. 

• The control factors have been found to be statistically significant in influencing 
the signal to noise ratio. It has been noted that the composition is the most 
influential parameter in improving the Ultimate tensile strength, followed by the 
Melt temperature, and stirring time and speed.  

• The primary objective of the confirmation test is to validate the findings of the 
Taguchi and ANOVA analyses. The confirmation tests served to corroborate the 
results obtained. 

• Fractography analysis using a SEM was conducted to examine the surfaces that 
had undergone tensile rupture. This analysis indicated distinct fracture 
mechanisms between the base alloy Al6061 and the resultant composites. As cast 
Al6061 alloy exhibits purely ductile mode of fracture, further with the inclusion 
of particles like ZrO2 and Al2O3, the combined brittle and ductile fracture mode 
has been observed. 

 

(e) 

Fig. 14. (a-e) Fractography of images of (a) Al6061 and (b) Al6061-0.5 wt. % of n-
Al2O3p and n-ZrO2 (c) Al6061-0.75 wt. % of n- Al2O3p and n-ZrO2 and (d) Al6061-1 wt. 

% of n-Al2O3p and n-ZrO2 (e) Al6061-1.25 wt. % of n-Al2O3p and n-ZrO2 
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 The utilization of agricultural waste in concrete has gained important attention 
owing to its potential to improve sustainability and reduce environmental 
impact. Palm oil fuel ash (POFA), a by-product of the palm oil industry, is one of 
the agricultural waste materials that has shown promise as a supplementary 
cementitious material (SCM) in geopolymer concrete (GPC). This paper presents 
a comprehensive review of the influence of POFA on the environment and 
strength properties of GPC. The review highlights the chemical composition and 
physical properties of POFA, its environmental impact, and the challenges and 
potential strategies for its sustainable utilization. The main factors affecting the 
strength enhancement or reduction in GPC containing POFA are discussed, 
including the optimal replacement level and curing condition. The results reveal 
that the silica oxide in POFA ranges between 55.7% and 69.02%, depending on 
the POFA source and treatment conditions. The increase in POFA replacement 
from 0 to 20% led to an increase in the compressive strength of GPC from 28.1 
to 30.1 MPa, while in another case the compressive strength decreased from 24 
to 18.5 MPa for the same replacement level. There is no specific optimum 
replacement level. However, the low replacement levels between 0 and 20, are 
the best. The review also summarizes experimental studies evaluating the effect 
of POFA on GPC strength. In general, the review provides valuable insights into 
the use of POFA in GPC and suggests future research directions to enhance its 
utilization and sustainability in the construction industry. 

 
© 2025 MIM Research Group. All rights reserved. 
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1. Introduction 

Geopolymer concrete (GPC) is a type of concrete that is produced by reacting 
aluminosilicate materials like slag and fly ash with alkaline activators, like sodium silicate 
(Na2SiO3) and sodium hydroxide (NaOH) [1]. Unlike normal cement concrete, which relies 
on calcium silicate hydrates (CSH) for strength, GPC forms a three-dimensional 
aluminosilicate polymer network, as shown in Figure 1. This chemical reaction, known as 
geopolymerization, results in a binder that can provide comparable or even superior 
mechanical properties to Portland cement-based concrete [2]. Reducing carbon dioxide 
(CO2) emissions compared to Portland cement concrete is one of the significant advantages 
achieved by GPC [3]. The production of Ordinary Portland cement (OPC) required in huge 
amounts to produce conventional cement concrete, constitutes a major source of CO2 
emissions due to the high-temperature calcination of limestone in kilns [4]. In contrast, 
GPC can be produced at much lower temperatures, leading to a significant reduction in CO2 
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emissions [5]. Mortar and concrete are used in construction and infrastructure projects, 
which consume huge amounts of materials and most of these materials are extracted as 
virgin materials and generate greenhouse gasses in the atmosphere. For instance, cement 
alone is responsible for the generation of more than 7% of the global CO2 emissions that 
mainly contribute in climate change [6]. Additionally, GPC offers several other 
sustainability benefits. It can utilize industrial by-products and waste materials as 
precursors, reducing the consumption of natural resources and minimizing the 
accumulation of waste in open areas [8]. This is associated with the philosophies of the 
circular economy, where materials are reused or recycled to minimize environmental 
impact. GPC also exhibits excellent durability and resistance to harsh environments, 
leading to longer service life and reduced maintenance requirements compared to 
traditional concrete [9]. Overall, GPC represents a promising alternative to Portland 
cement concrete, offering improved sustainability, reduced environmental impact, and 
comparable or superior performance [10]. Incorporating agricultural waste materials, like 
palm oil fuel ash (POFA), into GPC further enhances its environmental identification by 
reducing waste generation and supporting the efficient use of resources [11]. 

The use of agricultural waste like POFA in GPC production is important due to its 
environmental and economic advantages. Agricultural activities produce large amounts of 
waste, presenting disposal challenges and environmental risks [12]. Incorporating these 
wastes into concrete can address these challenges and support sustainable development. 
Using agricultural waste in GPC production reduces waste disposal costs and turns waste 
into a valuable construction resource [13]. Moreover, POFA enhances GPC performance by 
containing pozzolanic materials that react with calcium hydroxide to form additional 
cementitious compounds [14]. This improves concrete strength, durability, and chemical 
resistance, while also reducing the risk of thermal cracking. Even though conducting 
numerous studies about the use of POFA in the GPC. For instance, Liu et al. [15] used POFA 
instead of fly ash in different replacement levels in the production of lightweight GPC. They 
used Oil palm shell (OPS) as one of the palm oil wastes as aggregate to obtain low 
lightweight GPC. They used POFA in 0, 10, 20, 40, and 100% as fly ash replacement with 
two alkaline solutions to binder ratios of 0.35 and 0.55. They found that the maximum 
compressive strength of GPC was 30 MPa achieved due to the use of 20% POFA as a fly ash 
replacement. 

 

Fig. 1. Geopolymer model with different Si/Al molars [7] 
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Huseien et al. [16] investigated the effect of different calcium content and curing 
temperatures on the properties of geopolymer mortars (GPM) comprising agricultural and 
industrial wastes, such as POFA, GGBS, and fly ash. They detected that the GPM strengths 
and the reaction products depended significantly on the composition’s nature, curing 
temperatures, and activators. However, there is no study conducted as a review paper 
discussed the effect of POFA on the environment and strength development. Therefore, 
this paper reviews the impact of POFA, as agricultural waste, on the strength of GPC and 
the environment. It highlights the environmental benefits of using agricultural waste in 
GPC production and emphasizes the significance of POFA in improving the strength of GPC 
and reducing waste disposal costs. The review aims to provide insights into the effects of 
POFA on GPC strength, offering valuable information for researchers and academics in 
sustainable construction. 

2. Palm Oil Fuel Ash (POFA) as Agricultural Waste 

      2.1 Overview of Palm Oil Production and The Generation of POFA 

Palm oil is one of the most widely produced and consumed vegetable oils globally, with its 
production primarily concentrated in tropical regions, particularly Malaysia, Indonesia, 
Thailand, and Nigeria [17]. As reported by Al-Sabaeei et al. [18], palm oil trees are one of 
the economic sources in terms of production of huge amounts of oil, palm oil includes crude 
and kernel oil palm producing 54% of total oil, as shown in Figure 2. 

 

Fig. 2. Capacity per hectare proportion of main corps oil generated in 2018 [18] 

The palm oil industry generates a substantial quantity of effluent waste and biomass 
residue; which can be considered a significant source of greenhouse gases. Therefore, 
numerous studies have been conducted to investigate the potential use of waste generated 
from the palm oil industry in different applications. Palm oil fuel ash (POFA) is one of the 
by-products generated during the production of palm oil. POFA is obtained from the 
combustion of palm oil biomass, including empty fruit bunches, palm kernel shells, and 
palm oil mill effluent, in boiler furnaces to generate electricity and steam for palm oil mills 
[19], as shown in Figure 3 [20]. POFA is a finely divided, pozzolanic material that contains 
high amounts of silica (SiO2) and alumina (Al2O3), along with other minor constituents 
[21]. Its chemical composition and pozzolanic properties make it suitable for use as a 
supplementary cementitious material (SCM) in concrete and GPC production. 
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Fig. 3. Production of POFA [20] 

2.2 Chemical Composition and Properties of POFA 

POFA is a by-product of the combustion of palm oil biomass, mainly generated in palm oil 
mills. The chemical composition of POFA can vary depending on several factors, including 
the type of palm oil biomass burned, combustion conditions, post-combustion treatment, 
and others [22]. As reported by Demirboga and Farhan [23], the chemical composition 
of POFA has a significant impact on the strength and workability of concrete. The chemical 
composition of POFA is affected by the source of raw materials, heating temperature, 
particle fineness, and production process. These factors can affect directly or indirectly on 
the classification of pozzolanic of POFA, to produce either class C pozzolan [24] or Class F 
pozzolan [25]. Thanks to the reviewer for the insightful comment. Finer particles of POFA 
have a larger surface area, which can increase the pozzolanic activity. The chemical 
composition of POFA is usually classified as Class C Pozzolan due to containing higher 
amounts of calcium oxide (CaO), more than 10%, or Class F Pozzolan due to having lower 
calcium oxide content, less than 10%.  

Table 1. Chemical composition of POFA 

References SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI 

Salami et al. [29] 66.91 6.44 5.72 5.56 3.13 5.20 0.19 0.33 2.3 

Hamada et al. [30] 67.5 4. 2 8.12 3.97 2.72 8.45 0.115 0.535 1.48 

Tangchirapat et al. 
[31] 

65.3 2.5 1.9 6.4 3.0 5.7 0.3 0.4 10.0 

Kroehong et al. [32] 55.7 0.9 2.0 12.5 5.1 11.9 1.0 2.9 4.7 

Bashar et al. [33] 67.72 3.71 4.71 5.57 4.04 7.67 0.16 1.07 6.2 

Alsubari et al. [34] 69.02 3.9 4.33 5.01 5.18 6.9 0.18 0.41 1.8 

Liu et al. [35] 63.4 5.5 4.2 4.3 3.7 6.3 --- 0.9 6.0 

Olivia et al. [36] 64.3 4.36 3.41 7.92 4.58 5.57 --- 0.04 4.97 

Mijarsh et al. [37] 61.33 7.018 5.11 8.20 4.69 6.50 0.123 0.27 2.53 

Yusuf et al. [38] 60.42 4.26 3.34 11.0 5.31 5.03 0.18 0.45 2.55 
 

Generally, POFA contains a significant amount of silica, typically ranging from 40% to 70%, 
and alumina content ranging from 20% to 30%. Other constituents found in POFA include 
iron oxide (Fe2O3), calcium oxide (CaO), magnesium oxide (MgO), potassium oxide (K2O), 
and sodium oxide (Na2O), among others. Table 1 shows the chemical composition of POFA. 
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The pozzolanic properties of POFA are attributed to its amorphous silica content, which 
reacts with calcium hydroxide (Ca(OH)2) in the existence of water to produce further 
calcium silicate hydrate (C-S-H) gel [26]. This reaction enhances the durability and 
strength of concrete by filling in voids and improving the overall microstructure [27]. In 
addition to its chemical composition, POFA also possesses certain physical properties that 
influence its suitability for use in concrete. POFA is typically a fine powder with a specific 
surface area ranging from 1230 m2/kg to 7670 m2/kg, making it highly reactive when 
mixed with alkaline activators in concrete [28]. Its particle size distribution, density, and 
color can also vary depending on the combustion process and post-combustion treatment. 

As shown in Table 1, the silica oxide recorded the highest value among other POFA 
components, it was ranging between 55.7% and 69.02%. The study investigated different 
content of SiO2 of POFA on the strength of GPC. The chemical composition of POFA differs 
from one study to another, and this difference depends on the sources, treatment 
conditions, and other factors. The differences in the chemical composition of POFA mainly 
affect the strength of concrete and GPC [39]. For instance, Khankhaje et al. [40] reported 
that POFA is rich in SiO2 content with slight amounts of magnesium and calcium. 
Therefore, the existence of large amounts of silica content affects the pozzolanic activity 
essential to produce further calcium-silicate-hydrate (C–S–H) gels, thus increasing the GPC 
strength. Liu et al. [35] stated that the sum of silica, alumina, and Iron is 73.1%, which 
means that the POFA produced has a high pozzolanic activity and can be used to enhance 
the GPC strength. Overall, the chemical composition of POFA is various and depends on 
numerous factors. The use of POFA especially with high silica and alumina oxide can 
enhance concrete properties. 

2.3 Physical Properties of POFA 

The physical properties of POFA have mainly contributed to enhancing GPC properties. 
The fine particle size of POFA as micro and nanoparticles has affected the strength and 
durability of GPC. The physical properties of POFA are influenced by several factors such 
as the burning temperature and source of palm oil waste [28, 41], for instance, the color of 
POFA is converted from grey into darker, if it includes a high quantity of unburned carbon; 
and converted into grey after exposing to further burning [42]. For instance, Khalid et al. 
[43], reported that the POFA exposed to the milling process can produce further fineness 
of POFA. Awal and Shehu [44] detected that the specific surface area of treated POFA was 
4930 cm2/g and the amount of POFA retained on the 45 mm sieve was 10.5%. Table 2 
shows the physical properties of POFA that have been examined by the previous studies.  

Table 2. Physical properties of POFA 

References Specific gravity 
Specific surface area 

m2/g 
Median particle size 

µm 
Lim et al. [45] 2.56 7.205 1.10 

Shehu and Awal 
[46] 

2.42 --- 2.89 

Hossain et al. [47] --- 1.230 13.37 

Kroehong et al. [48] 2.36 670 15.6 

Zeyad et al. [49] 2.59 7.67 2.06 
Sumesh et al. [50] 2.1 509 19.4 
Hamada et al. [51] 2.52 1962 1.0 

Yusuf et al. [52] 2.6 13.4 1.07 
 

As shown in Table 2, the specific gravity of POFA ranges from 2.1 to 2.6 and the particle 
size of POFA ranges from 1.0 to 19.4 µm. These physical properties are affected by several 
factors as mentioned above. These properties also affect the properties of GPC, especially 
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the fine particle size POFA has a higher influence than that of a larger one. For instance, 
Elbasir et al. [53] investigated the effect of different particle sizes of POFA on the strength 
of alkaline-activated mortars (AAM). They found that the high strength of AAM has been 
achieved due to the addition of POFA with greater fineness. This result can be attributed 
to the production of extra N–A–S–H and C–S–H in the AAM which used POFA with higher 
fineness. 

2.4 Environmental Impact of POFA Disposal and the Need for Sustainable 
Utilization 

The disposal of POFA into landfills and open areas leads to numerous environmental 
issues. Inappropriate disposal practices can lead to soil contamination, air pollution, and 
groundwater pollution [54]. POFA comprises trace elements and fine particles that can 
cause risks to environment issues and human health if not appropriately managed. 
Furthermore, the accumulation of POFA in landfills can contribute to the generation of 
leachate, a liquid that can contain harmful chemicals and pollutants [55]. Leachate has the 
potential to contaminate surface water and groundwater, posing risks to aquatic 
ecosystems and human populations. Given these environmental concerns, there is a 
growing need for sustainable utilization of POFA. By incorporating POFA into concrete 
production, it is possible to mitigate the environmental impact of its disposal while also 
providing a value-added application for the waste material. The green use of POFA in GPC 
production offers several environmental benefits. Firstly, it reduces the need for landfill 
space, helping to alleviate the pressure on waste disposal facilities. Secondly, it reduces the 
demand for natural resources, such as limestone and clay, which are used in the production 
of traditional cement. This contributes to the conservation of natural resources and helps 
to minimize the environmental impact of cement production [56]. Moreover, the use of 
POFA in concrete production can help reduce greenhouse gas emissions [42]. The 
production of Portland cement, the key component of conventional concrete, is a major 
source of CO2 emissions [57]. By partially replacing cement with POFA, which requires 
lower energy inputs for production, the overall carbon footprint of the concrete is reduced. 

3. Influence of POFA on the Strength of GPC 

3.1 Experimental Studies Evaluating the Effect of POFA on GPC Strength 

Numerous experimental studies have been conducted to investigate the influence of POFA 
on the strength properties of GPC [15, 58, 59]. These studies have demonstrated that the 
incorporation of POFA can lead to both enhancements and reductions in the strength of 
GPC, depending on various factors such as the replacement level of POFA, curing 
conditions, and activator composition. For instance, Isa et al. [60] conducted an 
experimental study on the influence of POFA and granulated blast furnace slag (GGBS) on 
the strength of GPC. They observed that the addition of GGBS and POFA in geopolymer 
mortar (GPM) enhances and increases the 28 days-compressive and flexural strengths up 
to 28.17 and 4.48 MPa, respectively. The compressive strength increased by 73.3% due to 
the addition of 40% GGBS as a POFA replacement. Huseien et al. [61] assessed the influence 
of POFA with fly ash and GGBS on the strength of GPM. They used POFA in different 
replacement levels to replace fly ash and slag. The bond strength performance of the 
mortars was assessed in terms of slant shear, flexural, and splitting tensile strengths. They 
observed that the addition of POFA and fly ash in the GPM led to a significant reduction in 
the CaO: Al2O3 and CaO: SiO2 ratios, consequently reducing the strength performance and 
geopolymerization process. The compressive strength of GPC increased by 17% due to the 
addition of 10% POFA and 20% fly ash with 70% GGBS. 

.  
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Table 3. Influence of POFA on the compressive, flexural, and splitting tensile strengths of 
GPC. 

References 
Aluminosilicate 

used 

POFA % 

by 

weight 

Compressive 

strength MPa 

Flexural 

strength 

MPa 

Splitting 

tensile 

strength 

MPa 

Liu et al. 

[15] 
Fly ash 

0 

10 

20 

40 

100 

28.1 

28.4 

30.1 

16.4 

10.0 

3.55 

3.70 

3.74 

3.11 

1.95 

2.12 

2.13 

2.41 

1.62 

1.27 

Huseien et 

al. [63] 
Slag 

30 

40 

50 

60 

70 

70 

70 

55 

45 

31 

10.2 

9.0 

7.5 

5.5 

3.5 

5.5 

4.7 

4.7 

3.1 

2.5 

Alnahhal 

et al. [64] 
Fly ash 

0 

10 

20 

30 

3.8 

5.5 

6.1 

5.9 

  

Fauzi [65] Fly ash 

0 

5 

10 

15 

20 

24 

23 

23 

21.5 

18.5 

  

Hawa et al. 

[66] 
Metakaolin 

0 

5 

10 

15 

75 

70 

68 

54 

  

Chub-

Uppakarn 

et al. [59] 

Metakaolin 

0 

10 

20 

40 

47 

18 

37 

18 

  

Karim et 

al. [67] 

fly ash and rice 

husk ash 

0 

20 

30 

35 

40 

23.1 

12.9 

20.5 

14.9 

5.9 

  

Liu et al. 

[68] 
Fly ash 

0 

10 

20 

40 

100 

28.1 

28.4 

30.1 

16.4 

10 

3.55 

3.70 

3.74 

3.11 

1.95 

2.12 

2.13 

2.41 

1.62 

1.27 
 

The variability in the effects of POFA on GPC strength can be attributed to several factors. 
The pozzolanic reactivity of POFA, which depends on its chemical composition and 
fineness, plays a crucial role in determining its impact on concrete strength [62]. 
Additionally, the curing conditions, activator type, and mix proportion can also influence 
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the strength development of GPC containing POFA [14, 60]. For instance, Chub-uppakarn 
et al. [59] examined the influence of metakaolin (MK) and POFA on the GPM. They partially 
replace MK with POFA to show the effect of POFA on the strength of GPM. They found that 
the replace 10% MK by POFA led to an increase in the 28 days-compressive strength by 
22.08 %. This increase in strength was attributed to the improvement in the 
geopolymerization process, thus increasing the compressive strength. Table 3 shows the 
influence of POFA on the compressive, flexural, and splitting tensile strength of GPCAs 
shown in Table 3, the use of POFA as a binder material in the production of GPC mostly 
decreases the strength of GPC. At the same time, some studies proved that the use of POFA 
as a binder material enhances the strength of GPC, and this enhancement depends on 
numerous factors like fineness, particle size, materials sources, and chemical composition. 
Numerous researchers used treated POFA to get better performance when used in the 
production of GPC. For instance, Mijarsh et al. [37] reported that the use of treated POFA 
in the GPC mix can increase the compressive strength of GPC at 1, 2, and 7 days up to 42.64, 
45.55, and 47.27 MPa. This increase is significantly affected by the treatment methods of 
POFA. Therefore, the treatment of POFA before incorporation into the GPC mixture is a 
significant issue to consider. Alnahhal et al. [64] reported that the addition of POFA into fly 
ash-based geopolymer foamed concrete (GPFC) can increase the compressive strength, as 
shown in Figure 4. 

 
Fig. 4. Improvement of compressive strength for GPFC due to the addition of POFA [64] 

3.2 Factors affecting the strength enhancement or reduction. 

As mentioned before, the strength of GPC containing POFA can be influenced by various 
factors, including the chemical composition of POFA, its fineness, the replacement level of 
cement with POFA, curing conditions, and activator composition. Determining these 
factors is essential for optimizing the mix design and achieving the desired strength 
properties. Table 4 shows the important factors effecting the strength enhancement or 
reduction. 

In general, the factors abovementioned in Table 4 interact in complex ways to influence 
the strength properties of GPC containing POFA. Optimizing these factors through careful 
mix design and curing practices is essential for maximizing the strength enhancement 
potential of POFA in GPC. As reported by Elbasir et al. [53], the physical properties of POFA 
like fineness and particle size also have a significant effect on the strength of GPC.  
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Table 4. Factors effecting the strength of GPC. 

No. Factors Effect on strength 

1 
Chemical 

Composition 
of POFA 

The chemical composition of POFA, particularly its silica 
oxide (SiO2) and alumina oxide (Al2O3) content, plays a 

crucial role in determining its pozzolanic reactivity. POFA 
with higher silica and alumina content is generally more 

reactive and can contribute to greater strength enhancement 
in GPC and GPM [14, 61]. 

2 
Fineness of 

POFA 

The fineness of POFA affects its reactivity and its ability to 
react with the activator solution. Finer particles have a larger 
surface area, allowing for more effective pozzolanic reactions 

and potentially leading to higher strength development in 
GPC [20, 67]. 

3 
Replacement 
Level of POFA 

The compressive strength of GPC significantly affected by the 
replacement levels of POFA. Further POFA percentage might 

leads to reduce the compressive strength up to the lowest 
value, and this reduction is might be due to incomplete 

pozzolanic reactions [59]. 

4 
Curing 

Conditions 

The curing conditions, including temperature, humidity, and 
duration, can influence the rate and extent of pozzolanic 

reactions between POFA and the activator solution. 
Optimum curing conditions are essential for achieving the 

desired strength properties in GPC [67, 69]. 

5 
Activator 

Composition 

The composition of the activator solution, including the type 
and concentration of alkali activators, can affect the 

pozzolanic reactivity of POFA. Different activator 
compositions may lead to varying degrees of strength 

enhancement or reduction in GPC [14, 69]. 

 Mix Design 

The overall mix design, including the proportions of POFA, 
aggregate, and other ingredients, can impact the strength 

properties of GPC. A well-balanced mix design is essential for 
achieving the desired strength and durability [59]. 

 

 
Fig. 5. Compressive strength of POFA based-GPC [53] 
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For example, the utilization of three distinct particle fineness levels results in varying 
compressive strengths, as depicted in Figure 5. M1, M2, and M3 represent the specifically 
treated POFA (t-POFA), fine POFA (f-POFA), and ultrafine POFA (u-POFA), respectively. 
These three types of POFA have particle sizes of 2.79 µm, 2.04 µm, and 1.1 µm, respectively. 

4. Challenges in Addition POFA in GPC 

Despite its potential benefits, the addition of POFA in GPC poses several challenges that 
need to be addressed for successful implementation. These challenges can be summarized 
in Table 5. 

Table 5. Challenges in the use of POFA as a source material in the production of GPC. 

No.  Challenges  Results  

1 
Variability in 

POFA 
properties 

POFA properties, such as chemical composition and physical 
properties including, silica oxide content, particle size, 

fineness, and pozzolanic reactivity, can vary depending on 
factors such as source, combustion process, and post-

treatment [70]. This flexibility can affect the consistency and 
performance of GPC, thus involving careful characterization 

and selection of POFA in the production of GPC. 

2 
Optimum 

replacement 
level 

Identify the optimum replacement level of POFA in the 
concrete mix is one of the challenges which effect the 

performance of GPC. However, the use of high replacement 
levels of POFA can reduce the environmental issues but 

reducing strength of GPC. Therefore, finding the best balance 
of POFA content and strength required is critical. 

3 
Compatibility 

with Activators 

POFA may show various reactivity with alkali activators 
compared to other SCMs normally used in GPC, like slag or fly 
ash. Confirming compatibility between activators and POFA is 

crucial for getting the desired strength and durability 
properties. 

4 
Curing 

requirements 

GPC containing POFA may have specific curing requirements, 
such as continued curing durations or elevated temperatures, 

to enhance optimum strength. Meeting these curing 
requirements can be challenging in practical construction 

applications and may require special curing facilities. 

5 
Long-term 

performance 

The long-term performance of GPC containing POFA, 
including durability and resistance to environmental factors 

is affected by numerous factors. Confirming the long-term 
durability of concrete structures incorporating POFA requires 

careful consideration of factors like maintenance 
requirements, exposure conditions, and material aging. 

 

Addressing these challenges requires collaboration between industry stakeholders, 
researchers, and regulatory bodies to determine guidelines, standards, and best practices 
for the sustainable applications of POFA in GPC. Generally, the use of POFA in the 
production of GPC in vast quantities depends on finding suitable solutions for the 
challenges above-mentioned.  

5. Future Directions to Use POFA in GPC 

There are some potential strategies that should be applied to maximize use of POFA in GPC 
mixtures, which can be summarized in Table 6. 
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Table 6. Potential strategies to enhance the use of POFA in GPC. 

No. Strategies Strategies that should be conduct   

1 
Optimization of POFA 

properties 

Implement further studies to optimize the 
properties of POFA, such as its fineness, chemical 

composition, and pozzolanic reactivity, can enhance 
its suitability for use in GPC.  

2 
Blending with other 

SCMs 
Blending POFA with other SCMs, such as fly ash or 

slag, can enhance the performance of GPC.  

3 
Use of chemical 

additives 

Incorporating chemical additives, such as silica fume 
or metakaolin, can enhance the reactivity of POFA 

and improve its performance in GPC.  

4 
Optimization of mix 

design 

Conducting detailed mix design studies to optimize 
the proportions of POFA, activators, and other 

ingredients in GPC can improve its performance.  

5 
Development of 

standardized 
guidelines 

Developing standardized guidelines and best 
practices for the use of POFA in GPC can facilitate its 

widespread adoption.  

6 
Innovative 

applications 

Discovering advanced techniques and applications 
for additional POFA in GPC, such as high-

performance concrete, precast elements, or 3D 
printing, can expand its potential use and value. 

7 
Collaboration and 

knowledge sharing 

Encouraging collaboration between researchers, 
industry stakeholders, and government agencies can 
promote knowledge sharing and technology transfer 

related to the use of POFA in GPC.  
 

Adoption of the strategies abovementioned in Table 6, can maximize the use of POFA in 
GPC, thus enhancing sustainability, reducing environmental impact, and increasing 
economic value in GPC. Also, the compressive, flexural, and splitting tensile strengths of 
GPC containing POFA can be improved when obtaining the optimal mix design with 
suitable additives and curing conditions. 

5. Conclusions and Recommendations 

This study shows the effect of POFA as agriculture waste and high silica content on the 
environment and the strength of GPC. The main results can be summarized in the following 
points:  

• The addition of an appropriate replacement level of POFA in GPC can increase 
compressive, flexural, and splitting tensile strengths. However, this increase is 
associated with the pozzolanic reactivity of POFA. While the addition of a high 
volume of POFA decreases the strength of GPC. 

• The optimum content and proportion of POFA varies depending on factors like 
POFA properties, curing conditions, and mix design. While low replacement levels 
10% to 20%, have been found to increase strength. The increase in POFA 
replacement from 0 to 20% led to an increase in the compressive strength of GPC 
from 28.1 to 30.1 MPa, while in another case the compressive strength decreased 
from 24 to 18.5 MPa for the same replacement level. 

• The properties of POFA, such as its chemical composition, fineness, and pozzolanic 
reactivity, significantly influence its impact on concrete strength. POFA with higher 
silica and alumina content and finer particle size tends to exhibit greater strength 
enhancement in GPC. 
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• Optimum curing conditions, including temperature, humidity, and duration, are 
crucial for achieving the desired strength properties in GPC containing POFA. 
Proper curing can promote the complete hydration of cementitious compounds and 
enhance the strength development of the concrete. 

• Despite the potential benefits of using POFA in GPC, various challenges need to be 
addressed, such as variability in POFA properties, compatibility with activators, and 
long-term performance.  

In conclusion, the utilization of POFA as agricultural waste in GPC offers a sustainable 
solution to waste management and contributes to the reduction of environmental impact 
in the construction industry. By optimizing mix design, addressing challenges, and 
promoting knowledge sharing, POFA can be effectively utilized to enhance the strength and 
sustainability of GPC. 
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 Sustainable pavement construction is an extensively researched subject within 
the field of pavement engineering. Due to its environmental and commercial 
advantages, the construction of pavements utilizing recycled asphalt pavement 
(RAP) is progressively gaining popularity worldwide. Owing to the aging 
process, binder extracted from RAP is inherently harder than virgin binder and 
requires rejuvenation for application in high RAP blends. This paper investigates 
the performance characteristics of Waste Cooking Oil (WCO) and Waste Engine 
Oil (WEO) as rejuvenators in RAP-incorporated asphalt mixtures to assess their 
suitability for pavement use. The optimal rejuvenator content is determined 
based on the performance of physical properties. The study indicates that 
asphalt mixes rejuvenated with Waste Cooking Oil (WCO) demonstrate higher 
Marshall Stability values compared to mixes rejuvenated with Waste Engine Oil 
(WEO) at both 30% and 60% Recycled Asphalt Pavement (RAP) levels. 
Additionally, mixes incorporating WCO exhibit increased flow values. 
Furthermore, WCO outperforms WEO in Tensile Strength Ratio (TSR) at 30% 
RAP, with a slight decrease at 60% RAP. Results from Marshall and Indirect 
Tensile Strength (ITS) tests suggest that both WEO and WCO are effective 
rejuvenators, playing a critical role in aligning the properties of RAP-inclusive 
asphalt mixes with those of virgin mixes. 
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1. Introduction 

The rapid expansion of global infrastructure, particularly within the transportation sector, 
has significantly increased the demand for construction materials, leading to the depletion 
of natural resources, especially in developing countries. As a result, the adoption of 
environmentally sustainable construction practices has become imperative. One such 
practice is the reuse of existing pavement layers, known as recycled or reclaimed asphalt 
pavement (RAP), which allows for the effective reutilization of both binders and 
aggregates. However, the extent to which RAP materials can be reused remains an 
important area of research that requires further investigation.  

It is essential to employ sustainable road construction practices and find alternatives to 
virgin materials [1]. People are becoming more aware of the need for sustainable 
pavements, and this puts pressure on the pavement construction industry to use recycled 
materials [2]. Recycled asphalt pavements (RAPs) are constructed using milled materials 
from existing pavement layers [3]. Using RAP is becoming more popular because of its 
environmental and economic feasibility [4]. People have been using RAP in asphalt mixes 

mailto:kavithamadhu@tkmce.ac.in
https://orcid.org/0000-0002-0253-1230?lang=en
http://dx.doi.org/10.17515/resm2024.218me0325rs


Madhu et al. / Research on Engineering Structures & Materials 11(2) (2025) 663-678 

 

664 

as it is considered to be a cheaper alternative compared to virgin binder and aggregates 
[5]. But, the strength and performance criteria of RAP mixtures need to be investigated. 

Scientific studies also show that RAP material, including aged asphalt and aggregates, 
improves the mechanical aspects, performance, and longevity of asphalt pavements. 
Depending on the construction mode and technical features, asphalt pavement recycling 
systems may be classified as central plant hot recycling (CPHR), hot in-place recycling 
(HIR), central plant cold recycling (CPCR), and cold in-place recycling (CIR) [6]. Hot in-
place recycling (HIR) uses reclaimed asphalt pavement (RAP), a non-renewable resource, 
in its entirety. When combined with RAP, HIR requires just 10%–20% virgin materials and 
an insignificant quantity of rejuvenator [7]. Cold recycling of asphalt pavement is a more 
cost-effective maintenance method than hot recycling since it minimizes carbon emissions, 
eases the pressure on the construction material supply, and lowers the cost of paving 
rehabilitation. As loading frequency increased under dry conditions, permanent strain 
decreased, and among the four temperatures, the highest permanent strain was measured 
at the lowest loading frequency [8]. In the cold recycling process, fresh materials are mixed 
with reclaimed asphalt pavement (RAP), which is produced by cold milling the asphalt 
layer, to create a cold recycled mixture (CRM), which is subsequently inserted into the 
rebuilt pavement layer [9]. 

The incorporation of RAP into conventional asphalt pavements emulates a bigger leap 
toward the realization of sustainable pavement construction. It upholds the 3R concept of 
sustainability: Reduce, Reuse, and Recycle. As a petroleum-derived organic material, 
asphalt ages during the building (short-term aging) and service (long-term aging) 
processes [3]. The main advantage with RAP binder is its higher stiffness compared to 
virgin binder. To make RAP binder applicable for construction purposes, rejuvenators are 
added which rejuvenate the physical and chemical properties. Through oxidation, the 
maltenes component in asphalt changes to the more viscous asphaltenes component 
during aging. Asphaltenes with a greater molecular weight prefer to form a colloidal 
suspension with maltenes with a lower molecular weight. The viscosity of asphalt 
materials is mostly due to asphaltenes. Aging causes a rise in asphaltenes, resulting in high 
stiffness and a low creep rate [4]. Rejuvenators may be used to restore some of the 
mechanical properties of RAP binder. They restore the natural asphaltene-maltene ratio in 
aged binder and replace volatiles, and disperse oils while improving adhesion. The 
optimum quantity of rejuvenator to be added depends on the type and condition of the 
aged bitumen [10]. 

In terms of physical properties such as penetration, softening point, ductility, striping, and 
viscosity, researchers identified major differences between virgin and rejuvenated RAP 
binders [11]. When used appropriately and optimally, rejuvenators can assist in reversing 
the indications of aging and regulating its short-term and long-term aging. Understanding 
the role of aged binder as well as the influence of rejuvenators is critical for selecting the 
most ecologically and economically beneficial solution [12]. Rejuvenators are divided into 
two types: rejuvenating and softening agents [10]. Based on chemical composition, 
rejuvenators can also be broadly classified as bio-based and petroleum-based rejuvenators 
[13]. Commercial rejuvenators and bio-based oils contain volatile compounds in their 
chemical composition and are highly vulnerable to aging even though they possess a 
number of advantages. The presence of volatile components in waste oils like waste 
cooking oil (WCO) and waste engine oil (WEO) is significantly lower than that of fresh bio-
oils since WCO and WEO survive high temperatures throughout the manufacturing process 
[14]. The addition of a suitable waste oil dosage can improve the conventional physical 
properties of RAP, and it will reduce the chances of other chemical reactions. Excessive 
waste oil addition will lead to an undesirable reduction in the viscosity of the asphalt [15]. 
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Waste engine oil (WEO) is extracted from vehicles during normal oil changes at vehicle 
repairs. It has a comparable molecular structure, physical, and chemical qualities as 
petroleum asphalt [16]. Also, WEO becomes a common modifier in the asphalt industry 
due to ease of availability and efficiency [17]. WCO is used in a variety of products, 
including biodiesel, yellow grease, animal feed, and soaps. The issue with WEO and WCO 
is that the majority of them are illegally thrown into rivers and landfills, producing 
pollution and environmental issues, while only minor amounts are legitimately collected 
and processed. Thus, the use of WEO and WCO also adds to the concept of sustainability. 

Understanding the role of Recycled Asphalt Pavement (RAP) binder, along with the 
influence of rejuvenators, is crucial for selecting the most ecologically and economically 
beneficial solution [12]. Numerous studies have evaluated the effects of rejuvenators on 
asphalt mixtures. Moisture can exacerbate existing pavement issues, underscoring the 
need to consider affordable and long-lasting asphalt mixtures [18]. It is important to 
comprehend the drainage and strength characteristics of the aggregate base course [19]. 
RAP concentration shows no discernible effect on Marshall stability, while the Tensile 
Strength Ratio (TSR) exhibited a trend that initially increased before eventually falling 
[15]. 

Capitão et al. [20] aimed to study cost-effective asphalt mixtures with high RAP content. 
El-Shorbagy et al. [10] examined the impact of rejuvenators on the mechanical qualities of 
the mix in direct comparison to a mix without a rejuvenator. It has been demonstrated that 
a low RAP concentration improves the moisture damage potential of the mixtures while 
enhancing the tensile strength ratio [21]. The gradation of blends with 80% and 60% RAP 
is closer to the limits of standard gradation because they contain virgin aggregate. Zhang 
et al. [22] investigated how the macroscopic mechanical characteristics of asphalt mixes 
are affected when European rock bitumen (ERB) and used cooking oil (WCO) are combined 
with asphalt. WCO can significantly enhance the anti-cracking effectiveness of asphalt-
related mixtures at relatively lower temperatures [10]. The ERB/WCO composite 
alteration could improve the Marshall stability performance of the asphalt mixture. 
Similarly, petroleum-based rejuvenators such as fuel oil, aromatic extracts, naphthenic oil, 
coke oven gas, and waste engine oil have been subjected to scientific studies to understand 
their effects on RAP [13]. 

The overall influence of rejuvenators on Marshall properties varies according to RAP 
content and rejuvenator type, showing greater values for blends incorporating Waste 
Engine Oil (WEO). It is expected that the use of WEO for higher percentages of RAP (>30%) 
can meet the growing need for road construction materials in a more sustainable way [23]. 
The Indirect Tensile Strength (ITS) of the combination increases and the rejuvenator 
proportion to be added varies with the RAP content [24]. The addition of WEO to hot mix 
asphalt (HMA) is shown to have good fatigue resistance, although it has some drawbacks 
like reduced elastic recovery and rutting resistance [25]. 

The literature reveals broad gaps in the current understanding of using waste cooking oil 
(WCO) and waste engine oil (WEO) as rejuvenators in recycled asphalt pavement (RAP) 
construction. These gaps include a lack of comprehensive comparative analysis between 
WCO and WEO properties, insufficient details on the methodology for determining optimal 
rejuvenator content, and a dearth of information on the long-term performance, 
environmental impact, and comparative effectiveness with other rejuvenators in RAP 
mixtures. The present study compares the properties of WCO and WEO and investigates 
its suitability to be used as rejuvenator in RAP construction. The objectives of the study 
include: (i) Evaluate the performance of waste engine oil (WEO) and waste cooking oil 
(WCO) as rejuvenators in recycled asphalt pavement (RAP); (ii) Identify the optimal 
content of WEO and WCO as rejuvenators in RAP to achieve properties similar to VG 30 
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bitumen; (iii) Assess the stability and flow values of RAP-incorporated asphalt mixtures 
with the optimum content of WEO and WCO, comparing them to the virgin mix and 
mixtures without a rejuvenator; (iv) to measure and compare the moisture sensitivity of 
RAP mixtures with WEO and WCO.  

2. Experimental Program Methodology: The Procedures and Protocols  

The schematic diagram representing the methodology of the study is shown in Fig. 1. The 
mechanical parameters of RAP incorporated asphalt mixtures with and without 
rejuvenators (WEO & WCO) are compared with that of conventional mix. 

 

Fig. 1. Study methodology 

India experiences an average hot climate. Given the fluctuations in climatic conditions, it is 
crucial to design pavements that can withstand varying temperatures. The investigation 
utilized VG 30 (Viscosity Grade) bitumen supplied by Hindustan Colas Ltd. (HINCOL). 
Recycled Asphalt Pavement (RAP) materials were milled from a 3.5-year-old National 
Highway pavement in Mangad, part of the Kollam bypass, processed, and shredded. 

Aged binder was extracted using a centrifugal extractor with trichloroethylene as a 
solvent, following ASTM D 2172 -11 [26], and recovered using Abson’s apparatus in 
accordance with ASTM D 1856 – 98A [27]. Given the rising demand for rejuvenators, the 
study explored the use of waste oils, including Waste Engine Oil (WEO) and Waste Cooking 
Oil (WCO). WEO, a dark oily liquid, was collected from a local repair garage and used 
without further treatment as a solvent. The WCO, specifically Palmolein oil, was obtained 
from various fritter shops (shown in Fig. 2).  
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(a)  

 

(b)  

Fig. 2. Rejuvenators used in the study (a) discarded waste cooking oil (WCO) and (b) 
waste engine oil (weo) collected from automobile workshop 

2.1. Experimental Methodology and Design 

A laboratory investigation was carried out to assess the basic physical characteristics of 

materials. The study analysed the physical properties of the virgin binder (VG30), the 

extracted aged Recycled Asphalt Pavement (RAP) binder, and the aged binder treated with 

varying percentages (1.5%, 2.5%, 3.5%, 4.5%) of Waste Engine Oil (WEO) and Waste 

Cooking Oil (WCO). This analysis helped to determine the optimal rejuvenator content as a 

percentage of the total bitumen weight. 

Five asphalt mixtures were prepared for testing, including a virgin mix, a 30% RAP mix, 
and a 60% RAP mix, both with and without the optimal rejuvenator content by weight of 
bitumen. The mix design involved determining the ideal binder content based on the 
volumetric properties of the virgin mix and Marshall stability data. The mechanical 
properties of these asphalt mixtures were evaluated using the Marshall test and indirect 
tensile strength (ITS) tests. Additionally, physical properties tests such as softening point, 
penetration, ductility, viscosity, and specific gravity were conducted. 

2.1.1 Penetration Test 

The penetration test measures the consistency of bitumen by evaluating its resistance to 
deformation. Penetration in bituminous materials is defined as the vertical distance, in 
tenths of millimeters, that a standard needle penetrates under specified conditions—
standard temperature (25°C), standard load (100g), and standard time. The examination 
is conducted in compliance with IS: 1203–1978 [28]. 

2.1.2 Softening Point Test 

The softening point is determined by the temperature at which two bitumen-coated rings 
soften enough to allow a 9.5mm diameter ball, weighing 3.5g, to drop. This test indicates 
the material's tendency to flow at elevated temperatures.  

2.1.3 Ductility Test 

In flexible pavement design, the binder must form a thin, ductile film around the aggregates 
to enhance overall performance and improve structural interlocking. The ductility test, 
conducted in accordance with IS: 1208–1978 [29], measures the adhesive properties of 
asphalt and its capacity to stretch under specific conditions. The ductility of bitumen is 
defined as the length, in centimeters, to which a standard briquette of bitumen can be 
stretched before the bitumen thread breaks. 
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2.1.4 Viscosity Test 

The coefficient of viscosity is determined by the relationship between the applied shear 
stress and the fluid's shear rate. Viscosity, a key property of bitumen, allows it to resist 
flow, reflecting both its elastic and viscous behaviors. It's important to note that bitumen's 
viscosity decreases as temperature increases. This test procedure involves measuring 
apparent viscosity using a rotating viscometer. The test was conducted with a Brookfield 
Rotational Viscometer in accordance with ASTM D 4402–06 [30].  

2.1.5 Marshall Stability Test 

To determine the mechanical properties, Marshall stability test and ITS test was deployed.  

When a compacted cylindrical specimen of a bituminous mixture is loaded diametrically at 
a deformation rate of 50 millimeters per minute, its resistance to plastic deformation is 
assessed. The Marshall mix design method comprises two primary components: (i) 
density-voids analysis and (ii) stability-flow tests. Marshall stability refers to the maximum 
load the specimen can withstand at the standard test temperature of 60°C. The flow value 
represents the specimen's deformation under loading until it reaches the maximum load, 
measured in units of 0.25 mm. The purpose of this test is to determine the optimal binder 
content based on the specific aggregate mix and the expected traffic load. 

2.1.6 Indirect Tensile Strength Test 

Six samples are used to evaluate the change in indirect tensile strength: three are tested 
dry, while the other three are subjected to water conditioning. For the Indirect Tensile 
Strength (ITS) test, the specimen is placed between two load strips and loaded radially at 
a rate of 50 mm per minute. The maximum load at fracture is recorded. This test helps 
assess the bitumen mix's ability to resist cracking and its overall durability under varying 
conditions. 

3. Results and Discussion 

Table 1 presents the results of the physical tests performed on the virgin binder, conducted 
in accordance with IS 73-13 [31] specifications. The test results indicate that the bitumen's 
physical properties comply with the standards set by the Bureau of Indian Standards (BIS). 

Table 1. Physical properties of bitumen 

Property Value Obtained Required Value Standards 

Ductility (cm) 100 Min 75 IS: 1208-1978 

Penetration at 250C 48 Min 45 IS: 1203-1978 

Softening point (°C) 49 Min 47 IS: 1205-1978 

Viscosity (cst) 420 Min 350 IS: 1205-1978 Part II 

Specific Gravity 1.01 0.97-1.02 IS: 1202-1978 

 

The results obtained on virgin aggregate physical property testing are shown in Table 2. 
The tests were carried out under the standards of IS: 2386 Part 1 [32], Part 3 [33], and Part 
4 [34]. The test findings show that aggregates' physical characteristics meet BIS 
requirements. After pre-processing and binder extraction and recovery, the Recycled 
Asphalt Pavement (RAP) material was tested in the laboratory. The test results, shown in 
Table 3, reveal that the properties of the RAP materials have deteriorated, particularly 
highlighting that the characteristics of the aged binder do not meet the standard limits. 
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Table 2. Physical properties of aggregate 

Property 
Value 

Obtained 
Required 

Value 
Standards 

Aggregate crushing value (%) 35 Less than 30 IS :2386 Part IV 
Aggregate impact strength (%) 19 Max 24 IS :2386 Part IV 

Combined flakiness and elongation index 28 Max 35 IS :2386 Part I 

Specific gravity test (%) 2.65 2.5-3 IS :2386 Part III 

Water absorption test (%) 0.87 Max 2% IS :2386 Part III 

Table 3. Physical properties of extracted RAP 

Property Value Obtained 

Binder Content (%) 4.8 
Impact Strength (%) 16.5 

Crushing Strength (%) 28 

Softening Point (0C) 72 

Penetration(0.1mm) at 250C 18.5 

Ductility (cm) 34 

Viscosity at 1350c (cSt) 840 

 

3.1. Optimum Rejuvenator Content 

In this paper, the optimal rejuvenator content is determined based on the physical 
property analysis of recovered Recycled Asphalt Pavement binder (RAPB) supplemented 
with 1.5%, 2.5%, 3.5%, and 4.5% of Waste Engine Oil (WEO) and Waste Cooking Oil (WCO). 
These analyses encompassed ductility tests, softening point tests, penetration tests, and 
Brookfield viscosity tests. Subsequently, the results obtained from all the RAP binder 
blends with the rejuvenator were compared to those of fresh binder. The findings are 
presented in Table 4. The two most crucial tests employed are the penetration and 
softening point tests. As bitumen is presumed to be stiff and capable of forming mixtures 
less susceptible to deflections and cracking from fatigue at elevated temperatures, bitumen 
with a higher softening point is preferred. 

Fig. 3(a) shows the effect of combining Waste Cooking Oil (WCO) and Waste Engine Oil 
(WEO) on the softening point of bitumen samples. The addition of WEO and WCO to the 
Recycled Asphalt Pavement (RAP) binder resulted in a decrease in the softening point 
temperature, which is below the minimum required threshold of 47°C. Specifically, the 
softening point of the RAP binder dropped to 50°C with 4.5% WEO and 49.5°C with 2.5% 
WCO, approaching the softening point of the VG30 grade binder. However, higher 
concentrations of WCO in the RAP blend led to a further decrease in the softening point, 
reaching levels deemed unacceptable.  
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Table 4. Physical properties of rejuvenated RAP binders 

 
Property 

RAPB+ 
1.5% 

RAPB+ 
2.5% 

RAPB+ 
3.5% 

RAPB+ 
4.5% 

WEO WCO WEO WCO WEO WCO WEO WCO 

Softening Point (oC) 62 55 58 49.5 54.5 44.5 50 44.2 

Penetration at 250C 38 42 46.5 48.4 52 52.65 55 56.6 

Ductility (cm) 48 53 72 88 87 92 100 100 

Brookfield Viscosity 
(cSt) at 1350C 

840 525 684 440 460 400 418 395 

 

Fig.  3(b) illustrates the penetration test results for bitumen treated with various ratios of 

WCO and WEO. The RAP binder had a penetration value of 18.5mm, which is below the 

standard value compared to the virgin VG30 binder. The penetration value increased with 

higher amounts of rejuvenator, reflecting a reduction in the asphaltene-to-maltene ratio. 

The optimal rejuvenator proportions were found to be approximately 4.5% for WEO and 

2.5% for WCO, achieving a target penetration value of 48 (0.1mm) at 25°C. Similar trends 

were observed in ductility tests, as shown in Fig. 3(c), where the ductility values of the aged 

binder matched those of VG30 at WEO and WCO contents of 4.5% and 2.5%, respectively. 

Fig. 3(d) presents the viscosity measurements of the RAP binder. The viscosity of 
rejuvenated aged binders containing WEO and WCO was significantly lower than that of 
VG30, measured at 840 cSt at 135°C. The reduction in viscosity indicates improved fluidity, 
allowing the RAP binder to coat aggregates effectively. Adding 4.5% WEO or 2.5% WCO as 
rejuvenators enabled the RAP binder to achieve physical properties comparable to the 
virgin VG30 binder, maintaining the desired level of workability for the rehabilitation 
procedure. 

 

(a) Softening point 

 

(b) Penetration (0.1mm) at 250 C 
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3.2. Marshall Stability and Flow Test 

To evaluate the volumetric properties of standard bituminous mixes, Marshall samples 

were prepared with bitumen contents of 5%, 5.5%, and 6%. These samples followed the 

bituminous concrete Grade II gradation specified in MoRTH – 5th revision [35]. As shown 

in Fig.s 4(a) through 4(f), the optimal bitumen content for the asphalt mix was determined 

to be 5.5%, which achieved the lowest VMA, highest specific gravity, maximum stability, 

and 4% air voids. The primary aim of this research was to examine the impact of adding a 

rejuvenator on the mechanical properties of the mix compared to a mix without a 

rejuvenator. 

 

(c) Ductility (cm) 

 

(d) Viscosity (cSt) 

Fig. 3. Physical property values of VG30 and RAP binder with varying values of WEO 
and WCO %  

 

(a) Stability Vs Bitumen Content 

 

(b) Flow Vs Bitumen Content 
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Marshall tests for stability and flow were conducted on seven mixtures: a virgin mix, 30% 

Recycled Asphalt Pavement (RAP), 30% RAP with 4.5% Waste Engine Oil (WEO), 30% RAP 

with 2.5% Waste Cooking Oil (WCO), 60% RAP, 60% RAP with 4.5% WEO, and 60% RAP 

with 2.5% WCO, all prepared according to the Asphalt Institute MS-2 specifications. The 

results of these Marshall tests are summarized in Table 5. Fig. 4 shows that the stability 

value and bulk specific gravity increase, peaking at a bitumen content of 5.5%, after which 

they decline. The flow values also increase with higher bitumen content, reaching up to 

3.87 mm at 6% bitumen content. Air voids decrease as bitumen content rises, since more 

bitumen fills the voids within the mixture. Given that maintaining air voids at 4% is a 

critical criterion for laboratory asphalt mixes, the optimal binder content is identified 

based on this requirement. 

For the Volumetric Mix Analysis (VMA), the binder content of 5.5% results in a low peak 
VMA value of 17.99%, which then increases. This occurs because bitumen, having a lower 
specific gravity than aggregates, displaces and separates them. The Voids in the Binder 
(VFB) is a measure used in mix design to ensure proper asphalt thickness. If VFB is too low 
or too high, the mix may become unstable. Based on these observations, the optimal 
bitumen content for the asphalt mix is determined to be 5.5%, which provides maximum 
stability, highest specific gravity, 4% air voids, and the lowest VMA. 

 

(c) Gmb Vs Bitumen Content 

 

(d) Air Voids Vs Bitumen Content 

 

(e) VMA Vs Bitumen Content 

 

(f) VFB Vs Bitumen Content 

Fig. 4. Volumetric properties of virgin mix  
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Table 5. Marshall test results of examined mixtures 

 
Examined Mixtures 

 
Virgin 

Mix 

 
30% 
RAP 

30% 
RAP + 
4.5% 
WEO 

30% 
RAP + 
2.5% 
WCO 

60% 
RAP 

60% 
RAP + 
4.5% 
WEO 

60% 
RAP + 
2.5% 
WCO 

Marshall Stability (kN) 16.26 26.78 17.08 18.31 31.22 22.59 23.85 

Flow Value (mm) 3.32 2.18 3.34 3.73 2.56 3.30 3.66 
 

The main objective of this research was to assess how the addition of a rejuvenator influences 

the mechanical characteristics of the mix compared to a mix without a rejuvenator. According 

to MoRTH specifications, the minimum stability value for bituminous concrete should be 9 

kN. Fig. 5(a) demonstrates that all tested mixtures meet this standard. The inclusion of 

Recycled Asphalt Pavement (RAP) positively affects stability values, with higher RAP 

content leading to significant improvements in stability, thereby enhancing rutting 

resistance and load-bearing capacity. This improvement in Marshall stability can be 

attributed to the stiffening effect of the RAP. 

However, adding Waste Engine Oil (WEO) and Waste Cooking Oil (WCO) to RAP mixtures 

reduces the stiffness and softening point temperature of the RAP binder, which in turn 

lowers the stability values. Despite this, the stability of rejuvenated asphalt mixtures 

approaches that of the virgin mix, indicating that the rejuvenator effectively restores 

stability. 

Fig. 5(b) shows that the flow values follow a similar trend to the stability results. An 
increase in RAP percentage leads to a decrease in flow characteristics, but this effect is 
countered by the addition of WEO and WCO rejuvenators, resulting in flow values 
comparable to those of the virgin mix. Notably, the use of WEO aligns more closely with 
the virgin mix results.  

 

(a) Stability 

 

(b) Flow Value 

Fig. 5. Results of Marshall test for examined asphalt mixtures 
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3.3. Indirect Tensile Strength Test 

The Indirect Tensile Strength (ITS) test, conducted following AASHTO T 283 standards, was 
used to evaluate the moisture susceptibility of various mixtures. The test results are shown 
in Table 6. Fig. 6(a) presents the ITS values for both unconditioned and conditioned 
samples. Using the ITS values from the seven mixes described earlier, the Tensile Strength 
Ratio (TSR) was calculated and is illustrated in Fig. 6(b). These results aid in assessing the 
moisture susceptibility of the mixes. 

Table 6. ITS test results of examined mixtures 

 
Examined Mixtures 

 
Virgin 

Mix 

 
30% 
RAP 

30% 
RAP + 
4.5% 
WEO 

30% 
RAP + 
2.5% 
WCO 

60% 
RAP 

60% 
RAP + 
4.5% 
WEO 

60% 
RAP + 
2.5% 
WCO 

Unconditioned Strength 
(MPa) 

0.643 0.715 0.654 0.642 0.748 0.674 0.541 

Conditioned Strength 
(MPa) 

0.532 0.612 0.543 0.537 0.650 0.558 0.650 

TSR (%) 82.73 85.59 83.03 83.64 86.9 82.79 83.23 
 

The test results show that increasing the concentration of Recycled Asphalt Pavement 
(RAP) in the mixtures improves the Indirect Tensile Strength (ITS). This enhancement is 
due to reduced strain and stress concentrations in bituminous mixtures with higher RAP 
content, attributed to the stiff binder of RAP and the additional binder in the mix. However, 
mixtures containing Waste Engine Oil (WEO) and Waste Cooking Oil (WCO) exhibit lower 
ITS values, as these additives negatively affect the indirect tensile strength. This is expected, 
as WEO significantly reduces the stiffness of the RAP binder, leading to decreased tensile 
strength. 

 

Fig. 6(a). ITS of dry and wet conditioned mixtures under examination 
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Fig. 6(b). TSR of mixtures under examination 

All mixes achieved a minimum Tensile Strength Ratio (TSR) of 80%, as required by 
AASHTO T283. The highest TSR was observed in the mix containing 60% RAP, followed by 
mixes with 30% RAP, 30% RAP with 2.5% WCO, 60% RAP with 2.5% WCO, 30% RAP with 
4.5% WEO, 60% RAP with 4.5% WEO, and the Virgin Mix. The TSRs of rejuvenated mixes 
and the virgin mix are nearly identical. This suggests that including RAP improves the 
tensile strength ratio, indicating better moisture susceptibility. This improvement may be 
linked to the strong binder coating on RAP aggregates, which reduces water penetration 
into the aggregate-bitumen interface and minimizes adverse effects on mechanical 
properties. Although the 60% RAP mix meets standard requirements, its lower TSR 
compared to the control mix is likely due to its increased surface roughness. 

3.4. Comparison of Performance of WEO and WCO 

The Marshall Stability values are higher for mixtures containing Waste Cooking Oil (WCO), 

with a peak of 18.31 kN, compared to 17.08 kN for Waste Engine Oil (WEO) in asphalt 

mixtures with 30% Recycled Asphalt Pavement (RAP). This trend continues with 60% RAP, 

where the stability value is 23.85 kN for WCO and 22.59 kN for WEO. In terms of Flow 

values, mixes with WCO exhibit higher values than those with WEO at the same RAP 

content. When compared to the virgin mix, the performance of WEO is more closely 

aligned. 

The Tensile Strength Ratio (TSR) is higher for mixtures with WCO compared to those with 
WEO for 30% RAP content, though TSR values decline slightly for 60% RAP content. Based 
on the results from the Marshall stability and Indirect Tensile Strength (ITS) tests, both 
WEO and WCO are effective rejuvenators, successfully aligning the properties of RAP-
containing asphalt mixtures with those of virgin mixtures. 

4. Conclusion 

This study evaluates the effectiveness of Waste Engine Oil (WEO) and Waste Cooking Oil 

(WCO) as rejuvenators for improving the quality of Recycled Asphalt Pavement (RAP). The 

findings indicate that under aged conditions, both WEO and WCO increase penetration 

values and decrease softening point temperatures as their concentrations rise, compared 

to VG30 bitumen. Adding 2.5% WCO or 4.5% WEO to RAP binder yields properties similar 

to VG30, with WCO demonstrating a more pronounced effect than WEO. 
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Asphalt mixtures with optimal rejuvenator content of WEO and WCO show stability and 

flow values comparable to those of virgin mixes, unlike RAP mixtures without rejuvenators. 

All tested mixtures meet the AASHTO T283 minimum Tensile Strength Ratio (TSR) of 80%, 

indicating excellent moisture resistance. For 60% RAP, the stability values were 23.85 kN 

for WCO and 22.59 kN for WEO, with WCO also showing higher Flow values than WEO. In 

comparison, WEO results were closer to those of the virgin mix. 

In practical terms, the study demonstrates that the identified rejuvenator contents 

effectively improve the mechanical performance of RAP mixtures, making the use of WEO 

and WCO a viable and environmentally friendly approach for enhancing asphalt pavement 

quality. This research supports the use of waste oils in asphalt recycling, contributing to 

more sustainable and resilient road construction practices. 

Some limitations of the study include the potential impairment of asphalt mixture 
properties due to excessive use of Waste Engine Oil (WEO) and Waste Cooking Oil (WCO), 
which could reduce durability and increase susceptibility to rutting and cracking. 
Additionally, maintaining the desired performance standards of the asphalt requires 
precise balancing of rejuvenator proportions. 

Based on the study’s findings, several recommendations are proposed. It is advisable to 
use dynamic shear rheometers and bending beam rheometers to assess the performance 
of the bitumen at both high and low temperatures, which will help determine the 
temperature sensitivity of the binder. Additionally, conducting chemical analyses, such as 
Fourier Transform Infrared Spectroscopy (FTIR), Atomic Force Microscopy (AFM), X-ray 
Diffraction (XRD), and Gas Chromatography-Mass Spectrometry (GC-MS), can provide 
detailed insights into the chemical properties of the bitumen. Furthermore, performing a 
life cycle cost analysis on aged asphalt modified with WCO and WEO should be considered 
before field application to evaluate its economic feasibility and long-term benefits.  

References 

[1] Ali B, Li P, Khan D, Hasan MR, Khan WA. Investigation into the effect of waste engine oil 
and vegetable oil recycling agents on the performance of laboratory-aged bitumen. 
Budownictwo i Architektura. 2024 Mar 29;23(1):033-54. 
https://doi.org/10.35784/bud-arch.5500  

[2] Al-Qadi IL, Elseifi M, Carpenter SH. Reclaimed asphalt pavement-a literature review. 
FHWA-ICT-07-001. 2007. 

[3] Behnood A. Application of rejuvenators to improve the rheological and mechanical 
properties of asphalt binders and mixtures: A review. Journal of cleaner production. 
2019 Sep 10;231171-82. https://doi.org/10.1016/j.jclepro.2019.05.209  

[4] Cao W, Wang A, Yu D, Liu S, Hou W. Establishment and implementation of an asphalt 
pavement recycling decision system based on the analytic hierarchy process. 
Resources, Conservation and Recycling. 2019 Oct 1;149:738-49. 
https://doi.org/10.1016/j.resconrec.2019.06.028  

[5] Capitão S, Picado-Santos L, Almeida A, Mendes F. Assessment of aged and unaged hot 
and warm asphalt concrete containing high reclaimed asphalt pavement rate 
rejuvenated with waste cooking oil. Construction and Building Materials. 2023 Oct 12; 
400:132801. https://doi.org/10.1016/j.conbuildmat.2023.132801  

[6] Çolak MA, Zorlu E, Çodur MY, Baş Fİ, Yalçın Ö, Kuşkapan E. Investigation of Physical and 
Chemical Properties of Bitumen Modified with Waste Vegetable Oil and Waste 
Agricultural Ash for Use in Flexible Pavements. Coatings. 2023 Oct 31;13(11):1866. 
https://doi.org/10.3390/coatings13111866  

https://doi.org/10.35784/bud-arch.5500
https://doi.org/10.1016/j.jclepro.2019.05.209
https://doi.org/10.1016/j.resconrec.2019.06.028
https://doi.org/10.1016/j.conbuildmat.2023.132801
https://doi.org/10.3390/coatings13111866


Madhu et al. / Research on Engineering Structures & Materials 11(2) (2025) 663-678 

 

677 

[7] Devulapalli L, Kothandaraman S, Sarang G. Effect of rejuvenating agents on stone matrix 
asphalt mixtures incorporating RAP. Construction and Building Materials. 2020 Sep 10; 
254:119298. https://doi.org/10.1016/j.conbuildmat.2020.119298  

[8] Dinh BH, Park DW, Le TH. Effect of rejuvenators on the crack healing performance of 
recycled asphalt pavement by induction heating. Construction and building materials. 
2018 Mar 10; 164:246-54. https://doi.org/10.1016/j.conbuildmat.2017.12.193  

[9] El-Shorbagy AM, El-Badawy SM, Gabr AR. Investigation of waste oils as rejuvenators of 
aged bitumen for sustainable pavement. Construction and Building Materials. 2019 Sep 
30;220: 228-37. https://doi.org/10.1016/j.conbuildmat.2019.05.180  

[10] Elkashef M, Williams RC. Improving fatigue and low temperature performance of 
100% RAP mixtures using a soybean-derived rejuvenator. Construction and Building 
Materials. 2017 Oct 1;151: 345-52. 
https://doi.org/10.1016/j.conbuildmat.2017.06.099  

[11] Elkashef M, Williams RC, Cochran E. Investigation of fatigue and thermal cracking 
behavior of rejuvenated reclaimed asphalt pavement binders and mixtures. 
International Journal of Fatigue. 2018 Mar 1; 108:90-5. 
https://doi.org/10.1016/j.ijfatigue.2017.11.013  

[12] Eltwati A, Mohamed A, Hainin MR, Jusli E, Enieb M. Rejuvenation of aged asphalt 
binders by waste engine oil and SBS blend: Physical, chemical, and rheological 
properties of binders and mechanical evaluations of mixtures. Construction and 
Building Materials. 2022 Sep 5;346: 128441. 
https://doi.org/10.1016/j.conbuildmat.2022.128441  

[13] Han D, Liu G, Xi Y, Zhao Y. Research on long-term strength formation and performance 
evolution with curing in cold recycled asphalt mixture. Case Studies in Construction 
Materials. 2023 Jul 1; 18:e01757. https://doi.org/10.1016/j.cscm.2022.e01757  

[14] Huang B, Shu X, Vukosavljevic D. Laboratory investigation of cracking resistance of 
hot-mix asphalt field mixtures containing screened reclaimed asphalt pavement. 
Journal of Materials in Civil Engineering. 2011 Nov 1;23(11):1535-43. 
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000223  

[15] Jameel MS, Khan AH, ur Rehman Z, Tarar MA. Evaluation of performance 
characteristics of asphalt mixtures modified with renewable oils and reclaimed asphalt 
pavement (RAP). Construction and Building Materials. 2023 Apr 24; 375:130925. 
https://doi.org/10.1016/j.conbuildmat.2023.130925  

[16] Jahanbakhsh H, Karimi MM, Naseri H, Nejad FM. Sustainable asphalt concrete 
containing high reclaimed asphalt pavements and recycling agents: Performance 
assessment, cost analysis, and environmental impact. Journal of Cleaner Production. 
2020 Jan 20; 244:118837. https://doi.org/10.1016/j.jclepro.2019.118837  

[17] Joni HH, Al-Rubaee RH, Al-zerkani MA. Rejuvenation of aged asphalt binder extracted 
from reclaimed asphalt pavement using waste vegetable and engine oils. Case Studies 
in Construction Materials. 2019 Dec 1;11:e00279. 
https://doi.org/10.1016/j.cscm.2019.e00279  

[18] Karati S, Karmakar S, Roy TK. Moisture effect analysis on bituminous mix containing 
reclaimed asphalt pavement material by durability index. Journal of Materials in Civil 
Engineering. 2022 Mar 1;34(3):04021482. https://doi.org/10.1061/(ASCE)MT.1943-
5533.0004120  

[19] Khodaii A, Moghadas Nejad F, Forough SA, Saleh Ahari A. Investigating the effects of 
loading frequency and temperature on moisture sensitivity of SBS-modified asphalt 
mixtures. Journal of materials in civil engineering. 2014 May 1;26(5):897-903. 
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000875  

[20] Kumar V, Aggarwal P. Characteristics of Waste Oil-rejuvenated RAP Bitumen: An 
Experimental Study. Jordan Journal of Civil Engineering. 2023 Jul 1;17(3). 
https://doi.org/10.14525/JJCE.v17i3.07  

https://doi.org/10.1016/j.conbuildmat.2020.119298
https://doi.org/10.1016/j.conbuildmat.2017.12.193
https://doi.org/10.1016/j.conbuildmat.2019.05.180
https://doi.org/10.1016/j.conbuildmat.2017.06.099
https://doi.org/10.1016/j.ijfatigue.2017.11.013
https://doi.org/10.1016/j.conbuildmat.2022.128441
https://doi.org/10.1016/j.cscm.2022.e01757
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000223
https://doi.org/10.1016/j.conbuildmat.2023.130925
https://doi.org/10.1016/j.jclepro.2019.118837
https://doi.org/10.1016/j.cscm.2019.e00279
https://doi.org/10.1061/(ASCE)MT.1943-5533.0004120
https://doi.org/10.1061/(ASCE)MT.1943-5533.0004120
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000875
https://doi.org/10.14525/JJCE.v17i3.07


Madhu et al. / Research on Engineering Structures & Materials 11(2) (2025) 663-678 

 

678 

[21] Li H, Zhang F, Feng Z, Li W, Zou X. Study on waste engine oil and waste cooking oil on 
performance improvement of aged asphalt and application in reclaimed asphalt 
mixture. Construction and Building Materials. 2021 Mar 22;276 :122138. 
https://doi.org/10.1016/j.conbuildmat.2020.122138  

[22] Liu S, Peng A, Wu J, Zhou SB. Waste engine oil influences on chemical and rheological 
properties of different asphalt binders. Construction and Building Materials. 2018 Dec 
10;191: 1210-20. https://doi.org/10.1016/j.conbuildmat.2018.10.126  

[23] Mamun AA, Al-Abdul Wahhab HI. Evaluation of Waste Engine Oil-Rejuvenated Asphalt 
Concrete Mixtures with High RAP Content. Advances in Materials Science and 
Engineering. 2018;2018(1):7386256. https://doi.org/10.1155/2018/7386256  

[24] Pan Y, Han D, Yang T, Tang D, Huang Y, Tang N, Zhao Y. Field observations and 
laboratory evaluations of asphalt pavement maintenance using hot in-place recycling. 
Construction and Building Materials. 2021 Feb 15;271:121864. 
https://doi.org/10.1016/j.conbuildmat.2020.121864  

[25] Podolsky JH, Sotoodeh-Nia Z, Huisman T, Williams RC, Cochran EW. Practical 
Approach to Mix Design with High Binder and Aggregate Replacement in Iowa using 
Fractionation. Transportation Research Record. 2019 Oct;2673(10):571-8. 
https://doi.org/10.1177/0361198119834303  

[26] Singh D, Chitragar SF, Ashish PK. Comparison of moisture and fracture damage 
resistance of hot and warm asphalt mixes containing reclaimed pavement materials. 
Construction and Building Materials. 2017 Dec 30;157:1145-53. 
https://doi.org/10.1016/j.conbuildmat.2017.09.176  

[27 Taherkhani H, Noorian F. Comparing the effects of waste engine and cooking oil on the 
properties of asphalt concrete containing reclaimed asphalt pavement (RAP). Road 
Materials and Pavement Design. 2020 Jul 3;21(5):1238-57. 
https://doi.org/10.1080/14680629.2018.1546220  

[28] Taziani EA, Toraldo E, Crispino M, Giustozzi F. Application of rejuvenators and virgin 
bitumen to restore physical and rheological properties of RAP binder. Australian 
Journal of Civil Engineering. 2017 Jul 3;15(2):73-9. 
https://doi.org/10.1080/14488353.2017.1383580  

[29] Wu S, Muhunthan B. Evaluation of the effects of waste engine oil on the rheological 
properties of asphalt binders. Journal of Materials in Civil Engineering. 2018 Mar 
1;30(3):06017020. https://doi.org/10.1061/(ASCE)MT.1943-5533.0002189 

[30] Yan K, Li Y, Long Z, You L, Wang M, Zhang M, Diab A. Mechanical behaviors of asphalt 
mixtures modified with European rock bitumen and waste cooking oil. Construction 
and Building Materials. 2022 Feb 14;319:125909. 
https://doi.org/10.1016/j.conbuildmat.2021.125909  

[31] Yaro NS, Sutanto MH, Baloo L, Habib NZ, Usman A, Yousafzai AK, Ahmad A, Birniwa 
AH, Jagaba AH, Noor A. A comprehensive overview of the utilization of recycled waste 
materials and technologies in asphalt pavements: Towards environmental and 
sustainable low-carbon roads. Processes. 2023 Jul 13;11(7):2095. 
https://doi.org/10.3390/pr11072095  

[32] Prabakaran B, Yasin MH. An Assessment of Performance of Compression Ignition 
Engine Fueled with Recycled Waste Engine Oil Waste Cooking Oil and Waste Plastic Oil 
as Fuel. SAE Technical Paper; 2024 Apr 9. 

[33] Zhang Z, Han S, Han X, Dong S, Yao T. Performance changes of hot recycled asphalt 
mixture in different layers under coupling of multiple aging factors. Construction and 
Building Materials. 2021 Feb 1;269:121343. 
https://doi.org/10.1016/j.conbuildmat.2020.121343  

[34] Zhu H, Xu G, Gong M, Yang J. Recycling long-term-aged asphalts using bio-
binder/plasticizer-based rejuvenator. Construction and building materials. 2017 Aug 
30;147:117-29. https://doi.org/10.1016/j.conbuildmat.2017.04.066 

https://doi.org/10.1016/j.conbuildmat.2020.122138
https://doi.org/10.1016/j.conbuildmat.2018.10.126
https://doi.org/10.1155/2018/7386256
https://doi.org/10.1016/j.conbuildmat.2020.121864
https://doi.org/10.1177/0361198119834303
https://doi.org/10.1016/j.conbuildmat.2017.09.176
https://doi.org/10.1080/14680629.2018.1546220
https://doi.org/10.1080/14488353.2017.1383580
https://doi.org/10.1016/j.conbuildmat.2021.125909
https://doi.org/10.3390/pr11072095
https://doi.org/10.1016/j.conbuildmat.2020.121343
https://doi.org/10.1016/j.conbuildmat.2017.04.066


*Corresponding author: jisajohnson@ptuniv.edu.in 
a orcid.org/0009-0006-3292-4541; b orcid.org/0000-0002-3709-5432; c orcid.org/0009-0002-5893-0561      
DOI: http://dx.doi.org/10.17515/resm2024.239me0413rs  

Res. Eng. Struct. Mat. Vol. 11 Iss. 2 (2025) 679-696  679 

 

Research Article 

Influence of hybrid basalt fibre with varied length on the 
mechanical properties of normal and high strength concrete  

Jisa Johnsona,*, Eswari S.b, Saravanan R.c 

Dept. of Civil Engineering, Puducherry Technological University, Puducherry, India 
 

Article Info  Abstract 

Article history: 
 
Received 13 Apr 2024 
Accepted 24 Aug 2024  

 Hybrid fibre-reinforced concrete combines different types of fibres or fibres of 
varying lengths to maximize their individual advantages, which can potentially 
lead to a synergistic enhancement in overall performance. The main aim of this 
study is to explore the feasibility of integrating a hybrid fibre system to enhance 
the efficiency and properties of basalt fibre-reinforced concrete. Specifically, the 
research focuses on evaluating the mechanical characteristics of basalt hybrid 
fibre-reinforced concrete across two concrete grades: normal strength M30 and 
high strength M60. Basalt fibres of 12 mm and 30 mm lengths are used to 
hybridize the concrete, with a total fibre volume fraction of 1.5%. By 
incorporating both short and long basalt fibres into the concrete matrix, this 
study aims to assess how these variations impact essential properties such as 
workability, compressive strength, flexural strength, and Modulus of Elasticity 
(MOE). The hybrid mix, comprising 25% of 12 mm fibres and 75% of 30 mm 
fibres at a volume content of 1.5%, demonstrates enhanced mechanical 
properties across all concrete grades. The addition of basalt fibres, particularly 
those with higher proportions of longer fibres, results in a decrease in 
workability. Notably, hybridizing fibres have no discernible effect on 
compressive strength or MOE in both concrete grades. From the results it was 
observed that the flexural strength of the optimal hybrid mixes is significantly 
higher, surpassing conventional concrete by 39% and 54.35% for M30 and M60 
grades of concrete, respectively. 
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1. Introduction 

Civil engineering encompasses construction, maintenance, planning, and rehabilitation 
activities aimed at improving the built environment for humanity. It entails redesigning 
and reshaping daily life via innovative infrastructure projects. Concrete, a versatile 
material, is widely used in the construction industry due to its ability to be cast into various 
shapes and its good workability. It plays a crucial role in numerous infrastructure projects, 
providing durability, strength, and longevity to structures ranging from foundations to 
skyscrapers and highways to airports.  

On the other side, concrete possesses several undesirable traits such as brittleness, limited 
impact resistance, and high weight. While traditional concrete exhibits strength primarily 
in compression, it lacks resilience in tension; as a result, there is a necessity to enhance the 
tensile capacity of concrete [1-3]. New types of concrete, including High Performance 
Concrete (HPC), High Strength Concrete (HSC), Ultra High-Performance Concrete (UHPC), 
Fibre Reinforced Concrete (FRC), and Fibre Reinforced High Strength Concrete (FRHSC), 
offer enhanced characteristics such as increased strength, long-term mechanical 
properties, toughness, durability, low permeability, high modulus of elasticity and 
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resilience. HSC integrates mineral admixtures like blast furnace slag, metakaolin, silica 
fume, fly ash and chemical admixtures such as superplasticizers. Integrating metakaolin as 
an additional cementitious material enhances both the mechanical properties and 
durability of concrete. Concrete mixtures incorporating metakaolin exhibit superior 
flexural and compressive strengths, along with increased resilience against adverse 
environmental factors such as sulphate and acid attacks. This substitution of some cement 
with metakaolin not only promotes sustainability but also reduces environmental impact. 
In applications demanding high-performance and high-strength concrete, the inclusion of 
metakaolin alters pore structure, chloride diffusivity, and other microstructural 
properties, thereby enhancing overall performance and longevity [4-8].  

However, HSC suffers from brittleness and crack development. To address these 
shortcomings, fibres can be incorporated into concrete, resulting in FRC with improved 
tensile strength, ductility, toughness, and durability properties [9]. FRC can be produced 
by integrating various types of fibres, including steel, cellulose, asbestos, polypropylene, 
glass, polyvinyl alcohol, basalt, carbon, and aramid fibres [10]. Basalt fibre is increasingly 
favored in construction for its exceptional qualities. Its high tensile strength makes it 
perfect for reinforcing concrete, while its resistance to corrosion, chemical and biological 
damage ensures durability in harsh conditions. With low thermal conductivity and 
excellent fire resistance, it minimizes heat loss and is suitable for fire-resistant structures. 
Its low water absorption prevents damage from freeze-thaw cycles, and its resilience to 
weathering and UV radiation suits outdoor use. Additionally, its high modulus of elasticity 
enhances concrete stiffness and reduces cracking [11]. As a sustainable material derived 
from volcanic rock, basalt fibre production demands minimal energy [12,13]. 

In concrete applications, the percentage of basalt fibres typically ranges from around 0.1% 
to 3% by volume of concrete. However, the exact percentage deemed "optimum" can vary 
based on factors such as the desired increase in flexural strength, compressive strength, 
durability, and tensile strength. Similarly, the length of basalt fibres can vary depending on 
the composite materials' intended properties. According to research, the utilization of 
basalt fibres as reinforcement in composite materials, particularly in concrete and polymer 
mortars, offers significant potential for enhancing mechanical properties such as tensile 
strength, flexural strength, durability and the long-term performance of concrete, leading 
to increased resistance to cracking [3,14], abrasion, and environmental degradation. 
However, the workability of the concrete is reduced when basalt fibre is added to the plain 
concrete, especially long length fibres [15-17]. Certain studies have noticed that the 
compressive strength of basalt fibre reinforced concrete shows enhancement with lower 
amounts of basalt fibres, whereas higher dosages do not lead to further improvement in 
compressive strength [18-21]. 

In Hybrid Fibre-Reinforced Concrete (HFRC), the combination of two or more distinct fibre 
kinds allows for the creation of a composite material. This composite leverages the unique 
mechanical and physical properties of each type of fibre, resulting in improved overall 
performance. Additionally, the interaction between these different fibres can lead to a 
synergistic response, further enhancing the mechanical and physical characteristics of the 
concrete. By carefully selecting and combining various fibre types, HFRC offers the 
opportunity to optimize performance and achieve superior results compared to single-
fibre reinforcement [22].  

The hybridization of concrete can be achieved by using fibres of different moduli or 
combining the same fibres of different lengths (short and long fibres).  Short fibres are 
typically utilized to improve attributes such as impact resistance and crack control. Their 
shorter length allows for more uniform dispersion within the concrete matrix, effectively 
bridging microcracks and mitigating crack propagation. On the other hand, longer fibres, 
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primarily contribute to enhancing tensile and flexural strength. Their greater length 
enables them to span larger distances within the concrete, providing reinforcement 
against applied forces and improving the overall structural integrity. Recent studies have 
demonstrated the superiority of hybrid basalt fibre-reinforced concrete over formulations 
using single basalt fibres alone. This hybrid approach has shown remarkable performance 
improvements in various aspects, including compressive strength, flexural strength, 
tensile strength, and fracture resistance. The integration of a hybrid fibre system allows 
for a more comprehensive reinforcement strategy, addressing multiple structural 
requirements simultaneously [23-25]. Overall, the adoption of hybrid basalt fibre-
reinforced concrete represents a promising advancement in construction materials, 
offering enhanced durability, resilience, and sustainability for a wide range of 
infrastructure projects. 

The present research work is significant as it tackles two major concerns in the field of 
construction materials. The first concern is to explore the potential of using a hybrid fibre 
system to enhance the performance of basalt FRC. Traditional concrete, although strong in 
compression, lacks tensile strength and is susceptible to cracking. The goal of this study is 
to use the synergistic benefits of different types of fibres to improve the overall mechanical 
properties by combining a hybrid system of basalt fibres of different lengths. This approach 
could result in the creation of more resilient concrete structures. 

The second concern is to examine the specific enhancements brought about by hybrid fibre 
reinforcement in concrete. Studies have demonstrated that incorporating basalt fibres 
leads to better performance compared to plain concrete. However, there is a need for 
further research to evaluate the specific impact of hybridizing short and long basalt fibres 
on the mechanical properties of both normal and high-strength concrete. This involves a 
detailed analysis of how the combination of fibres affects key performance metrics such as 
workability, compressive strength, flexural strength, and MOE. By investigating these 
parameters, the research seeks to identify the optimal fibre proportions and 
configurations that offer the best balance between improved mechanical properties and 
practical considerations like ease of mixing and application. Understanding these 
mechanical behaviors is crucial for determining whether hybrid fibre-reinforced concrete 
can offer superior performance over conventional concrete in structural applications. The 
findings from this study could provide valuable insights for the construction industry, 
paving the way for the adoption of hybrid fibre-reinforced concrete in a variety of 
applications and ultimately leading to stronger, more durable, and more cost-effective 
infrastructure. 

1.1 Research Significance 

In recent years, basalt fibres have gained increasing attention and application in the 
construction industry, leading to several advancements. Currently, two primary methods 
are employed for fibre mixing: (a) using fibres with different properties and (b) using 
fibres of the same type but in varying lengths. Numerous studies have investigated the 
effects of discrete basalt fibres on the fresh and mechanical properties of concrete.  While 
researchers have explored the combination of basalt fibre with various types of cement, 
cementitious materials, and hybrid fibres, the hybridization of the basalt fibre with 
different lengths and contents remains largely unexamined. Therefore, the primary goal of 
the current study is to assess the impact of single and hybrid basalt fibre lengths on the 
workability and mechanical properties of normal and high strength concrete. Short fibres 
are more efficient in controlling micro-cracks propagation, while long fibres bridge macro-
cracks [25]. The current study also attempted to develop meaningful and reliable models 
to predict the compressive strength and the flexural strength of concrete using Response 
Surface Methodology. The experimental investigation was carried out on M30 and M60 
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grade concrete utilising 12mm and 30 mm basalt fibres and a hybrid mix of the two lengths 
at 1.5% fibre content. 

2. Experimental Work and Procedure 

2.1 Materials 

Ordinary Portland Cement (OPC) 53 grade conforming to IS: 12269-2013, was utilized for 
both normal and high-strength concrete. Metakaolin was incorporated as the binder 
material along with cement for high-strength concrete. The chemical constitution of 
cement and metakaolin provided by the manufacturers is given in Table 1.  

Table 1.  Chemical composition of cement and metakaolin 

Chemical 
components 

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O 

Loss 
on 

igniti
on 

Insoluble 
Residue 

OPC 53 
grade 

cement 
(%) 

19.5
6 

4.10 6.08 - 
60.7

5 
1.5
0 

0.35 1.65 6.55 

Metakaoli
n (%) 

52 46 0.6 
0.6
5 

0.09 
0.0
3 

0.10 0.03 0.50 - 

 

High-quality locally available manufactured sand (M sand) conforming to Zone II 
standards is used as fine aggregate in both normal and high-strength concrete. For coarse 
aggregates, a maximum size of 20 mm is used in normal concrete, while a maximum size 
of 10 mm is utilized in high-strength concrete. Various laboratory tests were conducted on 
the fine and coarse aggregates to assess their different physical properties, all of which 
adhered to the specifications outlined in IS: 383 – 2016.  

This research aims to enhance the flexural performance of basalt fibre reinforced concrete 
by combining fibres with varying lengths i.e., hybridization obtained using short and long 
length fibres. For this hybridization, basalt fibres measuring 12 mm and 30 mm in length 
were employed. The properties of basalt fibre given by the manufacturer are presented in 
Table 2.  

Table 2. Properties of basalt fibres  

Fibre Length (mm) 
Density 
(kg/m³) 

Tensile 
Strength 

(MPa) 

Elastic 
Modulus 

(GPa) 

Elongation 
(%) 

Basalt 12 2750 3500-4500 95-115 2.4-3.0 

Basalt 30 2750 3500-4500 95-115 2.4-3.0 

2.2 Mix Proportions 

In this study, concrete grades M30 and M60, representing normal strength and high 
strength concrete, respectively, were formulated in accordance with the guidelines 
outlined in IS 10262:2019, and details are given in Table 3.  
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The total fibre volume fraction was 1.5%, and proportions of basalt fibres were determined 
based on the pilot study and literature review [26, 27]. The proportions of basalt fibre are 
given in Table 4.  

Superplasticizers utilized in M30 and M60 concrete mixes were "Classic Superflow – SP" 
and "Classic Superflow-PC," respectively. The former is a brown liquid based on 
Naphthalene formaldehyde condensates, while the latter is a yellowish-brown liquid based 
on Polycarboxylate condensates. 

Table 3. Design mix details 

Grade of 
concrete 

Cement 
(kg/m³) 

Metakaolin 
(kg/m³) 

Water 
(lit/m³) 

Coarse 
aggregate 
(kg/m³) 

Fine 
aggregate 
(kg/m³) 

M30 420 - 168 1210 665 

M60 444 49.3 138 1100 777 
 

Table 4. Proportion of basalt fibres 

Mix Designation 
Fibre volume 
fraction (%) 

Basalt fibre content (%) 

12mm 30mm 

HBFO 0 0 0 

HBF1 1.5 100 0 

HBF2 1.5 75 25 

HBF3 1.5 50 50 

HBF4 1.5 25 75 

HBF5 1.5 0 100 
 

2.3 Casting and Testing of Specimens  

The concrete mixes were prepared using a tilting drum mixer equipped with revolving star 
blades. To prevent absorption, the interior of the drum was initially rinsed with water. The 
preparation process involved mixing fine and coarse aggregates, cement, mineral 
admixtures, and basalt fibres in the tilting drum mixer. Dry mixing was carried out for one 
minute, followed by the addition of water mixed with superplasticizers. Subsequently, 
mixing was continued for four minutes to achieve a homogeneous mixture. Standard 
moulds were prepared, oiled, and positioned on a vibration table set at a low speed while 
the concrete was poured. Firm steel moulds were utilized for retaining the freshly mixed 
concrete, and a table vibrator was used to compact it. After a 24-hour curing period, the 
specimens were demolded, and each one was labelled with the date of casting and the mix 
used. The specimens were put in the curing tank, and all the tests were done after 28 days 
of curing. The tests conducted are explained in the following sections. 

2.3.1 Slump Cone Test 

In the slump test, the freshly mixed concrete was placed in four layers, with each layer 
being tamped 25 times using a standard rod. Subsequently, the surface of the concrete was 
levelled. After raising the cone vertically, the difference in height between the concrete 
sample and the mould was measured. This test assesses the consistency and flowability of 
the concrete, which are crucial properties for ensuring proper placement and 
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consolidation of the concrete within the formwork. The test was conducted in accordance 
with IS 1199:1959 specifications, and the test set up is shown in Fig.1(a). 

2.3.2 Compressive Strength Test 

The primary test frequently carried out on hardened concrete entails testing cubical 
specimens with dimensions of 150 mm × 150 mm × 150 mm in a Compression Testing 
Machine (CTM) with a capacity of 3000 kN. The test was conducted at a loading rate of 14 
N/mm² per minute in accordance with IS: 516-1959 specifications. Compressive strength 
is found by dividing the ultimate load by the area of loading zone, typically after 28 days of 
curing. The strength of concrete is influenced by the proportions of its constituent 
materials. The water-cement ratio plays a crucial role in determining concrete strength, 
with lower ratios typically resulting in higher compressive strength. Fig. 1b illustrates a 
compression test being performed on a cube specimen. 

2.3.3 Flexural Strength Test 

The bending strength of concrete is estimated through a flexural test, which assesses the 
load at which cracking occurs. This test measures its ability to endure bending failure. The 
flexural strength of conventional concrete was determined using a two-point loading 
method. A plain concrete beam specimen measuring 100 mm × 100 mm × 500 mm was 
utilized for the test in accordance with IS: 516-1959. The specimen was positioned on steel 
rollers resting on the bed of the testing machine, spaced at a distance of 400 mm center to 
center. Two 38 mm diameter rollers were positioned at one-third points of the supporting 
span, spaced at 133 mm intervals. The load was applied at a rate of 1.8 kN per minute, and 
the maximum load at which the specimen failed under flexure was recorded. The average 
flexural strength of three samples of each mix was mentioned as the Modulus of Rupture 
(MOR). The flexural strength test was conducted after 28 days of curing. Fig.1c depicts the 
arrangement for the flexural strength test. 

2.3.4 Modulus of Elasticity Test 

The MOE was determined by subjecting cylindrical specimens to uniaxial compression, as 
outlined in IS 516-1959. The test involved measuring deformations using a dial gauge fixed 
between gauge lengths of 200 mm, as depicted in Fig. 1d. Cylindrical specimens with a 
standard size of 300 mm in height and 150 mm in diameter were placed on a CTM of 3000 
kN capacity, ensuring uniform loading without eccentricity.  

    

(a) (b) (c) (d) 

Fig. 1. Test set-up a) slump cone test b) compressive strength test c) flexural strength 
test d) MOE test apparatus 
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The load was applied until the cylinder failed, and the target load and deflection were 
recorded. Deflection readings were converted to strain by calculating the change in length. 
Stress was calculated by dividing the applied load by the cylinder’s cross-sectional area. A 
series of readings were taken, and stress-strain graphs were plotted. The MOE was 
obtained from the slope of the stress-strain graph, providing a measure of the material's 
stiffness. 

3. Results and Discussion 

3.1 Workability 

The slump cone test with respect to IS 1199-1959 standards was conducted for all the 
basalt hybrid mixes and the values for M30 and M60 grades are reported in Table 5. The 
test was done for investigating the impact of basalt fibres on workability of the concrete.  

The observed slump values are lower than those of conventional concrete. It's widely 
acknowledged that the addition of any fiber type typically decreases slump values, a trend 
consistently documented across various studies. A portion of the cement paste was 
employed to cover the basalt fibres as they were included in the mixture, leaving less paste 
for workability [28, 29]. 

 It is easy to note that the inclusion of 30 mm length basalt fibre in cement concrete 
compromised the workability of the concrete compared to the 12 mm length basalt fibre. 
The concrete mix containing only 30 mm fibres exhibited the lowest slump values, 
measuring 40 mm for the M30 grade and 30 mm for the M60 grade. During the concrete 
mixing process, the higher volume fraction of fibres led to noticeable clustering of fibres, 
significantly reducing workability. This issue was particularly pronounced in mixes 
containing 30 mm fibres compared to those with 12 mm fibres due to their greater length. 
Incorporating 30 mm basalt fibres made it exceedingly difficult to achieve a uniform 
concrete mixture during mixing. The 30 mm basalt fibres have a greater surface area than 
12 mm basalt fibres, which results in the high water absorption of 30 mm basalt fibres and 
hence low workability. The slump decreased with increasing fibre length due to the greater 
specific surface area, rough surface, and high coefficient of friction [18, 30]. The 
workability can be increased by the use of appropriate dosage of super plasticizers. In this 
study, the dosage of super plasticizers has been found out from trial and errors.  

3.2 Compressive Strength (fc) 

The compressive strength values of different concrete mixes after 28 days of water curing 
were obtained by testing cubes of side 15 cm in the CTM and results were presented in 
Table 5. The results are presented in graphical form in Fig. 3. The accompanying graph 
depicts the fc values of concrete cubes with varying proportions of basalt fibres (12 mm 
and 30 mm). Introducing basalt fibres into the concrete mix had a negligible impact on its 
compressive strength. The most significant enhancement in compressive strength, 
amounting to 1.29% and 4.48% for M30 and M60, respectively was observed when the 
concrete mix comprised 75% basalt fibres 30 mm and 25% basalt fibres 12 mm. An 
insignificant decrease of 3.63% in compressive strength was observed for normal grade 
concrete with only 12 mm basalt fibres, and a 6.22% decrease was noted for normal grade 
concrete with only 30 mm fibres, compared to conventional concrete specimens. Similarly, 
for high-strength grade concrete, a 2.81% decrease in compressive strength was observed 
with only 12 mm basalt fibres and a 5.231% decrease with only 30 mm fibres, when 
compared to conventional concrete specimens. This trend aligns with previous studies [21, 
31], potentially due to the bunching effect of the fibres, compaction issues, and an increase 
in poor interface regions within the matrix [28, 32, 33]. Conversely, the compressive 
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strength of M30 and M60 concrete reinforced with a hybrid of 12 mm and 30 mm basalt 
fibres at a volume content of 1.5% was higher than that of conventional concrete 
specimens. The compressive strength of the hybrid fibre concrete HBF4 mix showed an 
insignificant increase of 1.29% for M30 and 4.48% for M60, compared to conventional 
concrete. Hybrid fibre concrete mixes HBF2, HBF3, and HBF4 demonstrated better 
compressive strength than single-length fibre-reinforced specimens for both M30 and M60 
grades. The variation in the average cube compressive strengths of normal and high-
strength hybrid basalt fibre-reinforced concrete was within ±5% when compared to 
conventional concrete. These results align with the findings from previous literature [28, 
33, 34]. 

The compressive strength of mixes containing 30 mm fibres is lower than that of mixes 
incorporating 12 mm basalt fibres for the same fibre volume. This discrepancy in strength 
can be ascribed to the greater length and higher volume content of long fibres in the 
concrete mixture, which may result in inadequate dispersion of fibres throughout the 
concrete matrix, which elevates the likelihood of pore concentration within the matrix and 
fosters the creation of a feeble interface between the fibres and the matrix, consequently 
leading to diminished compressive strengths when subjected to compressive forces [18]. 
The conventional concrete specimens experienced failure primarily through the crushing 
of the concrete under the applied load. In contrast, the cubes containing hybrid basalt fibre 
concrete failed differently, as fissures formed on their surfaces. This indicates the 
effectiveness of the adhesion between the basalt fibre and concrete. Fig. 2a illustrates the 
failure mode observed in hybrid basalt fibre concrete. Additionally, some of the M60 cube 
samples failed by splitting along one or more planes, which occurs when the tensile 
strength of the concrete is surpassed, resulting in cracks propagating perpendicular to the 
direction of loading. 

3.3 Flexural Strength 

The flexural strength of concrete refers to its ability to resist failure under bending forces. 
Four point bending tests were conducted on a beam specimen of 10cm x 10cm cross 
section and 50cm length. The failed specimens are shown in Fig. 2b. The results for the test 
are given in Table 5. The results are presented in graphical form in Fig. 4. 

The flexural strength or MOR values showed an increase in the range of 24.2% to 39.6% 
for M30 and 14.35% to 54.35% for M60 grade concrete mixes when compared to 
conventional concrete mixes. Addition of basalt fibres particularly boosted the flexural 
strength, unlike the compressive strength. 

According to Loh et al., [32] the flexural strength of normal strength concrete mixes with 
12 mm basalt fibres increased by approximately 39.6% at a fibre volume content of 1.5% 
compared to conventional concrete. Similarly, Shoaib et al., [15] reported a 56% increase 
in flexural strength for normal strength concrete using 43 mm long basalt fibres at the 
same volume content. For high-strength concrete, Ayub et al., [31] observed a 43.5% 
increase in flexural strength with 25 mm basalt fibres at a volume content of 2%. In the 
current study, the M30 concrete mix containing only 12 mm basalt fibres exhibited 24.2% 
higher MOR values than conventional concrete, while the M60 mix showed a 14.35% 
increase. Additionally, the M30 mix with only 30 mm basalt fibres demonstrated a 27% 
higher MOR, and the M60 mix showed a 38.55% increase compared to conventional 
concrete. The present study's findings align well with previous research, confirming that 
basalt fibres, especially when used in optimal lengths and volumes, can markedly improve 
the mechanical properties of concrete. Concrete mixes with longer fibres demonstrated 
better MOR values than those with shorter fibres, regardless of the concrete grade. These 
findings are consistent with the previous studies [31, 35]. 
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The MOR values for M30 concrete HBF2, HBF3, and HBF4 mixes were 34.6%, 35.2%, and 
39.6% higher than conventional concrete, respectively. For the M60 mixes, the values were 
20.8%, 41.45%, and 54.35% higher. The results from the flexural strength tests indicate 
that the hybridization of different basalt fibre length specimens demonstrates superior 
performance compared to conventional and single basalt fibre reinforced concrete mixes 
[34]. This enhancement may be attributed to the crack bridging properties inherent in the 
incorporated fibres. Short fibres are more effective in regulating micro-cracks 
proliferation, while long fibres bridge macro cracks. During the test, the conventional 
concrete mix experienced an abrupt brittle failure when a fracture formed, causing the 
beam to split into two separate pieces. In contrast, the fibre-reinforced specimen with 
single length and hybrid length basalt fibres exhibited ductile failure mechanisms. The 
crack was formed at the bottom, which then propagated towards the top of the specimen. 
Additionally, there was a delay observed in the propagation of cracks. The bridging 
function of the fibres successfully impeded the rapid propagation of fractures and longer 
fibres show a stronger anchorage and bridging effect [35].  

The hybrid fibre concrete mixes, with 25% and 75% basalt 12 mm and 30 mm fibres 
respectively exhibited superior values for modulus of rupture compared to conventional 
concrete mixes for both M30 and M60 grades. Despite the lower flexural strength values 
observed for the concrete mix containing only 30 mm fibres when compared to optimum 
hybrid mix, it was surprising that the beam specimen did not split into two separate parts. 
The data suggests that as the proportion of 30 mm fibres increases, there is a significant 
rise in flexural strength values, indicating that longer fibres are more effective in bridging 
macro cracks. However, the lower flexural strength of concrete mix with 30 mm fibres only 
may be due to the poor fibre dispersion in the mix. The same trend was noted for both 
normal and high strength concrete.  

3.4 Modulus of Elasticity  

There wasn't a considerable increase in the MOE values with the addition of basalt fibres. 
Studies indicate that even with higher fibre volumes, the enhancement of MOE for both 
normal and high-strength concrete grades remains minimal. This is in line with the 
observation/s of a few investigators [36, 37].  

   

(a) (b) (c) 

Fig. 2. Failed specimens after testing a) prisms b) cube c) cylinder 

The results are shown in graphical form in Fig. 5. The correlation between the MOE and 
compressive strength of concrete has been reported by many researchers. Given the 
absence of improvement in compressive strength values, it's reasonable to conclude that 
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the change in MOE values is very minimal. The failed cylindrical specimen is shown in Fig. 
2c. 

Table 5. Mechanical properties for M30 and M60 grade of concrete 

Specimen 
ID 

M30 M60 

Slump 
(mm) 

fc  
(MPa) 

MOR 
(MPa) 

MOE 
(GPa) 

Slump 
(mm) 

fc 
(MPa) 

MOR  
(MPa) 

MOE 
(GPa) 

HBFO 70 38.60 5.00 26.60 97 69.20 6.20 33.40 

HBF1 64 37.26 6.21 27.53 75 67.25 7.09 36.05 

HBF2 60 37.80 6.73 27.64 68 70.08 7.49 36.42 

HBF3 56 38.21 6.76 27.90 62 71.26 8.77 36.81 

HBF4 50 39.10 6.98 28.31 55 72.31 9.57 37.15 
HBF5 40 36.20 6.35 28.12 30 65.58 8.59 36.86 

 

 

Fig. 3. Compressive strength of hybrid mixes 

 

Fig. 4. Flexural strength/ MOR of hybrid mixes 
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Fig. 5.  MOE of hybrid mixes 

3.5 Microstructural Characteristics 

The Scanning Electron Microscopy (SEM) images of the optimum hybrid mixes are shown 
in Fig. 6. Both images depict the presence of voids within the concrete matrix, with M60 
exhibiting a denser matrix compared to the other. The strong adhesion between the basalt 
fibres and the concrete matrix is evident from the fibre-concrete interphase observed in 
the images. Additionally, the basalt fibres were visibly embedded within the concrete 
matrix in both images. The images clearly display the slip trace of basalt fibres that have 
been pulled out from the concrete matrix. This phenomenon indicates that the fibres have 
been pulled out without rupturing, which contributes to increased energy dissipation 
during the post-cracking process. As a result, this behavior enhances the tensile strength 
of basalt hybrid fibre-reinforced concrete. The presence of slip traces suggests strong 
adhesion between the basalt fibres and the concrete matrix, allowing for effective load 
transfer and improved mechanical properties, particularly in tension [9]. 

 

(a) 

 

(b) 

Fig. 6. SEM images of optimal hybrid mix HBF4 a) M30  b) M60 
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3.6 Statistical Analysis 

In this section, a detailed descriptive statistical analysis was carried out on the selected 
parameters from the gathered dataset. To further analyze the data, Response Surface 
Methodology (RSM) was employed to develop predictive models. RSM is a sophisticated 
statistical technique used to explore the relationships between several input variables 
(also known as factors) and one or more response variables (output factors) [38]. This 
method helps in understanding the interaction effects of these input variables on the 
output and in constructing an ideal mathematical model that can predict the desired 
outcomes with high accuracy. The core concept of RSM is that the input variables can be 
visualized as the vertices of a geometric shape, typically a cuboid in multi-dimensional 
space. By analyzing how the response variable changes as the input variables are varied, 
RSM creates contour plots—lines that connect points of equal response. These contour 
lines, when analyzed collectively, provide a clear understanding of how different 
combinations of input variables influence the output. The RSM model can be represented 
using the mathematical expression given in Eq.1[39]. 

𝑌 =  𝛽0 + ∑ 𝛽𝑖𝑋𝑖

𝑛

𝑖=1

+ ∑ 𝛽𝑖𝑖𝑋𝑖
2  

𝑛

𝑖=1

+ ∑ 𝛽𝑖𝑗

𝑛

𝑖<𝑗

𝑋𝑖𝑋𝑗 … + 𝑒(𝑋𝑖 , 𝑋𝑗 , … … . . , 𝑋𝑛) (1) 

where, Xi and Y denote independent factors and response, 𝛽0 is the intercept, 𝛽i , 𝛽ii and 𝛽ij 
are model coefficients that characterize the linear, squared and interaction effect of the 
model, respectively. A commercially available software with statistical design and analysis 
tool pack was used to develop the RSM models [45]. 

In this study, the selected input parameters include the water-to-binder ratio (w/b) and 
the amounts of basalt fibres of different lengths, specifically shorter length 12 mm and a 
longer length 30 mm, which are denoted as bfs and  bfl respectively. The response variables 
being analyzed are the compressive strength (cs) and flexural strength (fs) of the concrete. 
The corresponding regression equations for cs and fs derived using RSM are provided in 
Eq. 2 and Eq. 3, respectively. The coefficients of determination R2 values for these 
equations are 0.99 for cs and 0.95 for fs. This high R2 value indicates an excellent fit, 
meaning the model is highly accurate in predicting the compressive strength and flexural 
strength based on the input parameters. The residual plots for cs and fs are plotted in Fig. 
7 and Fig. 8 respectively. 

cs = 142.18 - 259.6 w/b + 2.1 bfs - 1.15 bfl - 1.84 bfs*bfs - 2.2 
w/b*bfs - 1.5 w/b*bfl 

(2) 

fs = 9.41 - 11.21 w/b + 4.43 bfs + 3.72 bfl - 3.27 bfs*bfs + 3.14 
w/b*bfs - 6.97 w/b*bfl        

(3) 

By applying RSM, the study aims to develop a predictive model that can accurately estimate 
these mechanical properties based on the variations in the selected input parameters, 
thereby providing valuable insights for optimizing the composition of basalt fibre-
reinforced concrete. 

The accuracy of the prediction model was validated by comparing its predicted values for 
both compressive strength and flexural strength with experimental data from previous 
studies and is shown in graphical form in Fig. 9 and Fig. 10 respectively. The comparison 
revealed that all estimated values fell within ±6% and ±3.4% for compressive strength and 
flexural strength, respectively compared to the experimental results, indicating a high level 
of agreement and validating the model's performance. 
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Fig. 7. Residual plot for cs 

 

Fig. 8. Residual plot for fs 
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Fig.9. Comparison between compressive strength results of earlier researchers 
[13,15,29] and the predicted values by RSM model 

 

Fig.10. Comparison between flexural strength results of earlier researchers 
[13,15,29,31,33] and the predicted values by RSM model 

4. Conclusions 

The inclusion of fibres and pozzolanic materials helps in maximizing the mechanical and 
chemical attributes of concrete. In the present study, the influence of hybrid basalt fibre 
lengths on the workability and mechanical properties of normal and high-strength 
reinforced concrete were examined. Basalt fibres, measuring 12 mm and 30 mm in length 
and constituting 1.5% of the concrete volume, were integrated into the mixture. Various 
parameters were investigated; including workability assessed using the slump cone test, 
as well as compressive strength, flexural strength and MOE. Furthermore, SEM analysis 
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was performed to examine the microstructural characteristics of basalt FRC. Based on the 
results obtained from lab experiments and discussions, the following conclusions are 
drawn, 

• The hybrid fibre volume fraction of 1.5% with 25-75 basalt fibre 12 mm-30 mm 
combination (HBF4) significantly improves the general performance.  

• Slump values decreased for hybrid mixes in comparison to conventional concrete, 
with a notable decrease observed in workability with the inclusion of 30 mm fibres. 
The slump decreased with increasing fibre length due to the greater specific surface 
area, rough surface, and high coefficient of friction. Specifically, in high strength 
concrete, there was a maximum reduction in slump value.  

• The inclusion of basalt fibres did not lead to a significant enhancement in 
compressive strength values. However, the compressive strength of different length 
hybrid fibre reinforced specimens is better than that of single length fibre 
reinforced specimens for the same basalt fibre content. 

• The maximum flexural strength in the HBF4 mix was found to be 39% and 54.35% 
higher than the control specimens for normal and high-strength concrete, 
respectively. This improvement could be attributed to the crack-bridging 
properties of the incorporated fibres. 

• All the hybrid mixes showed no notable improvement in the Modulus of Elasticity 
(MOE) of the concrete. 

Therefore, the positive results obtained from the enhanced properties of hybrid basalt 
fibre-reinforced concrete (FRC) utilizing 12 mm and 30 mm basalt fibres in both normal 
and high-strength concrete indicate its potential utility in structural applications. 

5. Scope for Future Work 

 For future research on basalt hybrid FRC, it is essential to evaluate its ductility 
performance. This involves assessing the material's ability to undergo significant plastic 
deformation before failure, which is crucial for structures subject to dynamic loads and 
seismic activity. Studies should focus on how different fibre combinations influence 
ductility using tensile and bending tests to measure strain capacity and energy absorption. 
Additionally, investigating the failure modes of basalt hybrid FRC will provide insights into 
its structural integrity and weaknesses. A thorough study of crack patterns under various 
loading conditions is necessary to understand its stress response, including examining the 
spacing, width, distribution, and progression of cracks over time. Evaluating the long-term 
durability of basalt hybrid FRC, including resistance to environmental factors such as 
freeze-thaw cycles, chemical exposure, and UV radiation, will help determine its suitability 
for various applications. Research should also explore optimizing fibre proportions and 
lengths to balance workability, mechanical properties, and cost-effectiveness, potentially 
experimenting with fibre types and lengths beyond those used in current study. 
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 Limestone is a sedimentary rock mainly composed of calcium carbonate mineral. 
Limestone is quarried abundantly in and around Piduguralla region, Andhra 
Pradesh, India. Good quality limestone is used to manufacture cement. Calcium 
oxide is used as white wash which is obtained by heating calcium carbonate. 
Limestone, as fine powder or as coarse grains is also used as base for paint. In 
this research, the calcium carbonate mineral in the form of limestone procured 
from Piduguralla region is used in concrete in two different forms i.e as powder 
form and as sand form. The cement was partially replaced with the calcium 
carbonate powder when the calcium carbonate is used as fine powder. The 
natural river sand was partially/fully replaced with calcium carbonate sand 
when the calcium carbonate is used as sand (coarser) form. Experiments on 
cube, cylinder and beam specimens are conducted using Universal Testing 
Machine to establish compression strength, split tensile strength and flexural 
strength of concrete having calcium carbonate. The test results support the usage 
of calcium carbonate in concrete to enhance the strength of concrete. Up to thirty 
percent cement can be replaced with calcium carbonate powder without 
adversely affecting the strength of concrete. Natural river sand can be 
partially/fully replaced with calcium carbonate sand which in turn increases the 
strength of concrete, but the optimum percentage of replacement is fifty percent 
of natural sand. 
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1. Introduction 

India is the most populous country in the world and hence the infrastructural development 
works are increasing year by year which in turn increases the demand for concrete. 
Cement is the essential component in concrete. To protect the environment from 
greenhouse gases released during the cement production, an alternative to cement is 
necessary. An estimation of about 52.3% of worldwide CO2 will be released from the 
cement industries of India by 2070 [11]. These consequences made the engineers to focus 
on changing the present way of preparing the concrete or mortar mix by replacing the 
cement with suitable other materials for getting economical and long-lasting concrete. If 
the cement is partially replaced with other suitable material without affecting the strength 
of concrete, then the consumption of cement can be reduced, which in turn prevent the 
environmental damage. The waste materials which are released from different industries 
as by-products are the probable alternatives for cement. These untreated waste materials 
such as fly ash, rice husk ash, silica fume, granite waste, blast furnace slag, marble powder 
etc., are released from industries and dumped into environment may cause hazardous 
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environment. Hence, they can be used for producing concrete. Also, a large amount of river 
sand is used as fine aggregate for preparing concrete and mortar leading to exploitation of 
river sand in an uncontrolled manner causing shortage of it. Due to this heavy demand in 
construction industries, natural river sand also requires immediate substitution. Hence 
researchers are showing interest on waste materials. Apart from the by-products of 
various industries, mined calcium carbonate can also be used as alternative material for 
cement and natural sand. The mined calcium carbonate boulders are crushed into granular 
or powder form which is used as a raw material for cement manufacturing and as base in 
paints. From many years the CCP is used as a building material, as a constituent of cement 
and as an aggregate for roads in construction industries. It is also used as a filler material 
in paints and plastics. The calcined calcium carbonate is used as whitewashing the walls. 
Calcium carbonate can cut down the acidic nature by maintaining the alkalinity and hence 
used to defuse the acidic content in soil and water. It has the capability of removing Sulfur 
dioxide and Nitrogen dioxide emissions from fossil fuels. 

Jingliang Xia et al concluded that at lower dosage of Calcium carbonate powder can 
decrease the drying shrinkage of white High Strength Concrete (HSC) and at higher dosage 
can increase the workability, whiteness and mechanical properties and decrease the 
impermeability and carbonation resistance of white HSC [1]. Dhanendra Kumar et al 
determined that in Strain Hardening Cementitious Composites depending upon the 
increase in weight ratio of slag (substitute to fly ash in normal SHCC) to cement the 
compressive strength decreased and depending upon the increase in volume ratio of 
calcium carbonate powder (substitute to silica sand in normal SHCC) to solids the 
compressive strength improved by minimizing the cement content [2]. Ali Heidari et al 
have replaced silica sand with calcium carbonate in Reactive Powder Concrete decreased 
cement usage and enhanced flexural, compressive and tensile strengths at certain ratios of 
sand to cement and trimmed down the water absorption of concrete [3]. Joaquin Abellan-
Garcia et al found that calcium carbonate increased rheological properties of Ultra High-
Performance Concrete and Ultra High-Performance Fibre Reinforced Concrete (FRC) by 
lessening the requirement of chemical admixtures like superplasticizer which led to the 
fall of drying shrinkage [4]. 

Xuejiao Zhu et al proved that Calcium Carbonate Precipitating Biomass Powder has the 
capability of suppressing the corrosion and closing the cracks automatically in structures 
which are in contact with water [5]. Y.S. Zhang et al disclosed that the Microbially induced 
CaCO3 precipitation can work as a medicine for concrete cracks, and it is environmental 
friendly with less maintenance [6]. Joaquin Abellan Garcia et al declares that by partial 
replacement of cement and microsilica with micro CaCO3 and waste glass respectively 
increased the compressive strength, rheological properties of concrete and declined the 
superplasticizer usage which optimized the cost of Ultra High-Performance Concrete 
(HPC) [7]. Y. El Hafiane et al finalized those mechanical properties of the hardened material 
increased by calcium carbonate which is used partially as an alternative for calcium 
aluminate cement on addition of a dispersant [8]. Mingli Cao et al investigated that Calcium 
Carbonate Whiskers in mortar has capability of increasing the compressive strength, 
prohibiting the cracks in further enlargement and increasing the mortar compactness 
leading to resistance against abrasion [9].  

P.Rashidi Rad et al said that the concrete can be long lasting with high mechanical strength, 
workable and sustainable when mixed with admixtures called calcium carbonate powder 
and micro silica gel which in turn increased the properties of fresh and hardened concrete 
[10]. Bhaskar Prakash et al conclude that waste marble powder as a sustainable 
replacement to cement hiked the workability and compressive strength by increasing 
hydration process [11]. Wenhao Song et al studied and stated that by replacing the fine 
aggregate with modified Waste Marble Powder (WMP) mixed with stearic acid the fresh 
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mortar fluidity increased along with resistance against corrosion and also condensed 
water absorption of mortar mix [12]. Ahmed Essam et al proved that by partial 
replacement of cement with waste Marble Powder (MP) gives a denser mixture resulting 
to decrease in workability, emission of carbon dioxide and calcium hydroxide content 
leading to higher mechanical strength to get Eco- High-performance concrete [13]. Bing 
Liu et al explored that alkali activated binders prepared with waste marble powder 
augmented the early compressive and flexural strength but reduction in overall strength 
[14]. Elyas Asadi Shamsabadi et al researched-on waste marble powder usage in concrete 
mix and identified that by using Machine Learning approach the compressive strength of 
mix can be measured accurately, and hydration of cement takes place at early age [15].  

Ismail Sedat Buyuksagis et al determined that there is a raise in bending and compressive 
strength, water absorption, porosity of mortar mix with higher density when the mortar is 
mixed with marble powder and this additive can also be used in adhesive mortar [16]. K.I. 
Syed Ahmed Kabeer et al found that for saving water and river sand in cement mortar a 
waste product released from cutting the marble stones was used which increased the 
mechanical properties, bond and adhesive strength of mortar in construction projects [17]. 
Manpreet Singh et al disclosed that by substituting the cement with Waste Marble Powder 
(WMP) the durability and strength of the concrete increased and made the mixture denser 
which in turn fight against permeability and sorptivity [18]. Kirti Vardhan et al declared 
that on 10% substitution of cement with marble powder increased the workability but on 
more replacement of material caused a delay in hydration of cement and made the 
microstructure porous [19]. Valeria Corinaldesi et al derived that by replacing the sand 
with Marble Powder (MP) the compressive strength increased at same workability and due 
to its filler ability, the strength achieved even at early ages [20]. Kursat Esat Alyamac et al 
investigated that the marble industry waste can be used as a filler material in Self 
Compacting Concrete and monograms were prepared by conducting tests on fresh and 
hard mixes for getting economic mix design [21].  

Muhammad Junaid Munir et al studied that Alkali Silica Reaction (ASR) is controlled by 
using waste Marble Powder (MP) as a substitute for cement in preparation of mortar mix 
led to the development of compressive strength and suppression of ASR expansion [22]. 
Kirti Vardhan et al finalized that the resistance against chloride ion penetration, sorptivity, 
water absorption, workability of concrete mix is declined and enhanced the compressive 
and split tensile strength of concrete mix by partial substitution of waste marble to fine 
aggregate making the mix denser [23]. L.G.Li et al said that the marble dust can be used as 
a substitute to cement paste which increased the durability, dimensional stability, mortar 
impermeability, carbonation resistance, water resistance and reduced shrinkage strain 
and shrinkage rate [24]. Omar M. Omar et al presented that there is an improvement in 
compressive strength, tensile strength and flexural strength of concrete when fine 
aggregate is partially substituted with Lime stone Waste and Marble Powder [25]. 
Abhishek Kumar et al have examined that Stone dust can be used as a partial substitution 
to fine aggregate and concrete is prepared by adding fixed percentage of steel fibres which 
enhanced the compressive strength and durability up to certain percentage of stone dust 
substitution [26]. Tao Fu et al proved that the use of stone powder in manufactured sand 
concrete first enhanced the slump, compressive and split tensile strength of concrete and 
the strengths reduced later [27]. Ashu Singh et al determined that the stone powder and 
ceramic waste materials which are used as sand improved the strength of concrete and 
reduced the cost of concrete by reducing the usage of aggregates [28]. Mohanad Yaseen 
Abdulwahid et al in his study replaced the coarse aggregate of pervious concrete with 
stone powder which enhanced the strength, and the rate of strength gain improved along 
with mechanical properties of concrete with the use of Sand Stone and Marlstone [29]. Er. 
Farooq Ahmad Parray et al explored that the workability of concrete reduced due to 
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substitution of river sand with fine sized clastic sediment Stone Powder (SP) but there is 
an improvement in compressive strength, split tensile strength and flexural strength of 
concrete [30]. Lalit Kumar Gupta et al proved that the waste Granite Powder can be used 
as an alternative to sand in mortar which improved the compressive strength, bond 
strength, adhesive strength and mortar shrinkage; hence this mortar can be used for 
plastering and masonry work [31]. Kishan Lal Jain et al researched on an area of usage of 
glass powder as replacement of cement and granite waste as fine aggregate which 
suppressed the water absorption, permeability and increased durability, resistance 
against acid attack and sulphate attack [32]. T. Balasubramaniam et al concluded that on 
partial substitution of fine aggregate with both bottom ash and granite powder, the 
negative effect of using only bottom ash on strength characteristics, porosity, interlocking 
of particles and fighting against entry of acid or saline water into concrete mix can be 
reduced [33]. Abhishek Jain et al determined that the compressive strength, chloride 
resistance, carbonation resistance, corrosion resistance was increased, and shrinkage 
deformation was decreased due to 50% replacement of sand with granite powder waste 
to form environmentally friendly blended self-compacted concrete compared to fly ash 
[34]. The calcium carbonate is used in various construction sectors. The available 
literature is also diversified. The literature available on study of the strength of concrete 
having calcium carbonate is meagre. Many researchers used silica sand, glass fibres, micro 
silica gel etc., in addition to calcium carbonate in the concrete. Effect of incorporating only 
calcium carbonate in normal concrete is not studied previously. In addition, present 
research by the authors considered the calcium carbonate in powder form as well as in 
sand form. The objective of the research is to study the strength aspects of concrete having 
calcium carbonate. The following aspects are considered to achieve the objective of the 
study. 

• Determination of compressive strength, split tensile strength and flexural strength 
of various concrete mixes having calcium carbonate powder at various percentages 
ranging from 0 to 50% (0, 10, 20, 30, 40 and 50 percentage of cement). 

• Determination of compressive strength, split tensile strength and flexural strength 
of various concrete mixes having calcium carbonate in coarser (sand) form at 
various percentages ranging from 0 to 100% (0, 25, 50, 75 and 100 percentage of 
natural sand). 

• Prediction of strength of concrete having calcium carbonate by developing 
mathematical models. 

2. Materials 

Ordinary Portland Cement of 53 grade confirming to IS 12269:2013. Natural river sand of 
Zone III as per IS 383:2016 and having specific gravity of 2.7. Stone aggregate of size 20mm 
and 10mm confirming to IS 383:2016. Calcium Carbonate Powder (Fig.1a) (limestone in 
powder form mainly consists of calcite) having specific gravity of 2.7 and Calcium 
Carbonate Sand (Fig.1b) (lime stone in coarser form mainly consists of calcite) of Zone III 
as per IS 383:2016 having specific gravity of 2.7. 
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(a) 

 
(b) 

Fig. 1. (a) Calcium carbonate powder and (b) calcium carbonate sand 

3. Experimental Program 

The concrete mixes with calcium carbonate powder are designated as CP and with calcium 
carbonate sand as CS. Mix without CP and CS i.e control mix are designated as CP0 and CS0 
respectively. The concrete mixes having 10%, 20%, 30%, 40% and 50% replacement of 
cement with calcium carbonate powder are given designation as CP10, CP20, CP30, CP40 
and CP50 respectively. Similarly for the mixes where natural river sand replaced at 25%, 
50%, 75% and 100% with calcium carbonate sand given signs as CS25, CS50, CS75 and 
CS100 respectively. The designation of different concrete mixes casted and corresponding 
mix proportions is shown in Table 1 and 2. The mix proportion is designed as per IS 
10262:2019 and corrected according to the requirements by studying trail mixes. 

Table 1. Mix proportion of calcium carbonate powder (CP) concrete mixes 

Designat
ion 

Cement CP Fine Aggregate 
Coarse 

Aggregate 
(20mm) 

Coarse 
Aggregate 
(10mm) 

Water 

CP0 1 0 1.53 1.83 1.22 0.42 

CP10 0.9 0.089 1.53 1.83 1.22 0.42 

CP20 0.8 0.177 1.53 1.83 1.22 0.42 

CP30 0.7 0.266 1.53 1.83 1.22 0.42 

CP40 0.6 0.354 1.53 1.83 1.22 0.42 

CP50 0.5 0.443 1.53 1.83 1.22 0.42 

Table 2. Mix proportion of calcium carbonate sand (CS) concrete mixes 

Designati
on 

Cement 
Fine 

Aggregate 
CS 

Coarse 
Aggregate 
(20mm) 

Coarse 
Aggregate 
(10mm) 

Water 

CS0 1 1.53 0 1.83 1.22 0.42 

CS25 1 1.148 0.383 1.83 1.22 0.42 

CS50 1 0.765 0.765 1.83 1.22 0.42 

CS75 1 0.383 1.148 1.83 1.22 0.42 

CS100 1 0 1.53 1.83 1.22 0.42 
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Concrete mixes were prepared as per the proportion and casted 100mm cube specimens, 
100mm x 200mm cylinder specimens and 100mm x 100mm x 500mm beam specimens. 
The specimens were water immersed and cured till the test day. Strength tests were 
performed by using a universal testing machine. Compressive test was performed at 7 days 
and 28 days of curing age. Split tension test and flexure test were performed at 28 days of 
curing age. 

4. Results and Discussion 

In this research, the calcium carbonate in powder form was used as partial replacement 
material to cement. Also, the calcium carbonate in sand form was used as partial 
replacement material to natural river sand. 

4.1 Calcium Carbonate in Powder Form 

The compressive strength, split tensile strength and flexural strength values of CP 
designated concrete are shown in Fig.2. Here fcp is the compressive strength of concrete 
having calcium carbonate in powder form. fco is the value of compressive strength of 
concrete in which no calcium carbonate is present i.e compressive strength of control mix. 
ftp is the split tensile strength of concrete having calcium carbonate in powder form. fto is 
the value of split tensile strength of concrete in which no calcium carbonate is present i.e 
split tensile strength of control mix. frp is the flexural strength of concrete having calcium 
carbonate in powder form. fro is the value of flexural strength of concrete in which no 
calcium carbonate is present i.e flexural strength of control mix. The ratios of (fcp, ftp, frp) 
strength of concrete having calcium carbonate powder and corresponding strength of 
concrete not having calcium carbonate powder (fco, fto, fro) are shown in Table 3.  

 

Fig. 2. Compressive, tensile and flexure strengths of concrete having calcium carbonate 
powder 
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0,00

5,00

10,00

15,00

20,00

25,00

30,00

35,00

40,00

45,00

fc
p

, f
tp

, f
rp

 (
N

/m
m

2
)



Harish et al. / Research on Engineering Structures & Materials 11(2) (2025) 697-712 

 

703 

Table 3. Ratios of strengths of concrete having CP and corresponding control mix 

CP (%) 
fcp/fco ftp/fto frp/fro 

7 Days 28 Days 28 Days 28 Days 

0 1.00 1.00 1.00 1.00 

10 1.05 1.20 1.11 1.09 

20 1.15 1.29 1.18 1.13 

30 0.97 1.09 1.02 0.91 

40 0.88 0.90 0.96 0.84 

50 0.75 0.80 0.87 0.73 

4.1.1 Compressive Strength 

After analyzing the test results, as percentage of calcium carbonate powder increases up 
to 20% the compressive strength of concrete increases. Beyond 20% and up to 50% 
replacement of cement with calcium carbonate, the compressive strength decreases. The 
maximum percentage increase in compressive strength at 28 days is 29% which is for CP20 
Mix. At 30% replacement level, the compressive strength at 28 days of CP30 mix is almost 
equal to the CP0 Mix i.e., the mix without calcium carbonate. Therefore, a thirty percent of 
cement can be replaced with calcium carbonate powder without affecting strength 
adversely. The same trend is observed for 7 days compressive strength. At 50% 
replacement level, the decrease in compressive strength at 28 days is 20% than that of 
control mix (CP0). 

4.1.2 Split Tensile Strength 

Up to 20% increase in calcium carbonate powder the split tensile strength of concrete 
increases. Beyond 20% and up to 50% replacement of cement with calcium carbonate, the 
split tensile strength decreases. The maximum percentage increase in split tensile strength 
at 28 days is 18% which is for CP20 Mix. At 30% replacement level, the split tensile 
strength at 28 days of CP30 mix is almost equal to the CP0 Mix i.e., the mix without calcium 
carbonate. Therefore, a thirty percent of cement can be replaced with calcium carbonate 
powder without affecting split tensile strength adversely. At 50% replacement level, the 
decrease in split tensile strength at 28 days is 13% than that of control mix (CP0). 

4.1.3 Flexural Strength 

As percentage of calcium carbonate powder increases up to 20% the flexural strength of 
concrete increases. Beyond 20% and up to 50% replacement of cement with calcium 
carbonate, the flexural strength decreases. The maximum percentage increase in flexural 
strength at 28 days is 13% which is for CP20 Mix. At 30% replacement level, the flexural 
strength at 28 days of CP30 mix is equal to or slightly less than the CP0 Mix i.e., the mix 
without calcium carbonate. Therefore, a thirty percent of cement can be replaced with 
calcium carbonate powder without affecting strength much adversely. At 50% 
replacement level, the decrease in compressive strength at 28 days is 27% than that of 
control mix (CP0). 

4.2 Calcium Carbonate in Sand Form 

The compressive strength, split tensile strength and flexural strength values of CS 
designated concrete are shown in Fig.3. Here fcs is the compressive strength of concrete 
having calcium carbonate in sand form. fco is the value of compressive strength of concrete 
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in which no calcium carbonate is present i.e compressive strength of control mix.  fts is the 
split tensile strength of concrete having calcium carbonate in sand form. fto is the value of 
split tensile strength of concrete in which no calcium carbonate is present i.e split tensile 
strength of control mix. frs is the flexural strength of concrete having calcium carbonate in 
sand form. fro is the value of flexural strength of concrete in which no calcium carbonate 
is present i.e flexural strength of control mix. The ratios of (fcs,fts,frs) strength of concrete 
having calcium carbonate sand and corresponding strength of concrete not having calcium 
carbonate sand (fco,fto,fro) are shown in Table 4.  

 

 

Fig. 3. Compressive, tensile and flexure strengths of concrete having calcium carbonate 
sand 

Table 4. Ratios of strengths of concrete having cs and corresponding control mix 

CS (%) 
fcs/fco fts/fto frs/fro 

7 Days 28 Days 28 Days 28 Days 

0 1.00 1.00 1.00 1.00 

25 1.23 1.25 1.23 1.04 

50 1.25 1.27 1.31 1.07 

75 1.15 1.21 1.27 1.04 

100 1.07 1.14 1.06 1.00 

4.2.1 Compressive Strength 

Addition of calcium carbonate in sand form enhances the compressive strength of all mixes 
compared to the control mix (CS0). The maximum percentage increase in compressive 
strength at 28 days is 27% which is for CS50 Mix. Even at 100% replacement level (i.e for 
CS100), the increase in compressive strength is 14%. Also at 7 days, the compressive 
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fcs(28 Days) 33,33 41,59 42,41 40,46 37,98

fts(28 Days) 2,87 3,52 3,75 3,65 3,04

frs(28 Days) 4,70 4,88 5,04 4,88 4,69
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strength of all mixes having calcium carbonate as sand is greater than that of control mix 
(CS0). With this analysis, natural sand can be partially or even fully can be replaced with 
calcium carbonate sand without any adverse effect on strength of concrete. 

4.2.2 Split Tensile Strength 

Addition of calcium carbonate in sand form enhances the split tensile strength of all mixes 
compared to the control mix (CS0). The maximum percentage increase in split tensile 
strength at 28 days is 31% which is for CS50 Mix. Therefore, the natural sand can be 
replaced at 50% level with the calcium carbonate sand with an advantageous gain in split 
tensile strength.  

4.2.3 Flexural Strength 

By addition of calcium carbonate in sand form, the flexural strength of all mixes is equal to 
or slightly greater than that of control mix (CS0). The maximum percentage increase in 
flexural strength at 28 days is 7% which is for CS50 Mix. From the above analysis it can be 
understood that the addition of calcium carbonate to the concrete as sand, does not affect 
the flexural strength of concrete adversely.  

4.3 Microstructure Using SEM Images 

SEM images of concrete having calcium carbonate as in powder form at various percentage 
levels are presented in Fig.4. For CP0, CP10, CP20 and CP30 distinct reaction products such 
as CSH gel, Ca(OH)2 flakes, Ettringite can be seen. For CP40 and CP50 the spread of 
precipitated calcium carbonate can be visualized along with porous reaction products. For 
CP20 mix, i.e 20% cement is replaced by calcium carbonate powder, the spread of dense 
CSH gel can be observed. This can support the experimental test result of maximum 
strength obtained with CP20 mix. 

SEM images of concrete having calcium carbonate as in sand form at various replacement 
levels (i.e CS25, CS50, CS75 and CS100) are presented in Fig.5. Sand particles are identified 
on the SEM image and encircled with red colour. The interfacial transition zone is marked 
with white colour. The alphabets on SEM images i.e CS stands for calcium carbonate sand 
particle and NS stands for natural sand particle. Natural sand particle can be identified by 
its glossy finish whereas calcium carbonate sand particle can be identified by its dull finish. 
Reaction products such as CSH gel can be observed along the periphery of the sand 
particles. The joint between sand particle and reaction products is called as interfacial 
transition zone (ITZ). 
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Fig. 4. SEM images of concrete having calcium carbonate as in powder form 

 

Fig. 5. SEM images of concrete having calcium carbonate as in Sand form 
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The ITZ region of CS particle can be seen as bright and in white colour which indicates the 
reaction products of CS particle. The CS particle is reactive and participates in the cement 
reaction with water producing CSH gel which strengthens the ITZ. This could be the reason 
for increase in strength of CS25, CS50, CS75 and CS100 mixtures compared with that of 
CS0 mixture. 

4.4 Prediction of Strength 

Plots are drawn (Fig.6 and Fig.7) with percentage of calcium carbonate on x-axis and 
strength ratios (fcp/fco, ftp/fto, frp/fro, fcs/fco, fts/fto, frs/fro) on y-axis. Second order 
polynomial equations are developed to predict the strength of concrete having calcium 
carbonate using the above-mentioned plots. 

  

  

Fig. 6. Plots between percentage of calcium carbonate powder and corresponding 
strength ratios 
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Fig. 7. Plots between percentage of calcium carbonate sand and corresponding strength 
ratios 

Strength values of concrete having calcium carbonate are calculated using the developed 
expressions and shown in Table 5 and 6. The percentage error in calculating the strength 
is also shown in Table 5 and 6. 

Table 5. Predicted strengths of concrete having calcium carbonate powder and 
percentage error 

CP 
(%) 

Predicted fcp (N/mm2) 
Predicted ftp 

(N/mm2) 
Predicted frp 

(N/mm2) 

7 Days Error % 28 Days Error % 28 Days Error % 28 Days Error % 

0 30.75 0.00 33.33 0.00 2.87 0.00 4.70 0.00 

10 32.90 0.47 38.43 -1.58 3.13 -0.07 4.96 -0.14 

20 33.21 -2.29 40.20 -2.78 3.21 -0.19 4.94 -0.40 

30 31.67 1.81 38.63 2.18 3.13 0.20 4.63 0.33 

40 28.29 1.23 33.73 3.83 2.87 0.11 4.04 0.09 

50 23.06 0.01 25.50 -1.30 2.44 -0.05 3.17 -0.27 
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Table 6. Predicted strengths of concrete having calcium carbonate sand and percentage 
error 

CS (%) 
Predicted fcs (N/mm2)  

Predicted fts 
(N/mm2)  

Predicted frs 
(N/mm2) 

7 Days Error % 28 Days Error % 28 Days Error % 28 Days Error % 

0 30.75 0.00 33.33 0.00 2.87 0.00 4.70 0.00 

25 36.32 -1.38 40.08 -1.51 3.53 0.01 4.91 0.03 

50 38.44 -0.12 43.50 1.09 3.79 0.04 4.94 -0.11 

75 37.09 1.67 43.58 3.12 3.66 0.01 4.79 -0.09 

100 32.29 -0.53 40.33 2.35 3.13 0.09 4.47 -0.23 

 

It can be observed that the percentage error is within ±4%, hence the developed 
expressions can be used to predict the strength of concrete having calcium carbonate after 
knowing the replacement percentage and the corresponding strength of concrete without 
having calcium carbonate. 

4.4.1 Comparison with Available Literature 

The 28th day compressive strengths predicted using the proposed expression are 
compared with the published experimental results by various researchers (Table 7). The 
percentage error varies in between 2.55 and 23.50. The variation in percentage error is 
attributed to the factors such as difference in grade of concrete, mix proportions and 
interaction of additional materials in the concrete other than those used by the authors. 

Table 7. Comparison of predicted 28th day compressive strength with the available 
literature  

Referred 
Literature 

Ali Heidari et al [3] P.Rashidi Rad et al [10] 

Percentag
e of 

Calcium 
Carbonate 

Powder 
(x) 

Experime
ntal 28 

Days 
Compressi

ve 
Strength 

Predicted 
Compressive 

Strength using y 
=-0.0005x2 + 
0.0203x + 1.0 

% Error 

Experime
ntal 28 

Days 
Compressi

ve 
Strength 

Predicted 
Compressive 

Strength using y 
= -0.0005x2 + 
0.0203x + 1.0 

% 
Error 

0.00 130.00 130.00 0.00 39 39.00 0.00 

10.00 135.00 149.89 11.03 -- -- -- 

12.50 -- -- -- 42 45.85 9.17 

20.00 140.00 156.78 11.99 -- -- -- 

25.00 -- -- -- 45 46.61 3.57 

30.00 139.00 150.67 8.40 -- -- -- 

31.25 -- -- -- 52 44.70 -14.04 

37.50 -- -- -- 43 41.27 -4.03 

40.00 135.00 131.56 -2.55 -- -- -- 

43.75 -- -- -- 40 36.31 -9.22 

50.00 120.00 99.45 -17.13 39 29.84 -23.50 
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5. Conclusions 

In this research, the calcium carbonate mineral in the form of lime stone is used as 
alternative material for cement and natural river sand. Following are the conclusions 
drawn from the study. 

• A twenty per cent of the total cement content in the conventional concrete mix can 
be replaced with calcium carbonate powder advantageously. The maximum 
increase in compressive strength is 29% than that of concrete mixture without 
having calcium carbonate powder. Further, a thirty per cent of total cement can be 
replaced with calcium carbonate powder without affecting strength adversely. 

• The maximum percentage increase in split tensile strength at 28 days is 18% which 
is at 20% replacement level. At 30% replacement level, the split tensile strength at 
28 days of CP30 mix is almost equal to that of CP0 Mix i.e., the mix without calcium 
carbonate.  

• The maximum percentage increase in flexural strength at 28 days is 13% which is 
at 20% replacement level. At 30% replacement level, the flexural strength at 28 
days of CP30 mix is equal to or slightly less than that of the CP0 Mix i.e., the mix 
without calcium carbonate.  

• Natural sand can be replaced partially or fully with calcium carbonate sand which 
enhances the compressive strength of concrete compared with that of the control 
mix concrete (CS0). The maximum percentage increase in compressive strength at 
28 days is 27% which is at 50% replacement level. 

• Addition of calcium carbonate in sand form enhances the split tensile strength of 
concrete compared to that of the control mix (CS0). The maximum percentage 
increase in split tensile strength at 28 days is 31% which is for CS50 Mix.  

• By addition of calcium carbonate in sand form, the flexural strength of all mixes is 
equal to or slightly greater than that of control mix (CS0). The maximum percentage 
increase in flexural strength at 28 days is 7% which is for CS50 Mix.  

• Expressions are developed to predict the strength of concrete having calcium 
carbonate. 

• In summary, a thirty percent cement can be replaced with calcium carbonate 
powder without adverse effect on strength as calcium carbonate can be used in 
concrete as powder form. Similarly, the natural river sand can be partially/fully 
replaced with calcium carbonate sand (coarser). By using calcium carbonate in 
concrete, the quantities of cement and sand can be conserved. 
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 The availability of various biomass wastes and the stringent rules against 
deforestation have led to the increased utilization of waste biomass in 
particleboard development. These biomass wastes become environmental 
pollutants when not properly managed. Hence, their utilization in developing 
particleboards helps attain a sustainable environment, one of the United 
Nations Sustainable Development Goals. This study reviews some of the 
production techniques of particleboards from biomass wastes such as rice 
husk, sawdust, corn cob, sugarcane bagasse, oat hulls, coconut fibers, Areca 
nuts, rye straw, tomato stalk, hazelnuts, and castor husk. The properties 
(physical, mechanical, chemical, and thermal) and microstructures of the 
developed particleboards using a scanning electron microscope were critically 
reviewed. The density values were used to classify the particleboards into low-
density, medium-density, and high-density particleboards. The particleboard's 
durability, storability, and dimensional stability are determined using the water 
absorption and thickness swelling values. The modulus of elasticity and modulus 
of rupture help to determine the quality and applicability of the particleboards 
following the appropriate standards. Lower thermal conductivity indicates better 
insulation properties. The challenges and prospects of particleboard production 
and utilization were stated. The utilization of waste biomass for particleboard 
production is sustainable to prevent environmental pollution and 
deforestation. 
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1. Introduction 

Wood is a type of biomass that contains constituents like cellulose, hemicellulose, and 
lignin content. The various percentages of these constituents determine how structurally 
stable the wood will be during its utilization as a renewable energy source. The utilization 
of wood in the world grows on a timely basis to attain developmental needs such as 
furniture, building construction, and household appliances [1]. The huge impact of 
deforestation on the abundance of wood particles (wood shavings, sawdust) on the 
environment cannot be overemphasized. The availability of different sawmills in Nigeria 
has led to an increase in the wood particles in various sawmills across the nation. The 
sawdust and wood shavings are most times burnt in the open air; hence, causing 
environmental pollution and also adding to the depletion of the ozone layer [2]. The wood 
wastes are sometimes used in cooking, poultry farms, and so on. 
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The all-round development of people can be linked to the correct utilization of available 
resources. For several decades, one of the important resources used by mankind was 
wood-based products. However, due to seeking better environmental conditions, coupled 
with the recycling of environmental wastes and global warming challenges, the utilization 
of non-wood resources has grown [3]. Non-wood resources including sunflower stalks, 
pepper stalks, rice straw, wheat straw, rice husks, sugarcane bagasse, cotton stalks, 
rapeseed, and many more, have found utilization in particleboard production [3 - 7]. For 
many years, forest products have been used in the production of particleboard. However, 
due to the reduction in the availability of these raw materials (forest products) with more 
demand for particleboard products, agricultural-based materials have been the new 
research focus in this regard because of their built-in insulation, low-cost production, and 
characteristic sound suppression [8, 9]. Some of the agro-waste (biomass) products that 
have been used are displayed in Fig. 1. 

   

   

  
Fig. 1. Agro-waste utilized for particleboard manufacture (a) Areca nut fiber, (b) 

Coconut fiber, (c) Rye straw, (d) Sugarcane bagasse, (e) Rice husk, (f) Sawdust, (g) 

Corncob, (h) Oat hulls 

Particleboard is the composition of wood elements with adhesive bonding and is produced 
under heat and pressure [10, 11]. In the production of particleboard, softwoods, and lower-
density hardwoods are commonly utilized. The utilization of lower-density wood helps in 
the production of lower-density particleboards with the maintenance of their strength and 
stiffness [8]. Several adhesives have been used in the production of particleboards. For 
instance, citric acid and tapioca starch were used as adhesives in the particleboard 
produced using oil palm fronds, oil palm trunks, and empty fruit bunch [12]. The adhesives 
were utilized at different mixing ratios and the results of the particleboards bonded with 
the citric acid and tapioca starch showed better properties when compared with 
particleboards bonded by urea-formaldehyde. It is noteworthy that urea-formaldehyde 
(UF) is the most commonly utilized adhesive in producing particleboards [6, 9, 11]. Some 
of the various biomasses with the different adhesives that have been utilized in the 
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production of particleboards are displayed in Table 1. A typical example of a particleboard 
is shown in Fig. 2. 

   Table 1. Particleboard produced from different biomass and adhesives 

S/N Biomass used 
Parts utilized for 

particleboard production 
Adhesive used Ref. 

1. Areca nuts Fiber Tapioca adhesive [13] 

2. Coconuts Pit and Fiber 
UF and green binders (BST00 

and BST20) 
[14] 

3. 
Hazelnuts with 

shell 
Shell Melamine-UF or polyurethane [15] 

4. Rye Straw 
Polymeric diphenylmethane 

diisocyanate (pMDI) 
[16] 

5. Sugarcane Bagasse UF [11] 

6. Tomatoes Stalk UF [9] 

7. 
Cashew nuts 

with shell 
Shell Isocyanate resin, UF resin [17] 

8. Rice, Wood Husk, Sawdust UF and gelatinous starch [6] 

9. Dates Palm branches Vermiculite [18] 
 

Lee et al. [19] presented the worldwide production quantity of particleboard to have 
reached 96.01 million m3 in the year 2020 with a disparity of about 4 million m3 from the 
preceding year 2019. Among the world-renowned leading producers of particleboards are 
China, Italy, Germany, Austria, France, and Poland, as displayed in Fig. 3. Of all the 
continents in the world, Asia was found to be the largest producer of particleboards while 
Europe, the Americas, Africa, and Oceania were not left behind. It is also important to state 
that with 54.43%, the European countries are the largest importers of particleboards.  

 

Fig. 2. Typical particleboard 

The other percentages are Asia (26.51%), America (15.89%), Africa (2.89%), and Oceania 
(0.34%) [19]. Concerning the exportation of particleboard, European countries such as 
Austria, Russia, Germany, France, Belarus, Belgium, and Romania, are among the highest 
exporters, while Thailand is recognized as the key exporter of particleboard in the year 
2020 [19]. The Food and Agriculture Organization (FAO) data for the exportation 
quantities of particleboards in the year 2022 for some selected countries is presented in 
Fig. 4.  
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Fig. 3. Particleboard production quantity (m3) per country in 2022 [20] 

 

Fig. 4. Particleboard exportation quantity (in m3) per country in 2022 [20] 

The wood-based panel industry has suffered a setback in terms of the supply of wood due 
to the new legislative rules on wood usage in some countries, growing environmental 
challenges, and its global demand for wood raw materials. Hence, to replace wood in the 
production of particleboard due to the challenges earlier mentioned, an alternative search 
of naturally abundant feedstocks from renewable agricultural residues and wood by-
products is a great measure of lowering the adverse environmental effects. The agricultural 
residues, considered biomass resources, have been greatly exploited and converted into 
different useful products such as energy utilization as densified biomass [21 – 25], biogas 
generation [26 – 28], particleboard production [6, 29], and many more. These utilizations 
have been reported to reduce environmental concerns and enhance environmental 
pollution control. In this current study, the utilization of agricultural residues for the 
production of particleboards was the focus and was not for other utilizations earlier 
mentioned. Hence, the application of agricultural residues in particleboard production 
should be made economically practicable and profitable. For the profitability of the particleboards 
made from agricultural residues, the manufactured boards are expected to meet or exceed the 
required technical standard of usage [19]. 

Within 5 – 6 years, it has been projected that there will be around a 6.1% increase in the 
global particleboard market. This is because of the increase in building activities around 
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the world as well as the target market growth worldwide. Interestingly, due to increased 
urbanization, many urban settlers have the desire to beautify the interior of their building 
which could cause a boost in the global particleboard market [19]. The cost of particleboard 
compared to other wood products including plywood is a driver of the global 
particleboard market. More so, its extraordinary capability to absorb sound has made it 
find applications in recording studios and music halls. The aesthetic features of 
particleboard can be enhanced through coating, painting, or the application of beautiful 
wallpaper; leading to more demand for particleboards in modern offices and other similar 
sectors. More innovative and acceptable particleboards from natural fibers are gradually 
being introduced to the global particleboard market.  

The utilization of biomass waste for the production of particleboard is to address and 
tackle environmental challenges and also to support responsible biomass waste resource 
management for sustainable ventures. The utilization of biomass wastes in the 
development of particleboard could result in several advantages. These include the cost-
effectiveness of the biomass residue serving as an alternative to traditional wood chips. 
Production costs of the particleboards are reduced due to the utilization of these 
alternatives. The usage of biomass waste for particleboard production could also promote 
a circular economy where resources are efficiently re-used for the production of other 
sustainable products. Hence, the transformation of waste materials into viable 
particleboards helps to achieve sustainable urban development. With sustainable urban 
actualization through the use of waste materials for particleboard development, 
deforestation is reduced, the natural ecosystem is preserved, affordable housing is 
achievable, and environmental harm is minimized [19, 30 – 35]. 

This study focused on the review of the production techniques, properties, and future 
trends of particleboard from different biomass wastes. The physical, mechanical, chemical, 
and thermal properties of the particleboards were discussed as well and the internal 
microstructural arrangement was highlighted. The future trends in particleboard 
developments for continuous utilization were also discussed. 

2. Method of Particleboard Production 

Different production methods of particleboards have been employed in different studies. 
The most commonly used method of producing particleboard is the compression molding. 
The schematic diagram in Fig. 5 displays the overview of the step-by-step method involved 
in producing particleboards from various biomass or agro-waste materials using the 
compression molding technique. 

In Fig. 5, the raw materials biomass residues such as sawdust, rice husk, and corncob) are 
locally sourced. They are sundried for some days to remove moisture inherent in them and 
sorted to remove unwanted foreign materials. They are screened to the required particle 
size of between 1 mm and 4 mm. The raw materials are later mixed at the desired mixing 
ratios or proportions while resins are added as adhesives. The mixtures are properly mixed 
either manually or mechanically to ensure a homogeneous distribution of the raw 
materials. Forming and pre-pressing are done by hand-filling the mixture in a created mold 
and manually pressing the mixture. The final compression can be either done using the 
hydraulic hot-pressing technique or the compression molding technique. The compressed 
mixture is allowed to stay for about 4 h before removing from the machine. The panel 
products are then ready for stacking and further usage [36 – 38]. 
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Fig. 5. Schematic presentation of particleboard production 

Another method of producing particleboard is the extrusion method. In this method, the 
raw material particles are blended with bonding agents and other additives. A uniform 
thickness of the blended mixture is used to form the mat. The mat is then forced through a 
heated die to form the board. The board is passed through a heating zone to complete the 
resin curing. After, the board is allowed to cool before cutting to the desired size [39, 40]. 
In the steam-injection molding method, saturated steam is injected into the mat of particles 
during pressing. This is done through small holes or channels in the press platens. Through 
conduction, the steam heats the particles and binder. Through heat and pressure, the 
binder is cured. After, the steam is vented from the press via a vacuum system. The desired 
density and thickness are achieved through the continued pressure application to the mat. 
The board is allowed to cool before removal from the press for finishing operations [41 – 
43]. 

Another technique of producing particleboard is the emulsion-based method.  This method 
is commonly used for the development of particleboards with improved moisture 
resistance and durability. A water-based polymer (polyvinyl acetate (PVA) or acrylic 
emulsion) is the typical emulsion-based binding agent that is normally utilized. A stable 
and durable bond is created when this emulsion-based binding agent is mixed with the 
biomass particles. Typically, in this method, biomass particles are mixed with polymer 
emulsion binding and other additives. The blended mixture is used to form a uniform-
thickness mat. Then, the mat is pressed to ensure the removal of excess water and achieve 
the desired density. The board is allowed to cure in a controlled environment (heated room 
or under ultraviolet light). The board is later cut to size and finishing treatments are 
applied on it [44, 45]. 

Studies have revealed the impact of resin contents on the mechanical properties of 
particleboards. The higher the resin contents in a particleboard, the better the mechanical 
properties. For instance, the effects of resin content on the mechanical properties of 
particleboard produced using Neolamarckia and Leucaena particles were evaluated by Abd 
Rahman et al. [46]. The resin used for the particleboard production was melamine urea 
formaldehyde at three different resin contents of 10, 12, and 14%. It was reported that 
mechanical properties such as internal bonding (IB), modulus of elasticity (MOE), and 
modulus of rupture (MOR) increased with an increase in resin content. The increase in 
MOE and MOR due to resin content increase could be linked to the increase in surface 
contact between the particle and the resin; thereby resulting in improved bonding 
properties. Ashori and Nourbakhsh [47] also reported an increase in mechanical 
properties of the particleboards produced using UF resin contents of 9, 10, and 11%. This 
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implies that the resin-wood polymerization produced better properties at 11% resin 
addition. Also, using phenol-formaldehyde in the production of particleboards from oil 
palm fronds, the MOR, MOE, and IB values increased with increased resin contents from 9 
to 11% [48]. Table 2 highlights some of the methods used by different studies. The methods 
of compression molding and hot-pressing machines were common in the study. However, 
various pressing pressure, temperature, and time were employed in the studies. 

    Table 2. Particleboard production method 

S/N Method of production                    Ref. 

1. 
Three-layer composition board was produced using a hot-press 

machine at 160oC temperature for 5 min and a pressure of 3 
N/mm2. 

[36] 

2. 

Urea formaldehyde was synthesized and added to a constant 
weight of the sawdust, and thoroughly mixed using an electric 
mixer. The mixture was molded using a compression molding 

machine at a pressure of 10 tonnes and a temperature of 150oC for 
15 minutes. 

[37] 

3. 

Binderless particleboards were produced at different pressing 
temperatures (180, 200, and 220oC), pressing times (15, 30, and 

45 min), and pressure between 4 and 6 MPa. The particles 
were 

hand-formed into a particle mat using a forming box. After, the 
particleboards were hot-pressed and water-cooled. 

[49] 

4. 

The pre-treated feedstock (wood chip) was mixed with adhesive 
and placed in a mat-forming box. Pre-pressing at 0.78 N/mm2 of 
the particleboards was done using a manual pressing machine. 

Then, a hydraulic press was used to press the box for 8 minutes at 
1.23 

× 106 N/mm2 to produce the board. 

][50] 

5. 

Leather shavings and waste papers were manually mixed at varied 
blend ratios using polyester resin as a binder and 2% methyl 

ethyl peroxide as a catalyst to produce a single-layer 
particleboard. A modified compression molding method was 

utilized by employing a hydraulic press of 50 kN load. Curing of 
the particleboard was 

done at room temperature for 4 h. 

[51] 

6. 

12% UF resin content was used to adhere the particles together 
and were manually formed into a mat in a frame. Hot-pressing 

process using open hydraulic laboratory press using pressure 
of 2.5 N/mm2, temperature of 180oC, and pressing time 20 s/mm. 

[34] 

7. 

Corncob-sawdust particleboard was made from homogeneously 
mixed particles with adhesives. It was placed in a mold and 

compressed using a hydraulic compressing machine for 10 min. It 
was then oven-dried for 1 h at 80oC and allowed to cool. The panel 
was then removed from the mold and re-placed in the oven for 

3 h at 130oC. The panel was allowed to cool before stacking. 

[38] 
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 3. Physical and Mechanical Properties of Particleboards 

3.1 Density of Particleboard 

The density of particleboards is determined to properly classify the boards into low-
density, medium-density, and high-density boards [6]. It is usually evaluated using the 
ratio of mass (kg) and volume (m3). It is a measure of how compact the particleboard is 
considering its particle. The particleboard’s density depends on the wood’s density, the 
adhesive used, and the applied pressure during compaction [52]. The density of the 
particleboards produced using plantain pseudostem, cocoa stem and pod, and Ceiba 
sawdust with either cassava or urea-formaldehyde (UF) were obtained to be classified as 
medium-density particleboards according to ANSI A208.1 standard [53]. Particleboards 
are classified as medium-density when the density is between 400 and 800 kg/m3. The 
range of density values of particleboards with cassava starch adhesive was between 497 
and 598 kg/m3 while that of UF adhesive was from 421 to 557 kg/m3 [52]. It can be 
deduced that there is more compaction of the particles of the raw materials of the board 
when cassava starch is used. The higher density when cassava starch was used could be due to the 
cassava adhesive properties which create strong bonds between the biomass particles leading to a 
denser structure. In addition, during the curing of the particleboard, cassava starch displays self-
expansion properties. During the curing, the adhesive expands to effectively fill the gaps between the 
wood particles. Hence, the particleboard density is enhanced with this self-expansion property. It was, 
however, revealed that the high bulk density of cocoa pod over other raw materials like 
cocoa stem, plantain pseudostem, and Ceiba sawdust gave its particleboard superior 
density over other particleboards produced. 

Table 3 presents the density of particleboards made from different materials and 
adhesives. The density values for the particleboards produced in the study of Iswanto et al. 
[36] ranged from 0.53 to 0.61 g/cm3 which was less than 0.75 g/cm3 target value. The 
density of the boards attained the JIS standard (0.40 – 0.90 g/cm3) [54]. 8% isocyanate resin 
was used as the binder. Srichan and Raongjant [55] produced particleboards from bamboo 
shoot sheaths. The adhesive used in the production was diphenylmethane diisocyanate 
(MDI) resins. The obtained density values at 0.6 mm and 0.5 mm particle sizes varied from 
554 to 836 kg/m3, and 475 to 889 kg/m3, respectively. In cement-bonded particleboard 
produced by Odeyemi et al. [56], all the boards produced met the minimum requirement as 
stipulated by ISO 8335, IS14276, and JIS A 5908 standards [54, 57, 58], which are 
respectively 1000, 1250, and 800 kg/m3. The value of density of the particleboards ranged 
from 1281.10 to 1766.40 kg/m3. The particleboards produced are classified as high-density 
particleboards. The presence of cement in the composition caused the density of the 
particleboards to be high, unlike those particleboards produced with cement as seen in 
some studies [6]. It is paramount to optimize the process involved to achieve an optimum 
density that would be useful in achieving the desired utilization. 

3.2 Water absorption and Thickness swelling 

A water absorption test is important to determine the hydrophilic or hydrophobic 
tendency of the particleboard. It is usually done after 2 and 24 h of water immersion. Water 
absorption has a direct link with thickness swelling. Thickness swelling occurs when the 
particleboard has absorbed water. The durability of the particleboard during storage can 
be assessed through a water absorption test. 

In a study by Hartono et al. [78], elephant dung and wood shavings in the ratios of 100/0, 
90/10, 80/20, 70/30, 60/40, and 50/50 (%w/w) were the materials used in the 
production of the particleboards after pre-treatment. The adhesive used was 7% 
isocyanate resin. The range of values for water absorption of the particleboard produced 
ranged from 58.32% (50/50 ratio) to 67.74% (100/0 ratio). These values indicate the 
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lowest and highest water absorption, respectively. Water absorption in the particleboard 
produced reduced when wood shavings increased in the mix proportion. The low density 
of the particles of elephant dung led to higher water absorption. Particleboard’s water 
absorption is affected by the size of the particles of the raw materials. Smaller particle sizes 
could lead to a larger surface area/contact area. However, the thickness swelling (TS) value 
significantly decreased with the increase of the wood shavings proportion. The value of 
TS ranged from 20.69% (100/0 ratio) to 36.5% (50/50 ratio). The reduction of TS 
value with increased wood shaving over elephant dung was linked to higher specific 
gravity possessed by the wood shaving than the elephant dung. 

According to Odeyemi et al. [56], the dimensional stability of particleboards is mostly 
revealed by water absorption (WA) and thickness swelling. With the IS 14276 standard 
[58], the maximum WA recommended value should be 13% and 25% at 2 h and 24 h of 
immersion, respectively. From the study of Odeyemi et al. [56], WA was increased due to 
an increase in sawdust and cement percentage, whereas WA reduced with an increased 
percentage of periwinkle shell. Just like the WA, TS increased with a percentage increase in 
cement and sawdust while a reduction of TS was observed when periwinkle shell increased. 
The recommended standard TS as stipulated by ANSI A 208.1 standard is 8% [53]. This 
value was fulfilled by all samples produced. 

In Ghana, Mitchual et al. [52] used four biomass residues (plantain pseudostem, cocoa stem 
and pod, and ceiba sawdust) for particleboard development using two different adhesives 
(UF and cassava starch). The particle size of the materials was within 0.5 to 1.5 mm. The 
WA properties were evaluated at 2 and 24 h of water immersion using ASTM D1037-06a 
standard. At 2 h immersion, the plantain pseudostem gave the least WA of 9.86% (with 
cassava starch adhesive) and 7.77% (with UF adhesives), while the highest WA was from 
cocoa pods with 22.41% (with cassava starch adhesive) and 14.98% (with UF adhesive). It 
was reported that the higher WA property of cocoa pod and ceiba particleboards could be 
associated with the high content of silica and decreased lignin present in the materials. 
When UF and cassava starch were used as adhesives in the production of particleboards, 
lower and better WA was achieved [52]. This could be linked to the hydrophilic nature of 
cassava starch which tends to absorb water [79]. 

Particleboards produced using cassava starch adhesive gave significantly higher but worse 
TS values than the particleboards produced using UF. For instance, at 2 h immersion, TS 
for Ceiba particleboard with cassava starch adhesive was 5.83% while that of UF adhesive 
was 3.91%. At 24 h immersion, TS for Ceiba particleboard with cassava starch adhesive 
was 17.27% while that of UF adhesive was 13.22%. The TS values were reduced from 2 to 
24 h immersion for all the biomass residues and adhesives used.  This worse phenomenon 
was attributed to the higher hydrogen polymer chains in the cassava resulting in higher 
water absorption with higher thickness swelling [80]. Ultimately, the commercialization of 
particleboard requires the appropriate WA standard. It was documented that WA of 35% 
at 24 h water immersion was recommended by ANSI A208.1 standard, while 8% and 15% 
of WA at 2 and 24 h immersion respectively is recommended by EN 312 (2005) standard 
[81]. Some of the previous results obtained for WA and TS of some particleboards produced 
are displayed in Table 4. 

It can be deduced that WA and TS at 2 h immersion when castor husk and pine wood were 
used in particleboard development ranged from 77.7 to 43.6% and 20 to 10%, respectively 
while 117.4 to 76.8% and 33.4 to 19.2% were obtained for WA and TS at 24 h immersion, 
respectively [59]. When bamboo and Pinus oocarpa were utilized in particleboard 
production at 2 and 24 h immersion, WA was respectively 82 – 65% and 92 – 74% while 
TS was respectively 18.2 – 14.2% and 22 – 16% [64]. From Table 4, it can be deduced that 
WA and TS are greatly influenced by the type and proportion of the raw materials, the 
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adhesive type, and the production processes used.  The time-dependent behaviour of the 
particleboards helps to provide insights into the behaviour of the particleboard under 
different moisture conditions. Higher WA indicates lower durability and resistance to 
moisture. Also, higher TS indicates lower dimensional stability and potential delamination 
[38, 82]. However, the stability of particleboards could be improved against water through 
the utilization of water-repellent substances [83, 84]. 

Table 4. Water absorption and thickness swelling of various particleboards used 

Materials for 
particleboards 

WA (%) TS (%) Ref. 

2h 24h 2h 24h  

Castor husk and 
Pinewood 

77.6 – 43.6 117.4 – 76.8 20 – 10 33.4 – 19.2 [59] 

Mauritia flexuosa and 
Eucalyptus spp. 

Wood 
47.3– 89.6 65.47 – 109.97 10.53 – 19.53 19.74 – 24.13 [60] 

Cotton wastes 
and Eucalyptus 

wood 
120.7 – 138.9 138.84 – 151.97 11.34 – 23.93 14.17 – 27.45 [61] 

Sugarcane bagasse 
and Eucalyptus wood 

16.1 – 45.7 30.5 – 73.6 7.9 – 15.8 13.5 – 16.2 [62] 

Coffee parchment 
and Eucalyptus wood 

120.54 – 84.72 138.08 – 109.44 11.78 – 6.38 12.95 – 9.83 [63] 

Bamboo and 
Pinus oocarpa 

82.0 – 65.0 92.0 – 74.0 18.2 – 14.2 22.0 – 16.0 [64] 

Jupati and Eucalyptus 
wood 

NA 53.79 – 95.77 NA 16.89 – 24.92 [65] 

Sugarcane bagasse 
and Eucalyptus wood 

5.8 20.0 5.6 20.1 [66] 

Oat Hulls and 
Eucalyptus grandis 

5.2 – 6.8 NA 4.2 – 5.5 NA [67] 

Hevea brasiliensis 
and Pinus oocarpa 

125.52 – 73.24 139.58 – 99.74 22.82- 10.14 28.48 – 12.75 [68] 

European Black 
Pinewood and 

Licorice root 
48.25 – 39.07 59.26 – 54.90 17.12 – 13.25 20.19 – 17.65 [69] 

Soybean pods and 
Eucalyptus wood 

116.08 – 151.48 121.5 – 164.03 10.38 – 42.78 15.04 – 53.18 [70] 

Sugarcane bagasse in 
fiber lengths (5 mm 

and 8 mm) 
NA 53.2 – 10.4 NA 42.0 – 14.7 [71] 

Angelim, Cambara, 
Canelao, Cedar and 

Itauba 
19.89 – 40.49 27.86 – 42.64 3.57 – 10.11 7.48 – 11.59 [72] 

Peanut Hull and Pinus 
oocarpa 

65.05 – 76.71 71.97 – 88.24 15.63 – 26.98 22.46 – 31.12 [73] 
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Pterocarpus 
violaceus wood 

and Pinus oocarpa 
wood 

73.4 – 70.1 85.0 – 81.2 17.5 – 19.9 24.4 – 21.4 [74] 

Miriti petioles and 
Pinus oocarpa wood 

92.01 – 162.63 104.03 – 201.2 15.45 – 38.26 21.3 – 43.89 [75] 

Maize cob and 
Pinus oocarpa 

54 – 40 70 – 90 25.8 – 18.6 37.5 – 30.0 [76] 

Pinus oocarpa wood, 
Castor hull, and 

Sugarcane 
Bagasse 

35.1 – 61.0 46.1 – 89.6 7.1 – 12.6 7.3 – 18.4 [77] 

*NA- Not Available 

3.3 Modulus of elasticity (MOE) and Modulus of rupture (MOR) 

The MOE and MOR are some of the mechanical properties required to be determined to 
ascertain the quality and usefulness of particleboards produced. The maximum load-
carrying capacity of a material during bending which is proportional to the maximum 
moment carried by the material is MOR [52]. MOE and MOR of some particleboards 
developed are shown in Table 5. The MOE and MOR of particleboards made from 
Broussonetia papyrifera wood were studied. The outcome of the particleboard produced 
revealed a high-performance board. The optimum MOE and MOR values were 4.9 GPa and 
27 MPa at a board density of 1.1 g/cm3. The varying manufacturing parameters used to 
obtain the optimum responses were temperature (180, 200, and 220oC), time (15, 30, and 
45 min), pressure (4.0-6.0 and 4.5-6.5 MPa), particle size (coarse and fine), and density 
(0.8, 1.0, 1.1, and 1.2 g/cm3). A trend of MOE and MOR increment with density increment 
was reported [49]. Due to the high compaction ratio which caused t he  intimacy of the 
particles bonding together, the higher mechanical strength of the board at higher board 
density was reported [49]. The increase in the particleboard’s strength could be attributed 
to the increased heat conductivity of the board resulting in the degradation of the cellulose 
and hemicellulose of the biomass particles.  

Srichan and Raongjant [55] investigated the physico-mechanical and thermal behaviours 
of single-layer particleboard produced using bamboo shoot sheaths. Diphenylmethane 
Diisocyanate adhesive with 7% resin content was used as a binder.  The study reported 
that the denser the board, the more the MOE and MOR. More so, a smaller particle size (0.5 
mm) tends to assist in obtaining better MOE and MOR than the 0.6 mm particle size of the 
bamboo shoot sheaths. As stipulated by JIS standard, the minimum MOE value of 3000 MPa 
and MOR value of 18 MPa are recommended. The board produced using bamboo shoot 
sheath particles at 0.5 mm and 0.6 mm size and using diphenylmethane diisocyanate (MDI) 
resin as adhesive showed lower MOE and MOR values compared to the JIS standard except 
for one [55]. The reason for the low MOE and MOR can be attributed to the low density of 
the bamboo shoot sheath. The values of the MOE for all the samples produced were 
between 250 and 1700 MPa while MOR values were between 3 and 19 MPa. A sample 
produced using 0.5 mm particle size gave the highest MOR (19 MPa) at 800 kg/m3 density. 
This sample has the only MOR that surpasses the JIS standard (MOR ≥ 18MPa). Due to the 
values of the MOE (250 – 1700 MPa) and MOR (3 – 19 MPa) obtained, the produced 
particleboards were not recommended for structural works but for non-structural works. 

To meaningfully recycle waste products from the leather industry, Kibet et al. [51] 
produced particleboards from leather shavings and waste papers. The resin and catalyst 
used in the production of the particleboard were unsaturated polyester (UP) and methyl 
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ethyl ketone peroxide (MEKP), respectively. Two percent (2%) catalyst (methyl ethyl 
ketone peroxide) was mixed with the resin by mass. The range of values of the MOR was 
between 11.44 and 20.11 MPa at 50 wt.% and 100 wt.% waste papers, respectively. 
Effective adhesion observed in the particleboard was linked to lower moisture of the waste 
papers which resulted in decreased trap voids in the product. Also, the MOE ranged from 
4.15 to 5.65 GPa at 100 wt.% leather ratio and 100 wt.% waste paper ratios, respectively. 
Proper adhesion and compaction of the waste paper particles and the resin were linked to 
the high value of MOE at 100 wt.% waste papers whereas low density with high 
moisture content was reported to be responsible for the low MOE recorded for the 100 
wt.% leather particles. With the reported results, it can be deduced that the produced 
wood-leather panel met with the JIS standard for utilization for various applications 
including the structural and interior of a building. 

In 2020, Mitchual et al. [52] investigated the properties of particleboards produced using 
biomass of cocoa pod, plantain pseudostem, ceiba, and cocoa stem at particulate levels. 
However, it was reported that particleboards obtained from plantain pseudostem with UF 
resin gave the highest MOE (2413 MPa) while the cocoa pod-cassava starch adhesive 
particleboard gave the least MOE (1031 MPa). A comprehensive display of the results is 
presented in Fig. 6. Aside from the cocoa pod-made particleboards, all the boards produced 
were acceptable for general utilization and production of furniture since ANSI A208.1 
requirements were met. The particleboard with the high MOE was characterized and linked 
to a comparatively high aspect ratio of the plantain pseudostem which was higher 
compared to other materials. 

As observed in MOE, the range of MOR values was from 4.95 MPa for cocoa pod and 16.54 
MPa for plantain pseudostem (Fig. 7). ANSI A208.1 standard was met for the produced 
particleboards except for cocoa pod-based particleboards when either cassava starch or 
UF adhesives were used. The standard stipulated that a minimum of 10 MPa MOR must be 
attained for interior fitments in a building structure. The utilization of UF as an adhesive 
gave better MOR compared to when cassava starch was used. 

 

Fig. 6. MOE of different agro-forest residues for particleboard production [52] 

Similarly, Hartono et al. [78] characterized the MOE and MOR of various particleboards 
produced from Elephant dung and wood shavings. From the study, the MOE and MOR 
values ranged from 1952 to 2573 MPa and 18.6 to 27.4 MPa, respectively. It was revealed 
that when more wood shaving was added to the mix ratio, higher MOE was obtained. This 
observation was the same for MOR. The high values of MOE and MOR were attributed to 
the large dimensions of the wood shavings compared to the elephant dung fibers. 
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Except for 100 wt.% Elephant dung fiber particleboards, the MOE values of all other 
fabricated particleboards met with JIS A 5908-2003 standard while all fabricated 
particleboards met with JIS standard for MOR with 8 MPa required minimum. 

 

Fig. 7. MOR of different agro-forest residues for particleboard production [52] 

Particleboards were produced from walnut wood shavings using UF as adhesive [34]. In 
the study, the MOE and MOR values were compared with the EN 312 standard under three 
categories (Type P5, Type P6, and Type P7) [81]. Based on the walnut wood particle 
substitution range, the produced particleboard with soft particles under standard pressure 
and at lower resin content satisfied the high requirements of technical standards for 
construction boards. The type P6 which could be used for heavy-duty load-bearing boards 
in dry conditions was met. However, the standard P5-type board requirements were 
satisfied by the remaining boards, which could be useful as load-bearing boards in humid 
conditions. Other works in this regard are the utilization of Pentung bamboo using sucrose-
based for the production of particleboards was investigated [85]. In the investigation, 
increasing the pressing temperature increased the MOR to some values greater than 13 
MPa, which is the JIS A5908 (2003) standard [54]. It was indicated that the raw materials’ 
chemical components influenced the bonding properties of the sucrose-based 
particleboards. However, improved MOR was observed with samples with ammonium 
dihydrogen phosphate (ADP) serving as a phosphate catalyst. A similar trend was observed 
for the MOE values; although, the sucrose-only adhesive-based particleboards fell short of 
the required 3 GPa MOE values according to the JIS A 5908 (2003) standard. 

Table 5. MOE and MOR of various particleboards 

Materials for particleboards MOE (MPa) MOR (MPa) Ref. 

Castor husk and Pinewood 3111.8 – 2382.8 18.4 – 12.0 [59] 

Mauritia flexuosa and Eucalyptus spp. Wood 1286.41 - 855.73 10.91 - 6.95 [60] 

Cotton wastes and Eucalyptus wood 726.47 - 205.12 8.63 - 3.87 [61] 

Sugarcane bagasse and Eucalyptus wood 1707.11 – 2501.97 11.61 – 17.08 [62] 

Coffee parchment and Eucalyptus wood 648.62 – 400.73 8.17 – 4.43 [63] 

Bamboo and Pinus oocarpa 2077.0 – 1636.0 16.7 – 13.9 [64] 

Polyol/Pre-polymer and Pinus spp. 1479.80 – 2439.60 13.40 - 19.40 [86] 

Jupati and Eucalyptus wood 1469.11 – 1084.57 6.66 – 4.75 [65] 
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Sugarcane bagasse and Eucalyptus wood 2848 22.60 [66] 

Oat Hulls and Eucalyptus grandis 2349 – 1942 18 – 24 [67] 

Hevea brasiliensis and Pinus oocarpa 934.75 – 1054.35 5.63 – 9.87 [68] 

European Black Pinewood and Licorice root 
2142.21– 2582.62 

N/mm2 
12.02 – 16.42 

N/mm2 
[69] 

Soybean pods and Eucalyptus wood 1297.68 – 435.21 7.57 – 2.41 [70] 

Sugarcane bagasse in fiber lengths (5 and         
8 mm) 

2.85 – 1.53 21.20 – 14.9 [71] 

Angelim, Cambara, Canelao, Cedar and 
Itauba 

935.62 – 611.90 5.09 – 2.12 [72] 

Peanut Hull and Pinus oocarpa 1430.91 – 668.35 9.44 – 4.26 [73] 

Pterocarpus violaceus wood and Pinus 
oocarpa wood 

2653 – 2577 11.6 – 13.3 [74] 

Miriti petioles and Pinus oocarpa wood 1087.2 – 1273.27 6.45 – 7.36 [75] 

Maize cob and Pinus oocarpa 1190 – 200 8.0 – 1.0 [76] 

Pinus oocarpa wood, Castor hull, and 
Sugarcane bagasse 

2068 – 3111 12.0 – 18.4 [77] 

 

3.4 Internal Bonding Strength, Flexural Strength, Compression Ratio 

The internal bonding strength, flexural strength, and compression ratio of particleboards 
are part of the parameters to be investigated to determine the proper utilization of the 
products produced. Some various factors affect the IBS values of particleboards. The 
coating of each particle on the board with the adhesive resin is important for the IBS 
improvement. For instance, Pedzik et al. [87] increased the walnut wood content with a 
relatively lower number of particles in the boards, and with UF resin as a binder, better 
particle coating, as well as higher IBS values, were attained at 50% walnut particles. It was 
higher with an increased degree of sizing. or. More so, using more resin as an adhesive for 
the particles was reported to produce improved IBS. The IBS improved with an increased 
percentage of walnut particles from 0 to 50% and with an increased resin content of 
between 10 and 12%. The IBS value when 50% of walnut particles were used was around 
28% higher than the reference board produced at 1.5 N/mm2 applied pressure [87]. 
Modified starch was used as a binder in the production of particleboard from rubberwood 
with target densities of 0.60, 0.70, and 0.80 g/cm3. The adhesive used was 15% corn starch-
modified with glutardialdehyde. It reported that the IBS increased as the target density 
increased respectively as 0.62, 0.88, and 1.02 N/mm2. The analysis revealed that the 
optimum IBS could be attained at target densities between 0.70 and 0.80 g/cm3 in which 
higher panel density could slightly improve the IBS [88].  

Another factor that influences the IBS is the board’s density. When MDI adhesive was 
utilized in the production of particleboards using bamboo shoot sheaths, the IBS values 
were directly proportional to the boards’ densities. That is, as the density of the board 
increased, the IBS value also increased. Unlike the study of Pedzik et al. [34], the effects of 
the particle size were insignificant on the IBS value. However, the IBS values of the 
particleboard surpassed the JIS standard of 0.3 MPa which ensured good particleboard 
development. The high IBS value was linked to the efficient bonding of the particles of the 
bamboo with the MDI adhesive. The strength of panels increases with increased density; 
hence, it fulfills the strength requirements for structural materials and building panels [34, 
88, 89]. 

Particleboard was produced using Sumatran elephant dung and wood shavings at different 
mixed ratios of 100/0, 90/10, 80/20, 70/30, 60/40, and 50/50 (% w/w).  The mixed 
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particle at each ratio was sprayed with 7% isocyanate adhesive. The physical and 
mechanical properties of the particleboards produced were examined. The IBS values of 
the particleboards produced in the study of Hartono et al. [78] ranged from 0.16 to 0.34 
MPa (100/0 to 50/50 ratio, respectively). The maximum IBS (0.34 MPa) was obtained with 
the 50/50 ratio of elephant dung fibers and wood shavings while the least IBS (0.16 MPa) 
was at a 100/0 ratio. These values were reported to have met with the JIS A 5908 (2003) 
standard [54], which stated that particleboard should have a minimum IBS value of 0.15 
MPa. The increase of the wood shavings and decrease of the elephant dung in the ratios 
was reported to have led to higher internal bond value. The increased density of the 
particleboards as the wood shavings increased resulted in increased IBS value. Composite 
boards were developed by Ekpenyong et al. [90] where treated groundnut shell particles 
(TGP) and untreated groundnut shell particles (UGP) were utilized at 0 to 100% mixture 
of both raw materials. The binder used was cassava starch at a ratio of 1:3 with the 
composite mix. The composite mixing ratios of UGP to TGP were 100:0, 75:25, 50:50, 25:75, 
and 0:100. The least flexural strength value was 1.040 N/mm2 at 100%UGP:0%TGP and 
the maximum flexural strength value was 2.255 N/mm2 at 0%UGP:100%TGP. The study 
revealed that due to the treatment given to the groundnut shell particles, better and 
stronger interfacial adhesion was obtained relative to the UGP. Hence, the more the TGP 
in the composites, the higher the flexural strength. More so, it was reported that the IBS of 
the TGP was directly proportional to the amount of TGP in the composites. The 
particleboard produced in the study was suggested to be useful for wall partitioning or 
ceiling boards. 

Particleboard was developed using leather shavings and waste papers at different mix 
ratios of 100:0, 25:75, 50:50, and 75:25). The resin used was unsaturated polyester while 
methyl ethyl ketone peroxide was used as a catalyst. The percentage content of resin used 
was 60, 70, 80, and 90%, which served as the matrix. The mechanical properties of the 
developed panels were examined. The sample with 100% waste papers gave the highest 
IBS (13.61 MPa) while the least IBS (5.83 MPa) was obtained at 100% leather waste.  As 
the waste paper content was reduced with increased leather waste content, the IBS value 
decreased. The waste paper bonded well with the resin compared to the leather waste; 
leading to improved IBS. Also, at constant particle blend ratios, the IBS decreased from 6.46 
MPa (60% resin) to 2.82 MPa (90% resin). It was observed that resin content increase 
reduced the IBS of particleboards made from leather shavings and waste papers [51]. With 
further analysis, the IBS reduced as the percentage content of leather shaving increased 
with reduced waste paper content. Good bonding of the particles of waste papers with the 
resin used compared to the leather shavings was the reason for the increase in IBS value. The 
hydrophobic nature of some fibers results in the difficulty of the resin adhesive to 
chemically react. Hence, it necessitates the hydroxyl group reaction of the resin adhesive 
[36]. Iswanto et al. [36] investigated the IBS of sandwiched particleboards produced using 
non-woody biomass of sugar palm fibers, cornstalk, and sugarcane bagasse while bamboo 
strand was used as reinforcement. The binder used was 8% isocyanate resin. The IBS 
values ranged between 0.03 and 0.40 N/mm2. The least IBS value was 0.03 N/mm2 when 
sugar palm fibers were used in the core while the maximum IBS value (0.40 N/mm2) was 
obtained when sugarcane bagasse was used in the core. The non-absorbent nature of the 
sugar palm fibers led to the low IBS value. Petung bamboo was used to produce particleboard 
using sucrose-based adhesive as the binder in the study of Widyorini [85]. The IBS of the 
particleboards was significantly affected considering the pressing temperature and sucrose-
based adhesive. The IBS of the sample produced using only sucrose as the adhesive and 
pressed at 160oC was the least (0.08 MPa), which indicated that higher pressing temperatures 
are needed when sucrose only is used as the adhesive. However, the IBS increased from 0.65 
to 0.79 MPa when the pressing temperature increased from 180 to 200oC, respectively. 
Widyorini [85] revealed that many factors could be responsible for bonding mechanisms 
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which are not limited to adhesive content, utilized raw materials, or pressing time. Table 6 
further displays some IBS and compression ratios as obtained from the literature. 

Table 6. IBS and FS of various particleboards 

Materials for particleboards IBS (MPa) CR Ref. 

Castor husk and Pinewood 1.10 – 0.91 1.3 – 2.6 [59] 

Mauritia flexuosa and Eucalyptus spp. Wood 0.51 – 0.11 1.23 – 1.96 [60] 

Cotton wastes and Eucalyptus wood 0.26 – 0.16 1.2 – 1.4 [61] 

Sugarcane bagasse and Eucalyptus wood 0.4 – 0.69 1.11 – 6.67 [62] 

Coffee parchment and Eucalyptus wood 0.34 – 0.18 1.30 – 1.91 [63] 

Bamboo and Pinus oocarpa 0.81 – 0.66 1.34 – 2.00 [64] 

Jupati and Eucalyptus wood NA 1.16 – 1.49 [65] 

Sugarcane bagasse and Eucalyptus wood 1.18 - [66] 

Oat Hulls and Eucalyptus grandis 1.84 – 1.60 1.49 – 3.50 [67] 

Hevea brasiliensis and Pinus oocarpa 0.14 – 0.56 1.06 – 0.93 [68] 

European Black Pinewood and Licorice root 0.33 – 0.55 N/mm2 1.5 [69] 

Soybean pods and Eucalyptus wood 0.48 – 0.07 1.21 – 2.95 [70] 

Sugarcane bagasse in fiber lengths (5 and 8 
mm) 

0.34 – 1.18 NA [71] 

Angelim, Cambara, Canelao, Cedar and Itauba 0.53 – 0.24 0.98 – 1.40 [72] 

Peanut Hull and Pinus oocarpa 0.54 – 0.22 1.28 -2.57 [73] 

Pterocarpus violaceus wood and Pinus oocarpa 
wood 

0.93 – 0.66 8.6 – 12.0 [74] 

Miriti petioles and Pinus oocarpa wood NA 1.3 – 3.95 [75] 

Maize cob and Pinus oocarpa 11.0 – 0.3 1.4 – 3.9 [76] 

Pinus oocarpa wood, Castor hull, and 
Sugarcane bagasse 

0.35 – 1.09 1.31 – 6.74 [77] 

*NA- Not Available 

4. Chemical, Thermal, and Microstructural Properties of Particleboards Made from 
Biomass 

The determination of the chemical properties of particleboards produced from different 
biomass is very important. The use of agricultural wastes for the production of 
particleboard is limited by the cellulose content of the biomass. The cellulose-ordered 
structure results in tighter and denser structure particleboards leading to better strength, 
improved rigidity, and stable dimensions compared with lignocellulosic particleboards 
[34]. The strength of the particleboards can be improved through various chemical 
composition interactions. With the improved strength, the particleboards can be utilized 
in various interior building applications.  Unfortunately, limited studies have examined the 
chemical properties of produced particleboards. Most studies considered the chemical 
properties of the raw biomass before being used with other biomass and adhesives in the 
production of the particleboards. They failed to consider the chemical properties of the 
particleboards after production in which various interactions of the different constituents 
would have erupted chemical reactions.  

Fitri et al. [1] determined the chemical composition of particleboards made from rice straw 

(50 wt.%) and polypropylene (50 wt.%) using X-ray fluorescence. The study observed that 
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the major constituents are SiO2 (35%), K2O (25%), and CaO (15%). The chemical 
compositions involved when particleboards were manufactured from sunflower stalks 
treated with sodium hydroxide were lignin, hemicellulose, and α-cellulose contents, 
extractive contents, and monosaccharide composition [3]. The study revealed that the 
treatment of Sunflower stalk particles with alkali has effects on the chemical composition 
and thermal stability. Thus, the contents of the chemical components like extractive 
contents, hemicellulose, and lignin were lowered with the rise in NaOH concentrations 
from 1 to 5%. As a result of the chemical degradation of the particles, there was a reduction 
of thermal stability as the NaOH concentration increased. 

The chemical analysis of the untreated groundnut shell particles (UGP) and treated 
groundnut shell particles (TGP) for various lignocellulosic constituents were investigated 
when groundnut shells were used to produce particleboards by Ekpenyong et al. [90]. The 
cellulose, hemicellulose, and lignin content of the two categories of fibers (UGP and TGP) 
were analyzed. The analysis for UGP revealed 38.89% cellulose, 27.03% hemicellulose, and 
19.61% lignin while TGP showed 45.74% cellulose, 23.52% hemicellulose, and 12.69% 
lignin. The chemical compositions of UGP and TGP differ because of the alkaline treatment 
given to the groundnut shell particles (TGP). As reported by [90], the alkaline treatment of 
fibers increased the cellulose content to 45.74% compared to the untreated fibers (36.89%). 
A high cellulose content of agro-residues in the production of particleboard has been 
attributed to giving the particleboard excellent mechanical properties. This makes high 
cellulose content agro-residues potentially suitable for particleboard production. However, 
agro-residues with lower cellulose contents have negative effects on the mechanical 
properties of particleboards [9, 34, 91, 92]. 

Thermal conductivity analysis is crucial in the determination of the insulation properties 
of particleboards. This would assist particleboard manufacturers in optimizing production 
by selecting suitable materials and ensuring compliance with standards and regulations. 
Particleboards produced from mulberry wood pruning waste with the usage of urea-
formaldehyde resin as a binder were characterized by Ferrandez-Villena et al. [93]. The 
average thermal conductivity values obtained for the particleboards varied between 0.065 
and 0.068 W/mK. These values were lower compared to those obtained for other woods 
such as Date palm (0.083 W/mK), Hemp (0.111 W/mK), and Sisal (0.070 W/mK); but have 
similar values of 0.065 W/mK with cork panels. The thermal conductivity of the 
particleboards was not influenced by the particle size of the raw materials. The production 
of particleboard from papyrus fiber using natural rubber latex as a binder was achieved by 
Tangjuank and Kumfu [94]. The study investigated the thermal properties of the 
particleboard produced. The thermal property (conductivity) of the particleboard was 
0.029 W/mK, a value lower than that of commercial particleboards at 0.092 W/mK. The 
value of the thermal insulation obtained showed that the papyrus fiber exhibited good 
thermal insulation since it has a lower thermal conductivity value compared to the 
commercial particleboard. Low thermal conductivity is desired to minimize heat transfer 
and maximize energy efficiency. Hence, lower thermal conductivity is an indication of 
better insulation properties; thereby, making the material suitable for various 
applications. Low thermal conductivity of particleboards reduces heat transfer and energy 
consumption in buildings leading to cost savings and environmental benefits [93, 95]. 

One of the most important parameters for selecting thermal insulation of particleboards is 
fire resistance [96]. It is the capability of a material to resist fire and can be considered for 
interior applications such as ceilings and walls. More so, there is a relationship between 
thermal conductivity values and the density of the particleboards. Tangjuank [96] 
observed and reported that the higher-density particleboards of 210 kg/m3 have the least 
insulating effect (0.035 W/mK) when pineapple leaves are used in the production of 
particleboard. This observation was linked to the fact that low-density particleboards are 
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not well compacted hence they possess a large number of voids filled with air, which serves 
as one of the poorest conductors. This implies that less heat is being conducted in lower-
density boards compared to the higher-density boards. The pineapple leaves 
particleboards were adjudged excellent thermal insulating materials.  

The thermal properties of Sunflower particleboards were investigated by Lenormand et al. 
[95]. The particleboards were produced without binder. However, the board fabrication 
was done using a hot hydraulic press. Three particleboard densities (50, 75, and 100 
kg/m3) were desired. It was reported that the thermal conductivity of the materials 
increased with the density. The least (50 kg/m3) and densest particleboards (100 kg/m3) 
have thermal conductivity values of 38.08 and 42.41 mW/mK, respectively. When density 
is low, there is increased porosity in the particleboard which could lead to low thermal 
conductivity. Table 7 displays the density and thermal conductivity values for different 
biomass materials used in the production of particleboards. 

Table 7. Density and thermal conductivity of different particleboards 

Particleboard from biomass Density (kg/m3) Thermal conductivity (W/mK) Ref. 

Pineapple leave 210 0.035  [96] 

Papyrus fibers 258 0.029  [94] 

CCB-treated Pinus sp.  0.55 g/cm3 0.11  [97] 

Wood (100% wood)    

60% wood/40%tire 0.78 g/cm3 0.14 [97] 

Rubber    

Sunflower 50 – 100 0.038 – 0.042  [98] 

Bamboo shoot sheaths 400 – 800 0.066 – 0129  [55] 

Spruce NA 0.062 – 0.091  [99] 

Black pine NA 0.074 – 0.105  [99] 

Beech NA 0.103 – 0.139  [99] 

Oak NA 0.118 – 0.154  [99] 

Chestnut NA 0.087 – 0.120  [99] 

Coir fiber 300 – 500 0.120 – 0.169  [100] 

Red pine wood and Gypsum 0.845 – 1.333 0.7404 – 0.5021  [101] 

Narrow-leaved Cattail fibers 200 – 400 0.0438 – 0.0606  [102] 

Norway Spruce residues and 
coniferous bark 

0.232 – 0.291 0.049 – 0.074  [103] 

Leave fiber of Camel’s foot 528.6 – 538.4 0.0321 – 0.0409  [104] 

Bark fiber of Camel’s foot 558.3 – 711.8 0.0394 – 0.0434  [104] 

Newspaper waste NA 0.066 – 0.125  [105] 

*NA- Not Available 

Analyzing the particleboard’s morphology is very germane for the examination of the 
compactness of the raw biomass particles and their interaction with the binders used. It 
also helps to examine the pores formed in the particleboards produced. During the 
micrograph analysis of particleboards produced from cocoa pods using starch and urea 
formaldehyde as adhesives in the study of Mitchual et al. [52], major micropores and loosed 
particles were observed on some of the samples. The study observed that there was 
detachment of the particles from the adhesives. The bonding between the adhesives and 
the particles was reported to be poor owing to the high bulk density and low aspect ratio of 
the biomass material. However, a contrary observation was reported for some other 
samples such as Ceiba, cocoa, and plantain pseudostem where the inter-particle spaces of 
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the particles were filled with adhesives such as UF and cassava starch. Hence, there is 
better compaction and agglomeration of the particles and adhesives leading to improved 
mechanical properties. 

The overall strength properties of particleboards are dependent on the glue line between 
the particles [106]. Ulker and Hiziroglu [106] observed in the micrograph that there was a 
relatively uniform distribution of the starch adhesive leading to improved bonding among 
the particles. The cross-sectional view of the particleboard produced when 
glutardialdehyde-modified starch was employed as a binder which showed granulated 
modified corn starch. The larger the particle size, the more voids in the structure of the 
particleboards. This was the experience when peach nut shells with glass powder and tea 
fiber were used in the production of particleboards at particle sizes of 900 µm and 150 µm, 
respectively, using phenol-formaldehyde as a binder [107]. It was reported that the 900 
µm particle size particleboard showed many voids in the structure while the 150 µm 
particle size particleboard showed no void in the particleboard’s structure. This 
observation supported the water absorption characteristics of the particleboards in which 
structures with more voids tend to absorb more water which is deleterious to the 
particleboard when stored. A typical micrograph of particleboard is displayed in Fig. 8. 

 

Fig. 8: Micrograph of a particleboard [108] 

5. Challenges and Prospects for Future Works on Particleboards 

There is a major challenge of inconsistent raw materials supply for the manufacturing of 
particleboards all over the world. Many producers of particleboards are unyielding in 
adopting alternative feedstock for their production; rather, they are still seeking the usual 
raw materials [34, 36, 51]. This kind of issue needs to be tackled appropriately. 
Manufacturers of particleboards should believe in the utilization of alternative raw 
materials such as agro-waste materials or biomass. Many developing countries are faced 
with serious environmental health challenges as a result of the accumulation of various 
agricultural residues without properly discarding them. Proper waste management and 
utilization policies especially in the context of agro-residue-based particleboards should be 
encouraged [19]. Although particleboards from agro-wastes have been greatly researched 
and have advanced scientifically and technologically, the wider and commercial 
acceptability of particleboards is limited due to some challenges. The utilization of fresh 
agro-residue leads to more transportation and storage costs due to its higher moisture 
content and heaviness [109]. Hence, high moisture content agro-residues are less 
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compressible during particleboard production. With different processing parameters that 
have been used by various researchers, it is important to optimize the processing 
parameters. For instance, the pressing time, temperature, and pressure should be 
optimized for sufficient compaction/compression ratio and strength [110, 111]. For 
appropriate bonding, more resins as adhesives are required to cater to the higher volume 
of agro-residues in the production of particleboards. When fewer resins are used, 
improper bonding is achieved and the board’s final performance is adversely affected 
[112]. 

Furthermore, particleboard manufactured using agro-residues is liable to deteriorate in 
dimension and absorb more water. Hence, the particleboard's water absorption and 
dimensional stability should be critically examined. This implied that hydrophilic raw 
materials such as husk, stalk, shell, and straw of various biomass used in the manufacturing 
of particleboards could be solved by introducing hydrophobic agents (wax) during the 
fabrication process. Although promising results have been documented on the physical 
and mechanical properties of agro-based particleboards, wood-based particleboards are 
of better strength. Therefore, the strength of agro-based particleboards could be increased 
by introducing woody particles at proper resin dosage and pressing parameters. Further 
studies are recommended on the critical examination of the fire-resistance characteristics of 
the particleboard. There is no sufficient information on this aspect. More so, more studies 
should be done to optimize the manufacturing process of the particleboard. More studies 
should also be done on the thermal stability of the particleboard by considering the 
thermal conductivity and insulation of the particleboard. 

6. Conclusion 

The appropriate utilization of biomass and environmental wastes for a sustainable 
environment is germane to the reduction of environmental pollutants. Particleboards 
produced from the recycling of agricultural biomass have been examined in this study. The 
properties of the particleboards produced with these agro-residues showed similar or 
superior physico-mechanical properties that met the requirements of different standards 
for proper utilization for sustainable construction. The density of particleboard depends on 
the density of the biomass used, the adhesive used, and the compaction pressure applied 
during production. The density helps to classify particleboards into low-density, medium-
density, and high-density boards. The durability and storability of particleboards can be 
assessed through a water absorption test, which could be influenced by the particle sizes 
of the biomass used. Also, the quality and usefulness of particleboards were ascertained via 
the modulus of elasticity and modulus of rupture. The denser the particleboard, the higher 
the modulus of elasticity and the modulus of rupture. The modulus of elasticity and 
modulus of rupture are positively influenced to be better with a smaller particle size of the 
biomass used. Hence, the particle size of the biomass used plays an important role in the 
determination of the properties of particleboards. The insulation property of 
particleboards is obtainable through thermal conductivity analysis. Embracing this 
development could lead to fulfilling the sustainable development goals featuring growth in 
the economy, protection of the environment from pollution, and social inclusion. With the 
utilization of these various biomass for the particleboards, the challenge of 
deforestation is drastically reduced, and more entrepreneurial opportunities are created. 
Panel production continuation is ensured since agro-waste materials are used as alternative 
or complementary raw materials. Hence, the production and the products are economical 
and eco-friendly. Further studies should be considered on the optimization of the 
processing parameters and critically examining the fire-resistance characteristics. 
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 The paper aims to use most of the recycled material from the waste and develop 
a sustainable Eco-Friendly Self-Compacting Concrete (EF-SCC). Two different 
plastic wastes, High-Density Polyethylene (HDPE) and Polypropylene (PP), were 
collected from the dumping yard, thoroughly cleaned, and shredded into the 
desired shape and size. The plastic was substituted with fine aggregate (FA) in 
amounts ranging from 5% to 20%, with a 5% rise in each mix. The recycled 
coarse aggregate was obtained by breaking the concrete cubes, beams, and 
cylinders available for testing at the concrete technology lab. Totally 4 mixes 
were prepared for M40 grade EF-SCC to determine the mechanical property at 4 
different ages (7, 14, 28 and 56 days). The compressive strength results were 
then predicted using statistical tools such as RSM and ANN. It is observed that 
both HDPE and PP have workability in the range of 650mm to 800mm, which is 
acceptable according to EFNARC 2002. The RSM method yielded 99.69% for PP 
material, while HDPE had 98.17%. The optimum compressive strength values 
were achieved at 7.5% of HDPE and 5% of PP material at 28 days and 60 days of 
curing. The training, validation, Test, and All values of R for M40 grade concrete 
for HDPE and PP material were 0.9955, 0.9980, 0.9244, 0.9241, and 1, 0.972, 
0.802, 0.972 respectively. The flexural strength of EF-SCC showed the best 
results at 15% replacement. The prediction of actual compressive strength with 
RSM was more accurate for HDPE material compared to ANN. Recycled 
aggregate showed positive signs in using waste material in construction 
industries. 

© 2025 MIM Research Group. All rights reserved. 
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1. Introduction 

India is the only country after the USA and European Union to produce the world’s largest 
polymers, and it even creates waste plastic, according to the National Circular Economy 
Roadmap (NCER). India alone produces 3,500,000 metric tons of waste plastic, out of 
which only 30% is recycled according to The Economics Times India 2023. Therefore, 
waste plastic generation in India can be utilized in preparation of concrete with partial 
replacement of Fine Aggregate (FA) [3, 9 and 42], Coarse Aggregate (CA) [36], or Cement 
(C) which protect from depleting natural resources and protect the environment.    

Substantial work is carried out on ordinary concrete, with the replacement of plastic waste 
[8], HD- PE [9], PET [10-18], E-Plastic [26], PP [19-24], and PVC [25]. The waste plastic was 
also used as a replacement for cementitious materials [22], as FA [10-13, 15, 17, 18], and 
CA [14, 21, 23] as plastic fibres in concrete [24]. Most researchers have worked on partial 
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replacement of FA/CA from 0% to 100%. Among the waste plastic used worldwide, PP and 
PET are widely recommended to be used as CA in concrete. Most of the work is carried out 
on the fresh properties (workability), hardened properties (mechanical properties), 
durability properties (Acid attack, sulphate attack, RCPT), and thermal properties 
(temperature variation, thermal conductivity) of concrete. The slump value (workability) 
of concrete was increased by being replaced partially by PP and PET as plastic waste 
conventional concrete [10, 14, 21]. The FA, the PET material can improve the workability 
property, i.e., slump cone test in concrete; this is because the plastic material has low 
workability and is frictionless [10-11]. It was found that waste plastic (PET), which is 
round and smooth in shape when replaced with FA in concrete, helps to improve the 
workability property of ordinary concrete [14]. The partially replacing PP with brick and 
stone CA, they found that the slump value (workability) of concrete was increased with the 
percentage increase in PP content regardless of water/cement (W/C) ratios [21]. 

Nevertheless, an opposite study was observed when PET was partially replaced with 
concrete. Its workability decreased with PET material increase [13, 15, 18 and 28]. The 
same material (PET) was used when its rheology was changed; the workability was 
reduced [13]. When PET was replaced by 20% with FA, it was observed that its workability, 
slump value, was reduced by 25% [15]. The slump value (workability) of concrete with 
PET material in concrete was decreased because of its irregular shape and size. The use of 
PET material to replace FA in concrete and observed the same pattern of reduction in 
workability because of the surface area of PET material [18 and 28]. The plastics used to 
replace FA or CA has a more specific gravity (SG) when compared with virgin plastic. 
Nevertheless, the waste plastics SG is lower than the natural fine and coarse aggregates 
[14 and 21]. Consequently, plastic waste has negligible weight compared to conventional 
material and, when replaced with concrete, can reduce the weight on soil strata [14 and 
21]. The replacement of PET FA with brick aggregate and found that 10% replacement 
reduced concrete density by 50%. The heat treatment to PET materials, and when replaced 
in concrete with FA, a linear reduction in the density was observed [14 and 29]. With a 
maximum percentage of 15%, the dead weight was reduced by 5.6%. It was also found a 
linear reduction in density when replaced with PP in concrete. The optimum reduction 
percentage of 7.4% and 8.4% was observed with a 30% replacement of PP waste plastic 
with brick and stone aggregate in concrete [21]. The waste plastic material was utilized to 
prepare self-compacting concrete to consider was light weight concrete [40-41]  

Some of the researchers on replacement of Waste Foundry Sand (WFS) with fine aggregate 
showed interesting facts and figures for M60 grade SCC. The replacement can be till 30% 
without any changes in the virgin properties of SCC. The waste generated from the foundry 
is considered as one of the meaningful utilization techniques. It was even observed that 
treated WFS can reduce the density of concrete and make SCC as lightweight, sustainable 
and green material [43]. The utilization of waste PET plastic as fiber with replacement of 
fine aggregate showed that the entire replacements (0.25, 0.5, 0.75, 1.0, and 1.25) % 
showed decrease in compressive strength after 28 days of curing [44]. He also observed 
that the correlation coefficient between the porosity and compressive strength is inversely 
weak relation. The use of fly-ash with PET bottles to improve the flexural and compressive 
strength of SCC was studied by [6, 34, 35, and 45]. The test results showed that the addition 
of PET fibers decreased the flowability of SCC. It was observed that fly-ash with PET fiber 
reduced in its compressive strength but increased the flexural property.  

When replaced with FA or CA in concrete, the above waste plastic materials have many 
advantages and must be cross verified using statistical tools. The Response Surface 
Methodology (RSM) is a specific approach within the broader Design of Experiments (DOE) 
framework, used to model and analyze the effects of multiple factors on responses with 
fewer experiments. This method is usually applied in concrete technology (CT) to predict 
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the mix proportions and the strength properties of various grades of concrete [2, 27-29]. 
With the increasing demand in infrastructure and construction industries and models with 
solid/perfect performance, ANN [32-33] and RSM increasingly handle various civil 
engineering projects, primarily in material science engineering. ANN has been widely used 
in many engineering disciplines to counter the drawbacks of empirical formulas and 
approaches to assess or predict the model with non-linear multivariate interrelationships 
between concrete’s mechanical properties [30]. 

Table 1. M40 grade eco-friendly self-compacting (EF-SCC) concrete mix proportion 

 
Nomenclature 

W/C=0.40 

Cement 
(kg/m3) 

CA 
(kg/m3) 

FA 
(kg/m3) 

100% RA 
(Kg) 

 
HDPE 

 
PP 

HDPE5 

273.5 776.52 

 
60.52 

776.52 

3.21 
- 
- 

HDPE10 54.10 6.42 - 

HDPE15 44.47 9.63 - 

HDPE20 31.63 12.84 - 

PP5 60.52  3.21 

PP10 54.10  6.42 

PP15 44.47  9.63 

PP20 31.63  12.84 
 

The present study aims to evaluate the mechanical properties of EF-SCC with partial (5%, 
10%, 15% and 20%) replacement of HDPE and PP material and complete replacement of 
recycled coarse aggregate (RCA). The compressive strength achieved experimentally is 
cross verified with the Statistical tools such as RSM and ANN methods. We must train a 
neural network with the Levenberg-Marquadt algorithm (LMA) in MATLAB for the ANN 
model, a fast method to assess the variables. The Mean squared error (MSE) is the mean 
squared difference between the outputs and responses, and the regression R-value (R) is 
the correlation between the output and responses, depicting that both the technique, RSM 
and ANN, are effective in predicting mechanical properties of concrete. Moreover, both 
RSM and ANN gave nearly the same values as experimental values, but the RSM model is 
much more accurate than ANN. 

2. Materials 

Ordinary Portland cement (OPC) of 43 grade affirming to IS: 8112-1989 was used. All the 
physical properties of cement were tested according to IS 4031-1988. Locally available 
river sand (Fine Aggregate -FA) passing through 4.75mm confirming to IS 2386 (part-1)-
1963 with a specific gravity of 2.61, Fineness modulus as 2.45%, and dry density as 2400-
2900 kg/m3. The Coarse Aggregate (CA) was collected by breaking the available failed 
concrete cubes, beams, and cylinders at the concrete technology lab. Table: 1 M40 grade 
eco-friendly self-compacting (EF-SCC) concrete mix proportion. The CA was then cleaned 
with water and dried in the sun for 24 hours. SG was 2.45, Fineness modulus was 8.35, and 
dry density was 1750 kg/m3. Waste plastic such as HDPE and PP has achieved a specific 
gravity of 0.38 and 0.27, nearly 8-10 times less than conventional aggregates. The 
polycarboxylic ether is a superplasticizer for high performance and long workability 
retention, eliminating vibration and freeing it from chlorides and alkalis. 
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3. Methodology 

To evaluate the mechanical properties of EF-SC M40 grade, trial mixes were prepared, cast, 
and the final blend was achieved. The final mix was prepared by Water/Cement (W/C) 
ratio as 0.40, and the mix proportion is given in Table 1. The slump cone test was 
performed to check the workability of EF-SCC. The test results achieved experimentally 
(Mechanical property) were cross verified using statistical toll using the Response Surface 
Method (RSM) in Minitab and Artificial Neural Network (ANN) in MATLAB. 

 3.1 Mathematical Model 

 3.1.1 Response Surface Method (RSM)  

The response Surface Method (RSM) gives the relation between the variables, and it uses 
different outputs to analyze the variables and then design the experiments (DoE). The DoE 
is used to select the other variables to evaluate and choose the most suitable data with 
which it can predict the response surface in an examined manner. In the same way, the 
RSM is used to optimize and adjust all the experimental circumstances, which can yield the 
best results/responses [33]. The RSM is a mathematical model/technique widely used in 
research and industries to optimize, refine, and grow any product/variable. It is the best 
technique to determine the effect of various variables with non-dependent variables and 
their fundamental interactions. The below Eq (1) gives y responses with £ responses for 
the above method (RSM). 

𝑦 = 𝑓 ¬ (£1, £2, £3 … £𝑘)  +  £   (1) 

The parameters to input are £1, £2, £3, and £k, and the result is y. Similarly, f represents 
the response function with a mathematical error. Instead of employing a linear polynomial, 
the model validated the input variable data with a second polynomial order, as stated in 
Eq (2). 

𝑦 = 𝛽0 + ∑ 𝛽𝑖ℒ𝑖

𝑘

𝑖=𝑘

+ ∑ 𝛽𝑖𝑖

𝑘

𝑖=𝑘

ℒ𝑖𝑖
2 + ∑ ∑ 𝛽𝑖𝑗ℒ𝑖ℒ𝑗 + ∈

𝑘

𝑗=1.𝑗≠1

𝑘

 𝑖=1

 (2) 

 
y = response, β = coefficient, £ = factor, and ɛ = error. βo, βi, βii, and βij are regression 
coefficients for intercept, linear, quadratic, and interaction terms, respectively.  £i and £j 
are input variables. 

3.1.2 Artificial Neural Network (ANN) – MATLAB 

ANN is a statistical model used to assess concrete's mechanical properties, consisting of 
input, hidden, and output layers. This method was a valuable tool in predicting the correct 
output variables. The ANN model's primary advantage is finding the exact model for 
nonlinear equations with different inputs. Moreover, the ANN method is widely used 
because it addresses discrepant and undependable data [37, 38]. In the ANN application, 
there are a lot of basic units to handle, which are bugged together in a complicated 
network. These units have many interconnections known as neurons. The interconnection 
between neurons is communicated with other neurons. These multiple neurons are 
multiplied with different weights, added together to make a single output, and then applied 
to the activation function using Eq (3). Table 2 lists the various % substitute levels for 
HDPE and PP material in the EF-SCC. 

𝑧 = ƒ(∑ 𝑖 = 0 − 𝑛 𝑤𝑖𝑥𝑖) + 𝑑 (3) 

 



 
Suvidha et al. / Research on Engineering Structures & Materials 11(2) (2025) 741-760 

 

745 

Table 2. Different levels of variables 

Variables Min (%) Max (%) 

HDPE 0 20 

PP 0 20 
 

 

3.1.3. Comparison Parameters 

Using different statistical models like R, R2, RMSE, MAE and MAPE, which are implemented 
in RSM and ANN models [39]. The error that occurs in RSM and ANN calculations will be 
performed by below Eqs (4)–(6). 

𝑅𝑆𝑀𝐸 = √
∑ (𝑦 − 𝑥)2𝑛

𝑖

𝑛
 (4) 

𝑀𝐴𝐸 =  
1

𝑛
∑[𝑦 − 𝑥]  

𝑛

𝑖

 

 

(5) 

𝑀𝐴𝑃𝐸 =  ∑[𝑦 − 𝑥]∗100

𝑛

𝑖

 

 

(6) 

Here, x=accurate data, y=forecast data, and n=number of samples. The above equations are 
taken from [39]. R-squared (R2, Eq. 7) measures how well an independent variable or 
variables in a statistical model explain for fluctuations in the dependent variable. It has a 
value from 0 to 1, with 1 indicating a perfect fit between the model and the data. R2 is a 
statistical metric that measures how well an independent variable in a regression model 
explains the variation in a dependent variable. When it comes to investing, R2 is typically 
defined as the percentage of a fund's or security's price swings that can be explained by 
changes in a benchmark index. When a security's movements (or any other dependent 
variable) are completely explained by changes in the index or any other relevant 
independent variable, the R2 value is 100%. 

𝑅2 = 1 −
𝑢𝑛𝑒𝑥𝑝𝑙𝑎𝑖𝑛𝑒𝑑 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛
 (7) 

4. Results and Discussion 

The current article focuses on the use of recycled coarse aggregate and waste plastic in 
the construction sector to improve the mechanical characteristics of EF-SCC. The greatest 
amount of plastic trash should be used in the development of various infrastructure 
projects to reduce the increase of plastic garbage at dumping yards, therefore protecting 
the environment. Similarly, recycled aggregate from building and demolition debris will be 
considered best practice in the construction business. 

4.1 Workability  

The workability test was performed on freshly mixed concrete of various compositions to 
know the flowability of the concrete (EFNARC) 2002). The findings show whether concrete 
workable is as it’s a self-compacting concrete compacted with the help of its self-weight. 
The below results are taken when 100% replacement of RCA was used instead of natural 
coarse aggregate with various percentage replacement of HDPE and PP. 



 
Suvidha et al. / Research on Engineering Structures & Materials 11(2) (2025) 741-760 

 

746 

4.1.1 Slump Flow Test 

The 5% HDPE and PP flowability are 678mm and 680mm, respectively, which is suitable 
according to EFNARC 2002. It is observed from Fig. 1a that if the % of HDPE and PP 
material increased from 5% to 20%, its flowability also increased in the flow table test. The 
pattern was slightly changed when the NA was replaced entirely with RA. It was observed 
that till 15%, the spread of concrete was increased in both HDPE and PP material, but for 
20%, there was a forceful decrease in the flow of concrete [Fig. 1b]. 

The optimum percentage of 15% was recommended in both natural and recycled 
aggregate. The slump value of concrete was reduced with the % increase of PP in concrete 
[16]. The same pattern was observed in natural aggregate after 15% replacement, but the 
trend was linearly increasing in recycled aggregate. The post-consumer plastic in concrete 
as a replacement with CA, and they found a zero (0) slump for concrete with plastic when 
compared with conventional concrete (CC) [1 and 5]. The portion of the FA with PET waste 
plastic, they saw that the drop in the concrete rose by 22 cm when 75% of the PET material 
was replaced [4 and 7]. 

 

(a) 

 

(b) 

Fig. 1. J-ring Test a) 100% RA b) 100% NA 

When FA was substituted for PET waste aggregate in concrete, the slump value rose by 16 
cm. According to the current J-ring test findings, recycled coarse aggregate performed 
better than NA [14]. Given that the curve from Fig. 1a depicts a linear rise in slump value, 
the percentage of waste plastic made of HDPE and PP may be raised beyond 20%. However, 
as seen in Fig. 1b, the pattern for natural coarse aggregate has reached an ideal proportion 
of 15% for both the materials of HDPE and PP. 

4.2 Compressive Strength (CS) 

The compressive strength (CS) of EF-SCC was cast with distinct percentages of HDPE, and 
the PP material was partially substituted with FA. All the EF-SCC specimens were tested at 
4 different ages, i.e., 7, 14, 28 and 56 days. It was found that there was a linear enhance in 
CS for all the percentage replacements for both recycled CA and Natural CA. For 7 and 14 
days, the results are satisfactory when utilizing recycled aggregate. However, as Fig. 2 
illustrates, after 28 and 56 days, the strength of the PP material increased when compared 
with HDPE. Maximum CS for HDPE at 15% FA replacement is 32.2 MPa, while for PP 
material at 5% partial FA replacement after 7 days, it is 33 MPa. With a 15% substitution, 
the HDPE material's strength was almost identical to that of CC, but its CS was lower. The 
highest CS of 39 MPa and 39.58 MPa for HDPE and PP was noted when the curing period 
was extended to 14 days respectively. After 28 days, the recycled aggregate (RA) replaced 
the coarse aggregate (CA) to determine the CS. Fig. 2 shows that RA may provide strengths 
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of 40 MPa to 45 MPa when combined with 10% HDPE and 15% PP, respectively. Compared 
to PP, HDPE material displayed 4.5% more, but 4% less than PP. The utmost CS of concrete 
is 48 MPa when PP is replaced with 15% and 46 MPa when HDPE is replaced with 15%. 

 

(a) 

 

(b) 

Fig. 2. Compressive strength for M40 grade SCC with complete recycled Aggregate  

a) HDPE b) PP 

The maximum compressive test for the M40 grade is 40.10 MPa; nevertheless, the final CS 
test is raised. The initial CS test is not increased by 5% in three days by replacing PP with 
fine aggregate. Fine aggregate is substituted for PP material in amounts of 5%, 10%, 15%, 
and 20%, and the CS test is conducted for three, seven, fourteen, and twenty-eight days. 
For three, seven, and fourteen days, 15% of the PP was substituted with fine aggregate, 
and the highest CS test result remained at 40 MPa. With the substitution of 20% PP with 
fine aggregate, the CS test is enhanced in 3 days, 7 days, 14 days, and 28 days. The 
maximum CS test is 47 MPa in 28 days. The results from a few researchers showed that 
replacing FA with plastic waste can reduce the mechanical properties of concrete. It was 
observed that several researchers have conducted the same experiments and stated that 
the axial CS decreased with the incorporation of such polymeric waste material in concrete 
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[11, 37, 39-45]. It is advised that in RA and NA concrete, the CS of both HDPE and PP 
materials increased by up to 15%, after which the strength decreased. Using RA in concrete 
that contains HDPE and PP is sustainable because none of the ingredients have a negative 
environmental impact. The use of the RA, HDPE, and PP in the IS code is encouraged to 
regulate the usage of Plastic Waste (PW) and Construction and Demolition (C & D) trash in 
landfills. 

4.2.1 Response Surface Method (RSM) 

The RSM method was used to analyze the influence of different variables, such as HDPE 
and PP material, to predict the CS of EF-SCC M40 grade concrete. The CS equation for HDPE 
(Ƒcs28 of HDPE) was generated and given in Eq (8) for PP material in Eq (9). The residual 
plots of CS for both HDPE and PP material are shown in Fig. 3.  

The Table 3 provided is a summary of the Response Surface Methodology (RSM) analysis 
for EF-SCC of M40 grade, considering two different materials: HDPE and PP. The standard 
deviation (S), R-Square (R-sq), R-Square (Adjusted) (R-sq(adj)) and R-- Square (Prepaid) 
(R-sq(pred)) is given in Table 3. The regression analysis using the RSM method for PP 
material gave 99.69%, whereas 98.17% was for HDPE materials. The deviation value for 
HDPE material is >1, and for PP material is <1. 

Ƒ𝑐𝑠28 𝑜𝑓 𝑃𝑃 = 361 + 8.2𝑋1 + 193𝑋2 − 1.48𝑋3 + 0.89𝑋4 − 0.0137𝑋1 ∗ 𝑋1
+ 0.30𝑋1 ∗ 𝑋2 − 0.0256𝑋1 ∗ 𝑋3 − 0.0004𝑋1 ∗ 𝑋4 

(8) 

Ƒ𝑐𝑠28 𝑜𝑓 𝑃𝑃 =  361 +  8.2 𝑋1 + 193.0𝑋2 − 1.48𝑋3 + 0.898𝑋4 − 0.013732𝑋1
∗ 𝑋1 + 0.30 𝑋1 ∗ 𝑋2 − 0.0256𝑋1 ∗ 𝑋3 − 0.0004𝑋1 ∗ 𝑋4 

(9) 

X1= Days; X2= Percentage of HDPE; X3=Cement; X4= Fine Aggregate 

 

  

  

(a) 
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(b) 

Fig. 3. Residual Plots of Compressive strength for a) HDPE and b) PP using RSM 

Table 3. Summary of RSM for EF-SCC M40 grade 

Material S R-sq R-sq(adj) R-sq(pred) 

HDPE 1.23466 98.17% 96.08% 86.84% 

PP 0.550001 99.69% 99.33% 96.54% 
 

4.2.2 Lack of Fit (p-value) and Pareto Analysis 

The importance of doing progression is assisted by the p-value. The values given in the F-
value test should be minimum, which is the p-value of the given model. If the variable of 
the progression “P” lies in the range of 0.00<P<0.005, then it is treated as considerable, and 
if it lies > 0.005, then it is insignificant. According to Table 4, the values of X1=0.000, X2, 
X3, and X4 are more significant than 0.005 for HDPE material, and the values of X1=0.000, 
X2= 0.004, X3, and X4 are more substantial than 0.005 for PP material which clearly 
indicates that the curing days plays an essential role in achieving the strength. 

The Pareto chart from Fig. 4 indicates that the days of curing (A) the concrete is the most 
critical parameter, followed by the percentage of HDPE and PP percentage replacement in 
EF-SCC. The cement(C), which acts as a binding agent to FA and CA, has been proven to 
achieve the CS of concrete for both HDPE and PP materials. The Pareto chart of HDPE 
material for EF-SC M40 grade concrete showed that the standard effect for HDPE material 
is 13 and for PP material is 32. The statistical tool from Mintab (RSM) and Matlab (ANN) 
methods calculated the CS of EF-SC M40 grade concrete, as shown in Table 4. The below 
predicted RSM values gave much more accurate HDPE material values for all the 
percentages when compared with ANN. The values of experimented CS for 15% 
replacement of HDPE gave -0.82%, 1.26%, -0.58% and 0.09% for 7, 14, 28 and 56 days of 
curing respectively. 
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Table 4. Analysis of variance of RSM model for M40 grade concrete 

 
Source 

Compressive Strength 

HDPE PP 

DF F-value p-value DF F-value p-value 

Model 8 47.00 0.000 8 280.67 0.000 

Linear 4 46.09 0.000 4 283.16 0.000 

X1 1 154.10 0.000 1 1002.55 0.000 

X2 1 4.80 0.065 1 17.00 0.004 

X3 1 1.53 0.257 1 7.20 0.031 

X4 1 5.31 0.055 1 16.53 0.005 

Square 1 97.45 0.000 1 580.94 0.000 

X1* X1 1 97.45 0.000 1 580.94 0.000 

2-Way 
Interaction 

3 0.03 0.992 3 1.18 0.383 

X1* X2 1 0.01 0.940 1 0.01 0.908 

X1* X3 1 0.01 0.915 1 0.34 0.576 

X1* X4 1 0.00 0.957 1 0.00 0.973 

X1= Days; X2= Percentage of HDPE; X3=Cement; X4= Fine Aggregate 
 

The only predicted value of ANN for 15% at 28 days was -0.82%, nearly tending to zero, 
but other values are also.The values of RSM and ANN for PP material showed nearly zero 
value for 11 activities out of 16 activities. When the RSM was evaluated for 7 days at 15%, 
the value was -0.41% when compared with conventional concrete; at 14 days for 10%, 
15%, and 20%, replacement with FA gave -0.35 %, 0.24%, and 0.50%, respectively, at 28 
days only 10% replacement showed -1.46% but remaining percentages of PP gave nearly 
zero percentage deviation. As the days of curing increased to 56 days, all the percentages 
of PP showed zero percentage deviation. For the ANN method, the pattern, when compared 
with RSM, was different; initially, for 7 days of curing, the percentage deviation was nearly 
zero, but as the age increased to 56 days, the percentage deviation was 4.78% when 
compared with conventional concrete. 

 

(a) 
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(b) 

Fig. 4. Pareto Chart of a) HDPE b) PP 

4.2.3 Surface Plot Analysis and Optimization of Progression Variables 

The influence of HDPE and PP materials on the CS of M40-grade concrete is depicted in 3D 
surface plots in Fig. 5. It shows that the material with 7.5% HDPE and 5% PP had reached 
the ideal CS values after 28 days, and the same pattern was still visible after 60 days of 
curing. 

When HDPE and PP increased from 7.5% to 5%, the CS was reduced. It was observed that 
PP material gave more strength than HDPE, and the same was even observed in the 3D 
surface plot graph. These could be the future fine aggregate materials in construction 
industries to reduce the usage of natural river sand. Some of the research findings of SCC 
materials are eggshells [23; 24-26], Flyash [27-28], GGBS [24, 29] and Pumice [30] has 
replaced plastic waste with cement and validated with RSM and ANN. It was discovered 
that poor bonds have formed in concrete, resulting in low strength and damaging the 
surface e texture by [31]. 

 

 

(a) 

 

(b) 

Fig. 5. 3D Surface plot of a) HDPE b) PP 
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(a) 

  

  

(b) 

Fig. 6a. Determination of training, validation, Test, and all values of R for a) HDPE b) 
PP material in M40 concrete 
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4.2.4 ANN Model 

To predict the CS of M40-grade concrete, we must train a neural network using the 
Levenberg-Marquadt algorithm (LMA), which is a fast method for assessing variables. The 
Mean squared error (MSE) is the mean squared difference between the outputs and 
responses, and the regression R-value (R) is the correlation between the output and 
responses, depicting that both the technique, RSM and ANN, are effective in predicting 
mechanical properties of concrete. For every day that concrete would cure—that is, for 3, 
7, 28, and 60 —the ANN technique made predictions. 30%of the model, which was trained 
to predict the CS of the samples, is reserved for testing and validation. The HDPE and PP 
waste plastic were considered as the parameters, CS is the output layer, with 2 hidden 
layers as 10 neurons were picked out to make the ANN model as shown in Fig. 6b. The 
effects of training and validation, Test, and All are presented in Fig. 6a. The training, 
validation, Test, and All values of R for M40 grade concrete for HDPE and PP material are 
0.9955, 0.9980, 0.9244, 0.9241 and 1, 0.972, 0.802, 0.972 respectively, where R represents 
linear correlation coefficient. The above results of the R-value show that the trained ANN 
model is in good relationship with the experimental values. 

 

Fig. 6b. The schematic layout of ANN model developed in Matlab 

By utilizing Matlab to compare the actual experimental data with the anticipated data, the 
competence results obtained from the ANN model were ascertained by coefficient 
determination. A well-fitting model could be shown in the expected CS values of M40-grade 
concrete containing HDPE and PP. An R-value greater than 0.9 demonstrated a positive 
connection between the projected and actual CS values. Furthermore, when trained with 
an ANN model, the tested CS value produced projected results that were quite close to the 
measured values. The actual, ANN, and RSM projected strengths are shown in Table 5. The 
present research has several practical applications in civil and infrastructure engineering. 
To design the mix proportion and any model, such preliminary designs are required to 
make a product performance based on the optimum percentage replacement of any such 
materials with cement or FA [32]. To protect the environment from CO2 emission while 
cement manufacturing can be reduced by partially replacing waste plastic by regulating 
the minimum mechanical performance of SCC. For such a study, statistical tools to predict 
the mechanical properties are helpful and much required. Such tools are useful in civil 
engineering projects to regulate psychoanalysis's budget and financial feasibility. There 
are many statistical tools to predict the CS of concrete, but the ANN model is much faster, 
and it is less expensive when compared with the theoretical experimentation [33] 

4.3 Flexural Strength 

Following IS 516-1959, the flexural strength of EF-SCC concrete was tested. Fig. 7 shows 
the 100x100x500mm beams tested on several days and with varying amounts of HDPE 
and PP. At 15% replacement of HDPE in concrete, the maximum flexural strength of 5.1 
MPa was recorded, which is 0.8 MPa stronger than PP after 7 days. The flexural strength of 
the remaining HDPE replacement 5%, 10%, and 20% was inferior to that of PP. In concrete, 
the HDPE material demonstrated 4.6 MPa and 4.75 MPa at 5% and 10% replacement, or 
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0.15 MPa and 0.18 MPa after seven days. A few researchers used plastic aggregates to 
perform and publish their findings on Flexural strength [34–38].  The flexural strength 
increased when PET waste plastic was included at low partial replacement levels; the 
pattern changed when PET material was added in high doses [34]. As seen in Fig. 7, the 
flexural strength was almost identical after 28 and 56 days. It has been shown that the 
flexural strength of PP material rose by 1.4 MPa and 1.7 MPa for 28 and 56 days, 
respectively, as the curing period increased. The flexural strength of concrete was lowered 
by 0.5 MPa when 20% of PP material was added, but it increased to 1.4 MPa when 15% of 
PP material was substituted in the concrete. Fig. 7 illustrates how the RA concrete graph 
steadily climbed as the number of days it took to cure, in contrast to the inconsistent NA 
concrete graph. 

 

(a) 

 

(b) 

Fig. 7. Flexural strength of M40 grade concrete with a) HDPE and b) PP material 

The flexural strength test increases the % of HDPE and the number of days. For the 7 days, 
the flexural strength test is increased by replacing 20% HDPE. For the 28 days replaced 
HDPE with 20%, the maximum flexural strength test is 6.50 MPa. The flexural strength of 
concrete with PP is partially replacement with fine aggregate. In replacement of 20% PP, 
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the flexural strength is increased by 0.10 MPa in 3 days, and for 7 days, with replacement 
of 20%, the flexural strength is decreased by 0.90 MPa. It was observed in Fig. 7 the flexural 
strength test is increased by 20%, and replacement for 28 days is increased, compared to 
10%, and PP is increased by 0.20 MPa. It is observed from Fig. 7 that 100% of the RA used 
to prepare concrete with 15% HDPE and 15% PP material for flexural strength achieved 
more strength than the NA concrete mix. According to [35] showed the same pattern as in 
our study, but the concrete has improved by 10% replacement with plastic waste. 
According to the [39] experiment, the high PP material dosage showed a drastic reduction 
in flexural strength. A similar study conducted by [36] partially replaced with e-plastic 
showed that the flexural strength was below the value of conventional concrete. When 
20% of plastic waste was replaced with FA, the maximum reduction was achieved after 28 
days of curing. According to [40] has concluded that the waste plastic showed an increase 
in flexural strength of SCC up to 1.75% replacement by volume. 

4.4 Split Tensile Strength  

Fig. 8 displays the split tensile strength pattern for 7, 14, 28, and 56 days [34, 36, 41]. 
According to a related study, the split tensile strength may increase up to a specific optimal 
proportion of plastic waste, but the strength sharply decreases [34, 36]. At 15% 
replacement of HDPE in concrete, the maximum flexural strength of 0.91 MPa was 
recorded, 0.02 MPa less than PP after 7 days 

 
(a) 

 
(b) 

Fig. 8. Split tensile strength test a) HDPE and b) PP 
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. The flexural strength of the remaining HDPE replacement 5%, 10%, and 20% was inferior 
to that of PP. In concrete, the HDPE material demonstrated 0.76 MPa and 0.79 MPa at 5% 
and 10% replacement, or 0.25 MPa and 0.22 MPa after 7 days. As seen in Fig. 8, the tensile 
strength for 28 and 56 days was almost identical. The maximum strength for 15% PP 
material is 3.35 MPa for 28 days and 3.4 MPa for 56 days, respectively. The tensile strength 
of concrete was lowered by 0.35 MPa when 20% of PP material was added, but it increased 
to 0.35 MPa when 15% of PP material was substituted in the concrete. According to [9], 
PET material's substantial tensile properties can improve the tensile property by up to 
10% in replacement of waste plastic compared to other concrete materials. 

Compared to 100% RA, the 100% NA concrete has good results even with fewer days of 
curing. It is observed that the maximum strength for 15% HDPE and PP material is 
4.23MPa and 4.3MPa for 28 days, respectively, more than RA concrete at 28 days. It is 
observed from Fig. 8 that 100% of the RA used to prepare concrete with 15% HDPE and 
15% PP material for tensile strength achieved more strength than other mixes. According 
to [36], after 28 days of curing for 20% partial replacement of waste plastic has received 
maximum tensile strength. When the partial replacement was increased to 30%, it showed 
a drastic reduction. According to [42], the strength was reduced by 1.5% and 11% for 10% 
and 20% partial replacement of high-impact polystyrene (HIPS). 

4.5 Prediction of RSM and ANN with actual Experimental for Compressive 
Strength 

The experimentally tested values of EF-SCC cubes for CS, when predicted with RSM and 
ANN methods, are given in Table 5. When expected with ANN and RSM, the CS 
experimental (CS-EXP) for HDPE showed that the RSM method gave much more accurate 
results than ANN. The maximum percentage variation in prediction for RSM was positive 
4.7% at 20% for 14 days of curing; similarly, the negative maximum percentage variation 
was 4.49 for 20% replacement but at 28 days. When ANN was analyzed, it showed a 
maximum percentage variation of -23.65% at 20% of HDPE at 7 days, similarly +14.64% 
for 5% replacement at 28 days of curing.  

The RSM and ANN method was even predicted for PP material with different percentages 
at different days of curing. Both methods showed the same results as those that were 
tested. After 28 days of curing, the maximum CS of 48MPa was achieved with 15% 
replacement, and when it was predicted with RSM, it showed 0.199% variation, and ANN 
showed - 0.05% variation, a negligible percentage error. The CS achieved suitable 
mechanical properties even after being partially replaced by 15% with FA in EF-SCC. The 
recycled aggregate also showed a positive sign in using such waste material in construction 
industries. 

Table 5. Actual and predicted compressive strength of M40 grade SCC using RSM and 
ANN method 

Days 
(X1) 

% (X2) 
 

F.A. 
(X4) 

HDPE/PP 
(Kg/m3) 

CS- EXP 
(HDPE) 

ANN RSM 
CS-Exp 

(PP) 
 

ANN 
 

RSM 

7 5% 60.52 3.21 29 28.16 30.10 30 29.92 30.47 

7 10% 54.1 6.42 31 30.27 31.33 32.5 32.12 31.99 

7 15% 44.47 9.63 32.5 31.38 32.76 33 32.98 33.13 

7 20% 31.63 12.84 30 37.09 30.47 31 31.28 31.39 

14 5% 60.52 3.21 37 30.24 35.88 37.5 34.20 36.75 

14 10% 54.1 6.42 37.53 33.72 37.13 38 37.77 38.13 

14 15% 44.47 9.63 39 38.09 38.50 39.5 39.42 39.40 
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CS-EXP (HDPE) = Compressive strength –Experimented for HDPE material; CS-EXP (PP)= Compressive 
strength –Experimented for PP material; RSM= Response Surface Method; ANN= Artificial Neural Network. 

5. Conclusion 

The present study ascertains the optimum percentage of HDPE and PP material in 
workability and mechanical properties of EF-SCC, which was experimentally and 
statistically evaluated. 

• In the slump flow table test, it was found that waste plastic made of HDPE and PP 
with 20% replacement exhibited 708 mm and 702 mm, respectively. These results 
fall inside the permitted ranges specified by EFNARC (2002), which is 650 mm to 
800 mm.  

• The highest compressive strengths of 47 MPa and 48.7 MPa were attained by 
replacing 15% of the HDPE and PP in the EF-SCC. 

• It is recommended that in RA and NA concrete, the compressive strength of both 
HDPE and PP materials should grow to 15% in replacement, after which the 
strength should decline. 

• For PP materials, the RSM technique regression analysis yielded a result of 99.69%, 
whereas for HDPE materials, the result was 98.17%.  

• With a few exceptions, the P-value from the Pareto analysis revealed values 
between 0 and 0.005. 

• It is evident from Fig. 5 that the material at 7.5% HDPE and 5% PP reached the ideal 
compressive strength values after 28 days. Surface plot analysis revealed the 
similar pattern during 60 days of curing. 

• For M40 grade concrete for HDPE and PP material, the training, validation, test, and 
all values of R are, respectively, 0.9955, 0.9980, 0.9244, 0.9241, and 1, 0.972, 0.802, 
0.972. R stands for linear correlation coefficient. 

• For both materials, the EF-SCC's flexural strength demonstrated the greatest results 
at 15% replacement. 

• In the split tensile test, the NA performed better than the RA. In the split tensile test, 
a similar pattern to that of flexural strength was noted, with the greatest results for 
both materials coming at 15% replacement. 

• The prediction values of the RSM and ANN techniques for PP material were 
considerably more accurate; 11 out of 16 values indicated the same projected value. 
• The prediction of real compressive strength using RSM offered correct results for 
HDPE material compared with ANN. 

• The utilization of such waste material in the building industry appeared to be 
beneficial for recycled aggregate as well. 

14 20% 31.63 12.84 38 39.8 36.18 38 37.18 37.80 

28 5% 60.52 3.21 44 37.55 43.73 45 44.55 45.28 

28 10% 54.1 6.42 45 43.73 45.01 45.7 45.63 46.37 

28 15% 44.47 9.63 46 46.38 46.27 48 48.02 47.90 

28 20% 31.63 12.84 42 44.76 43.88 47 46.83 46.58 

56 5% 60.52 3.21 44.3 44.77 44.57 46.2 46.12 46.18 

56 10% 54.1 6.42 45.9 44.65 45.94 47 44.75 46.69 

56 15% 44.47 9.63 47 49.38 46.95 48.7 48.87 48.75 

56 20% 31.63 12.84 45 48.01 44.44 47.8 48.82 48.00 
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6. Further Studies 

It is recommended that microstructural properties be conducted in different thermal 
properties and that different waste plastics are used in various types and other grades of 
concrete. 
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 Sintered fly ash lightweight aggregate based concrete has been reported to give 
mechanical and durability properties similar to conventional concrete. But 
concrete made up of lightweight aggregate possesses lower stiffness and shear 
strength resulting into a brittle mode of failure due to crack propagating directly 
inside aggregate which is weak in nature. The study presents findings from the 
experimental investigation of fracture behavior of concrete made with sintered fly 
ash lightweight coarse aggregate in comparison to normal weight concrete (NWC) 
at w/b ratio of 0.5, 0.4 and 0.3. The mixes have been tested for compressive and 
split tensile strength for both concrete types. On notched beams of size 100x 100 
x 500 mm, a three-point bend test has been carried out for both lightweight and 
normal weight concrete to evaluate fracture parameters. The results of split 
tensile strength test indicated that the split tensile to compressive strength ratio 
lies in the range of 5-8% for lightweight concrete and this ratio lies between 5-
10% for normal weight concrete. The study indicates comparable fracture 
behavior for both lightweight and normal weight concrete. The non-linear 
ascending and descending branches in load vs deflection curve of concrete with 
sintered fly ash lightweight coarse aggregate can be linked with the non-linearity 
in tensile type stress-strain behavior and formation of the fracture zone in front 
of the initial notch. The modulus of elasticity of lightweight concrete is 
significantly lower than normal concrete.  The modulus of elasticity, area under 
the load deflection curve, tensile strength, fracture behavior etc. needs to be 
considered appropriately in the non-linear analysis of lightweight concrete.  
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1. Introduction 

Sintered fly ash lightweight concrete nowadays is getting used in construction industry 
because of its reduced dead load, improved durability performance, better thermal and 
sound insulation along with improved fire resistance [1-2]. Apart from this lower water 
permeability, lower chloride ion penetration and better corrosion resistance of lightweight 
concrete (LWC) makes it more durable as compared to normal concrete. The density of 
structural lightweight aggregate concrete generally varies from 1100 to 1900 kg/m3 
having minimum compressive strength of 17 MPa [3]. Sintered fly ash lightweight 
aggregate is mainly produced from fly ash through sintering process [1-2]. LWC has 
improved mechanical, durability and thermal properties but one drawback or limitation of 
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any concrete is its non-ductile (brittle) behavior and low crack resistance. This brittle 
behavior of concrete limits flexural load carrying capacity and can be extremely critical in 
earthquakes [3-7]. Due to the brittle nature, concrete structures are bound to undergo 
cracking under flexural loads and can fail suddenly without showing any signs of warning. 
The fracture performance of normal concrete has been investigated deeply in the past four 
to five decades resulting in thorough understanding and development of numerical models 
related to fracture behavior [5]. The numerous non-linear fracture mechanics models have 
been developed and are being used such as the fictitious crack model by Hillerborg et al. 
[6]. the crack band model by Bazant et al. [7] and the two-parameter model by Jenq and 
Shah [8]. These models have been successfully used in the analysis of non-linear behavior 
of concrete structures. The estimation of brittleness and ductility of concrete can be 
quantified through its fracture properties [9-11]. RILEM [12-13] gives a three-point bend 
test procedure on a notched beam to evaluate the fracture properties for concrete. Fracture 
energy is key fracture parameters used to compare or analyze the concrete cracking 
resistance and toughness. RILEM defines fracture energy as the quantum of energy needed 
to develop a crack with unit area. Other than fracture energy, other indicators of fracture 
behavior are initial load compliance, stress intensity factor, energy release rate, toughness 
and characteristic length. Fracture toughness can be expressed as ability of brittle material 
such as concrete to withstand crack formation under loading. The energy release rate is 
defined as energy transformation rate during propagation of fracture in concrete.  

 

Fig. 1. Stress-crack width response of structural lightweight aggregate concrete [14] 

Characteristic length of concrete is indicator of its brittleness and is inversely proportional 
to characteristic length [9]. In the LWC, there exists three fracture zones (a) traction free 
zone, (b) fracture process zone, (c) un-cracked zone (Figure-1) [14]. The traction across 
the coherent surface goes up to maximum load and thereafter drastically reaches to zero 
as per the multilinear stress-crack width model (Figure-1) [14]. Trivedi et al. [15] studied 
three approaches for determining fracture behavior of concrete such as Bi-linear 
approximation, RILEM procedure, and energy release rate to evaluate the fracture energy 
independent of size and observed similar results suggesting that either of three 
approaches are applicable. Study done by Murthy et al. [16] on tension softening relation 
and fracture energy for nano concrete highlighted that notch/depth has a major influence 
when RILEM method is used for fracture energy determination. Studies on the effect of 
silica fume as supplementary cementitious materials in normal weight concrete along with 
distribution of various sizes of aggregate on its fracture behavior are reported by Gil et al. 
[17] wherein an optimum dose of silica fume for fracture toughness and peak strength has 
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been reported. According to Siregar et al. [18], ductility of high-strength concrete is 
affected by the w/b and size of aggregate wherein the aggregate strength decides peak 
fracture energy.  

The study of literature has indicated that numerous studies are carried out on the 
performance of structural grade lightweight concrete using natural or artificial lightweight 
aggregate and has evaluated its mechanical and durability performance. However, studies 
on fracture performance of sintered fly ash lightweight aggregate based concrete is scanty. 
The comparison of fracture energy and related parameters of plain lightweight concrete 
with sintered fly ash lightweight coarse aggregate in comparison to normal weight 
concrete with natural coarse aggregate is not available in the literature. The current study 
also investigates the water absorption potential for dry state sintered fly ash lightweight 
aggregate from cement matrix. The paper presents a simplified mix design procedure for 
lightweight concrete produced from commercially available sintered fly ash lightweight 
aggregate. The findings of the study will highlight modulus of elasticity, load vs deflection 
behavior, tensile properties, fracture phenomena, brittleness, crack propagation etc. of 
LWC compared to normal concrete which would help in non-linear analysis of critical 
structures such as buildings in high seismic zones, dams, nuclear structures etc. where 
unstable and sudden crack propagation could lead to disaster. The study findings will also 
promote enhancement in adoption of sintered fly ash lightweight coarse aggregate in 
concrete in construction industry leading to conservation of natural resources and 
production of sustainable concrete.  

The study presents findings from the experimental results of fracture behavior of concrete 
made with sintered fly ash lightweight coarse aggregate in comparison to normal weight 
concrete (NWC). The w/b ratio adopted for concrete mix preparation has been 0.5, 0.4 and 
0.3 wherein (a) three mixes has been prepared with sintered fly ash lightweight coarse 
aggregate and (b) three mixes has been prepared with natural granite coarse aggregate. 
The 28-day cube compressive and split tensile strength are determined as procedure given 
in IS code [19]. The three mixes have shown compressive strength of 39.25, 51.52 and 
58.73 MPa for concrete made with sintered fly ash lightweight coarse aggregate. The three 
mixes have shown compressive strength of 43.35, 55.72 and 68.93 MPa for concrete made 
with natural granite coarse aggregate. The fracture energy is calculated as per RILEM 
procedure. Fracture performance has been evaluated at 28-day by determining modulus 
of elasticity, fracture energy, initial load compliance, energy release rate, stress intensity 
factor and characteristic length 

2. Materials 

In this study for production of normal weight concrete, OPC cement (43 Grade), coarse and 
fine aggregates, silica fume, superplasticizer and water are used. In the study, crushed fine 
aggregate that conforms with Zone II of IS: 383-2016 [20] has been used as fine aggregate 
and coarse aggregate having maximum nominal size of 20 mm has been used. Figure 2(a) 
displays the fine aggregate, while Figure 2(b) displays the coarse aggregate. Table 1 
displays the physical characteristics of both coarse and fine aggregate. 

The mechanical characteristics of sintered fly ash coarse aggregate is presented in Table-
2. The sintered fly ash lightweight aggregate is brown in color as shown in Figure-3 and 
has black core. The microstructure of sintered fly ash lightweight aggregate has been 
shown in Figure-4. The samples of sintered fly ash lightweight aggregate (LWA) (two 
fractions 8-16 mm and 4-8 mm) have been used as coarse aggregate. The chemical 
composition of sintered fly ash lightweight aggregate, OPC cement 43 grade (as per IS: 269 
[21]) and silica fume is given in Table-3. The fineness of OPC cement is 320 m2/kg and silica 
fume is 22000 m2/kg. 
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(a) 

 

(b) 

Fig. 2. (a) Fine aggregate (stone dust) and (b) Coarse aggregate (granite) 

 

(a) 

 

(b) 

Fig. 3.  (a) Sintered fly ash lightweight aggregate, Fraction: 4-8 mmand (b) Sintered fly 
ash lightweight aggregate, fraction: 8-16 mm 

Table 1. Aggregates properties 

Property 

Granite 
Sintered Fly ash 

Lightweight 
Aggregate Fine 

Aggregate 

20 mm 10 mm 
8-16 
mm 

4-8 
mm 

Specific gravity 2.82 2.81 1.49 1.47 2.65 

Water absorption (%) 0.3 0.3 17.93 17.50 0.59 

Sieve Analysis 
Cumulative 
Percentage 
Passing (%) 

 

20mm 97 100 100 100 100 

10 mm 2 66 30 100 100 

4.75 
mm 

0 2 0 13 99 

2.36 
mm 

0 0 0 2 89 

1.18 
mm 

0 0 0 0 64 

600 µ 0 0 0 0 43 

300 µ 0 0 0 0 26 

150 µ 0 0 0 0 14 

Pan 0 0 00 0 0 

 



Singh et al. / Research on Engineering Structures & Materials 11(2) (2025) 761-781 

 

765 

For preparation of concrete mixes for LWC, the fine aggregate (crushed stone) used in 
study conforms to IS: 383-2016. Also, for LWC crushed fine aggregate that conforms with 
Zone II of IS: 383-2016 [20] has been used as fine aggregate The polycarboxylic type 
chemical admixture conforming to Indian Standard IS:9103[22] has been used for all 
mixes. 

  

Fig. 4. Microstructure of sintered fly ash lightweight aggregate (10 µm and 1.5x) 

Table 2. Mechanical properties of sintered fly ash lightweight aggregate used in study 

Fraction 
LWA 

designation 
Specific 
gravity 

Water absorption 
at 24 hours (%) 

Loose bulk 
density (kg/m3) 

Crushing 
Strength 
(N/mm2) 

10 % 
Fines 
(Ton) 

4-8 mm LWA-I 1.47 17.50 813 8.80 - 

8-16 
mm 

LWA-II 1.49 17.93 849 7.70 3.60 

 

Table 3. Chemical composition of sintered fly ash lightweight aggregate and OPC cement 

Component 
CaO 
(%) 

SiO2 
(%) 

Al2O3 
(%) 

Fe2O3 
(%) 

SO3 
(%) 

MgO 
(%) 

Na2O 
Equivalent (%) 

Loss of 
Ignition 

Sintered fly ash 
lightweight aggregate 

2.45 62.50 25.85 4.19 0.29 0.53 0.77 1.48 

Cement OPC 43 grade 59.60 21.22 7.19 4.25 2.50 1.90 1.05 1.94 

Silica fume - 95.02 - 0.80 - - - 1.16 

3. Concrete Mix Design and Details of Specimen 

3.1. Concrete Mix Design 

3.1.1 Normal Concrete Mix Design 

The w/b ratio adopted for concrete mix preparation has been 0.5, 0.4 and 0.3 wherein (a) 
three mixes has been prepared with sintered fly ash lightweight coarse aggregate and (b) 
three mixes has been prepared with natural granite coarse aggregate. The slump has been 
kept in between 75 -100 mm. The mix design for normal weight concrete has been done in 
accordance with procedure given in IS: 10262-2019 [23]. The details of concrete mix are 
given in Table-4. 
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Table 4. Mix design details for normal weight concrete 

 
w/b 

Total Cementitious  
Content [Cement + 
Silica Fume (SF)] 

(Kg/m3) 

Water 
Content 
(Kg/m3) 

Admixtur
e % by 

weight of 
Cement 

Fine  
Aggregate 
(Kg/m3)  

Coarse 
Aggregate 

20 mm 
(Kg/m3) 

Coarse 
Aggregate 

10 mm 
(Kg/m3) 

28-Day 
strength 

of 
concrete 
(N/mm2) 

0.50 340 (316+24) 170 0.50 660 775 516 43.35 
0.40 425 (382+43) 170 0.80 580 775 515 55.72 
0.30 566 (481+85) 170 1.00 493 742 495 68.93 

 

3.1.2 Lightweight Concrete (LWC) Mix Design  

The sintered fly ash lightweight aggregate is porous in nature with very high-water 
absorption as compared to conventional natural aggregate. When lightweight aggregate is 
added in dry condition with water correction equal to water absorption of aggregate, it 
leads to segregation of mix in fresh state as well increase in net free water to cement ratio 
leading to reduction in strength in hardened state. Secondly, the direct correction of water 
absorption does not take into account the effect of cement paste and in actual condition it 
is the cement paste and not water alone which dictates the water absorption potential of 
lightweight aggregates. This problem can be tackled by use of lightweight aggregate in dry 
state condition with appropriate correction in water absorption taking into account the 
effect of cement paste for given water cement ratio of concrete mix.   

The mix design for LWC with sintered fly ash lightweight coarse aggregate has been done 
in accordance with procedure given in Indian Standard IS: 10262-2019 [23] and curve has 
been developed for water absorption correction of aggregate. The sintered fly ash 
lightweight aggregate is highly porous and its water absorption is about 18 percent. In the 
present study, the combined aggregate grading given in IS: 9142-2018 [24] has been 
adopted. The absorption potential of sintered fly ash lightweight aggregate has been 
determined in the study wherein moisture content of lightweight aggregates have been 
known. Initially the moisture content and initial weight of the aggregate have been 
recorded. The mortar pastes of w/b 0.7 has been prepared and placed in container. 
Twenty-five aggregates have been first placed in a cement paste present in the container 
for each period of 5, 15, 30, 45 and 60 minutes to decide optimum absorption period 
(soaking period). After the specified period of absorption, the lightweight aggregates have 
been removed from the cement paste and the excess cement paste attached to the outer 
surface of aggregates has been separated with help of nylon brush. The removal time of 
excess paste has been kept not more than one minutes to not absorb the water trapped in 
the aggregate particles which takes part in further hydration of cement paste. Thereafter, 
weight of aggregates has been measured.  After this the aggregates have been placed inside 
an oven for period of 48 hours at a temperature of 105°C. Finally, dry weight of aggregate 
has been determined and aggregate absorption values have been determined. The total 
absorption by the lightweight coarse aggregate in terms of percentage is calculated as 
difference of mass of aggregate after 45 minutes of soaking and initial mass of aggregate 
before soaking divided by initial mass of aggregate before soaking multiplied by 100. The 
total water absorption by the lightweight coarse aggregate in terms of percentage is 
calculated as difference of mass of aggregate after 45 minutes of soaking and dry mass of 
aggregate after oven drying divided by dry mass of aggregate after oven drying multiplied 
by 100. The difference between the percentage of total absorption by the lightweight 
coarse aggregate and total water absorption by the lightweight coarse aggregate is termed 
as total paste absorption potential of lightweight coarse aggregate.   
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Fig. 5. Relationship between water absorption of sintered fly ash lightweight aggregate 
with water to cement ratio for 45 minutes absorption period 

The water absorption values at w/b 0.70 for absorption period of 5, 15, 30, 45 and 60 
minutes have been 12.84. 13.84, 14.36, 14.86, 14.90, respectively. Based on this study, 45 
minutes absorption period for sintered fly ash lightweight aggregate has been considered 
in this study as the absorption capacity of the aggregates beyond this period has been 
almost negligible. Thereafter, this exercise has been repeated for mortar paste of w/b ratio 
of 0.3, 0.4, 0.5 and 0.6. Thereafter, correlation has been developed between sintered fly ash 
lightweight aggregate water absorption potential and different w/b ratios. The correlation 
developed is presented in Figure-5 for absorption period of 45 minutes. The correlation 
developed is to be used in water absorption correction of sintered fly ash lightweight 
aggregate used as coarse aggregate in concrete mix preparation. The brief of mix design 
procedure developed for production of concrete with sintered fly ash lightweight 
aggregate is given below:  

• Step 1: Deciding w/b - w/b is main strength deciding factor for any concrete mix 
with all types of aggregate.  

• Step 2: Fixing the quantity of water for mix-The quantity of water (kg/m3) is 
decided based on the workability requirements of mix for specific situation. The 
free water content for sintered fly ash lightweight aggregate may be kept in range 
of 160 kg /m3 to 210 kg/m3. The guidance on free water content is taken here from 
ACI 211.  

• Step 3: Determining cement content-The cement content (kg/m3) is determined by 
dividing free water content by water to cement ratio.  

• Step 4: Determining coarse and fine aggregates-The present method considers 
coarse aggregate (sintered fly ash lightweight aggregate) and fine aggregate based 
on the procedure given in IS: 10262-2019. An absolute volume approach is adopted 
in beginning for determining the quantity of total aggregate. Two fractions (8-16 
mm and 4-8 mm) of sintered fly ash lightweight coarse aggregate has been used for 
mix proportioning. The coarse aggregate of both fractions has been combined in 60 
% coarse aggregate 8-16 mm fraction and 40 % coarse aggregate 4-8 mm fraction. 
The combined aggregate grading meets the requirement of standard aggregate 
grading curve limit as per IS: 9142-2018. The water absorption correction for both 
fractions of sintered fly ash lightweight coarse aggregate and fine aggregate has 
been done. To consider the absorbed water by aggregate at the time of mixing of 
concrete, relationship between water absorption of sintered fly ash lightweight 
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aggregate with water to cement ratio given in Figure-5 has been adopted for 
calculating additional water requirements for lightweight aggregate in dry state 
condition.   

• Step 5: Water absorption correction-The mass of compensated water required is 
determined as given below: 
 Mass of additional water for coarse aggregate= Weight of coarse aggregate* 

water absorption potential of aggregate at the time of mixing  
 Mass of extra water for coarse aggregate 8-16 mm= Weight of coarse 

aggregate 8-16 mm*total water absorption of aggregate related to chosen w/b 
 Mass of extra water for coarse aggregate 4-8 mm Weight of coarse aggregate 

4-8 mm*total water absorption of aggregate related to chosen w/b  
• Step 6: Modification in concrete mix proportion-Whenever the compressive 

strength and workability requirements are not achieved, then proper modifications 
need to be done in concrete mixes along with dose of admixture until desired 
workability and strength properties of LWC has been achieved.    

The mix design details of LWC have been given in Table-5. A 60 kg batch of concrete has 
been prepared for each concrete mix. Firstly, in the pan mixer both the fractions of 
lightweight coarse aggregate, fine aggregate and cement has been mixed to obtain 
homogenous mix and thereafter 80 percent water has been added and mixing has been 
done for period of 2-3 minutes. After that the remaining 20 percent water along with 
admixture has been added and mixing has been continued for another 2-3 minutes. It is to 
be noted that the initial mixing period is critical for sintered fly ash lightweight aggregate 
due to its absorption characteristics. Adjustment has been made in mixing water as a 
correction for aggregate water absorption. 

Table 5. Concrete mix design of LWC 

 
w/b 

Total 
Cementitious  

Content 
[Cement + Silica 

Fume (SF)] 
(Kg/m3) 

Total 
water 

including 
aggregate 

water 
absorptio

n 
correctio
n (kg/m3) 

Admixture 
% by 

weight of 
Cement 

Fine 
Aggregat

e 
(Kg/m3) 

Coarse 
Aggrega

te 10 
mm 

(Kg/m3) 

Coarse 
Aggregat
e 20 mm 
(Kg/m3) 

28-Day 
strength 

of 
concrete 
(N/mm2) 

0.50 340 (316+24) 260 0.60 708 252 390 39.25 

0.40 425 (382+43) 254 0.70 646 250 385 51.52 

0.30 566 (481+85) 234 0.80 573 246 371 58.73 
 

The molds have been cleaned properly and concrete cube has been compacted on vibration 
table wherein each of three layers have been properly compacted. The concrete cubes have 
been demoulded after 24-hours. The environmental conditions of laboratory have been 
27±2oC temperature and 65% or more relative humidity. The concrete cube specimen has 
been tested in surface dried saturated condition. The concrete has been developed to 
maintain a slump in between 75-100 mm. 

3.2. Details of Specimen 

The concrete specimens of different size have been prepared for various tests discussed 
hereunder as per the standards and literature. The 28-day cube compressive strength has 
been determined as per procedure given in IS:516-2021 on cube size of 150 mm x 150 mm 
x 150 mm. The concrete cylinders of size 150 mm diameter and 300 mm height were cast 
for evaluating split tensile strength of concrete as per IS: 516-2021. For fracture study at 
28-day age as per literature and RILEM procedure, the three point bend test has been 
performed on 100mm x 100mm x 500mm size concrete beam with notch depth as 35mm 
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(Figure-6). Table 6 gives details of specimens and Figure 5 displays the cast samples with 
molds.  

 
 

Fig. 5 Concrete cubes, cylinders, and 
beams in molds 

Fig. 6. Notched beam sample 

Table 6. Details of specimen and tests performed  

S. 
No. 

Specimen Dimension(mm) Tests 

1 Concrete Cubes 150 x150 x 150 Compressive strength at 28-day age 

2 
Concrete 
Cylinders 

150 Diameter x 
300 height 

Split Tensile strength at 28-day age 

 

3 Concrete Beams 100 x 100 x 500 3–Point bend test for fracture study 

4. Experimental Method 

The procedure adopted for determining fracture parameters are discussed in this section. 
The investigation includes compressive and split tensile strength and fracture parameter 
on notched beams using 3-point bend test.  

   4.1. 28-day Compressive and Split Tensile Strength Test 

The 28-day cube compressive strength and 28–day split tensile strength has been 
determined as per IS: 516. These tests have been carried out on three specimens in a 
compression testing machine of capacity 3000 kN and the average value has been 
presented.  

4.2. Study on Fracture Behavior Using Three-Point Bending Test 

On notched beams of size 100 x 100 x 500 mm, a three point bend test has been carried 
out for both lightweight and normal weight concrete. The plot of Load vs CMOD (Crack 
Mouth Opening Displacement) and Load vs deflection have been used for determining the 
fracture behaviour of both types of concrete using various standards and RILEM 
recommendations. Fracture performance has been evaluated by determining modulus of 
elasticity, fracture energy, initial load compliance, energy release rate, stress intensity 
factor and characteristic length. In Figure-7 & Figure-8(a), the three point bend test 
diagram and in Figure 8 the test set up in laboratory has been shown. The 100mm x 100mm 
x 500mm size beam with a notch depth of 35mm has been created in middle of beam and 
clear span has been kept as 400 mm.  
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Fig. 7. Three-point bend test diagram 

  

Fig. 8. (a) Typical setup for three-point bend test  and (b) CMOD measurement using 
clip gauge 

 

Fig. 9. Crack Mouth Opening Displacement (CMOD) vs time plot for the test 

The load on beam specimen has been given through a displacement mode operated 
machine of 30T capacity. The mid-point beam delfection has been recoded using Crack 
Mouth Opening Displacement (CMOD) and Linear Variable Displacement Transducer 
(LVDT). The clip gauge using two nos. steel type knife edges have been placed at the bottom 
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of the beam for CMOD measurement  as shown in Figure 8(b). Eighteen concrete beams 
have been evaluted for fracture performance study and out of which for each mix given in 
Table 4 and Table 5, the three beam specimens have been tested. The plot of CMOD vs time 
is shown in Figure-9. The test has been conducted in displacement operated mode in 
machine and loading rate for CMOD has been maintained at 0.40µm/s. The experiment 
continued to the point of failure of beam or to point where CMOD has been 1000 µm. 

5. Test Results and Discussions 

      5.1. 28-day Compressive and Split Tensile Strength Test 

Table 7 shows the results of the 28-day cube compressive strength and split tensile 
strength. The three mixes have shown compressive strength of 39.25, 51.52 and 58.73 MPa 
for LWC made with sintered fly ash lightweight coarse aggregate. The three mixes have 
shown compressive strength of 43.35, 55.72 and 68.93 MPa for normal weight concrete 
(NWC) made with natural granite coarse aggregate. From the results it is seen that split 
tensile to compressive strength ratio lies in between 5-8% for LWC. Whereas in the case of 
conventional concrete this ratio lies between 5-10%.  

 

Fig. 10. Fractured LWC after split tensile test 

Table 7. 28-day cube compressive strength and split tensile strength 

w/b 
ratio 

Type 
28-day strength (MPa) 

Cube Strength Split Tensile Strength 

0.50 LWC 39.25 

51.52 

58.73 

43.35 

55.72 

68.93 

2.26 

0.40 LWC 3.08 

0.30 LWC 3.20 

0.50 NWC 3.76 

0.40 NWC 3.90 

0.30 NWC 4.42 
 

This indicates that the tensile strength to compressive strength ratio of LWC is almost 
comparable to normal concrete [25]. The results indicate that the split tensile strength of 
both concrete types improves with reduction in w/b ratio. The observation of spitted 
surface of specimen indicates that the fracture path gets transferred through the 
aggregates in LWC (Figure-10). In case of LWC, it can be inferred that the bond between 
the cement paste matrix and the sintered fly ash lightweight aggregates are higher than 
the strength of aggregate. Because of low crushing strength of sintered fly ash lightweight 
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aggregate compared to natural aggregate, the LWC could not give similar split tensile 
strength for similar w/b ratio.  

   5.2 Load-CMOD and Load-Deflection Behavior 

This section discusses the study of load-deflection and load-CMOD behavior of LWC and 
NWC for w/b ratio of 0.5, 0.4, 0.3 in Figures 11, 12 and 13, respectively. These graphs are 
used for the subsequent calculation of fracture parameters till the point of failure. The 
failure point is represented by sudden change in deflection without increase in load in 
load-deflection curve or sudden change in deflection without increase in load-CMOD curve. 
The comparison of load-CMOD and load-deflection behavior of LWC and NWC for all three 
concrete mixes indicates that ascending branches of load–deflection and load-CMOD 
curves of concrete with sintered fly ash lightweight coarse aggregate are similar to normal 
weight concrete. The non-linear ascending and descending branches in flexural curves of 
concrete with sintered fly ash lightweight coarse aggregate can be linked with the non-
linearity in tensile mode stress-strain behavior and formation of the process zone of 
fracture in front of the initial notch. The significant difference in elastic modulus of 
aggregate and cement paste in LWC system with w/b ratio of 0.3 gives further non-
linearity in load-CMOD curves and load–deflection of concrete with sintered fly ash 
lightweight coarse aggregate.  

In LWC with w/b 0.3, larger fracture process zone gets developed before the peak because 
of weaker aggregate to paste bond. The exact reason behind the flat flexural curves in LWC 
compared to normal weight concrete is not fully understood and one of the reasons can be 
tortuous crack path in LWC compared to normal concrete. The hard out shell of sintered 
fly ash lightweight aggregate also provides some crack resistance because of which more 
crack formation gets diverted to aggregate-cement paste bond than across aggregates 
particularly for high strength LWC. 

  

(a) (b) 

Fig. 11. w/b ratio 0.5 (a) Load Vs deflection curve and (b) Load Vs CMOD curve 
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(a) (b) 

Fig. 12. w/b ratio 0.4 (a) Load Vs deflection curve and (b) Load Vs CMOD curve 

  

(a) (b) 

Fig. 13. w/b ratio 0.30 (a) Load Vs deflection curve and (b) Load Vs CMOD curve 

5.3 Fracture Energy 

Fracture energy can be termed as the quantum of energy needed to develop a crack with 
unit area, it is denoted by Gf. It is a critical parameter that is used to examine and assess 
concrete crack resistance, brittleness and toughness. Fracture energy is calculated by the 
formula from RILEM 50 [12] given in (1); 

𝐺𝑓(𝑁/𝑚) = (𝑊𝑜 + 𝑚𝑔𝛿𝑜)/𝐴𝑙𝑖𝑔 (1) 

where, 

 Gf = Fracture energy 

Wo = Area below the load-deflection plot as shown in Figure 14. 

 m = beam mass between the support along with mass of loading arrangement which is not 
attached to machine 

g = Acceleration due to gravity, i.e., 9.81 m/s2.  

δo = Deflection of the specimen at failure  
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Alig = Area of the ligament  

 

Fig. 14. Area within load and mid-point deflection plot of beam [27] 

 

Fig. 15. Fracture energy for w/b ratio of 0.47, 0.36 and 0.20 

The comparison of fracture energy of the mix of LWC and NWC at different w/b ratio is 
presented in Figure 15. The fracture energy in case of NWC increases with increase in 
strength or with decrease in w/b ratio. The same pattern for fracture energy is observed 
for LWC. It is also observed that fracture energy for LWC and NWC for w/b ratio 0.3 is 
comparable but for LWC and NWC for w/b ratio 0.4 and 0.5 the difference is in tune of 19-
30%. The difference in fracture energy of LWC and NWC is getting reduced with decrease 
in w/b ratio. In LWC with w/b ratio 0.3 having compressive strength up to 58 MPa, the 
difference in the elastic modulus of cement paste and lightweight aggregate is less and 
the paste–aggregate bond improves. Along with this the improved interfacial 
transition zone provides better crack resistance compared to LWC with w/b 0.5 or 
w/b 0.4 leading to similar fracture energy for w/b ratio 0.3. The fracture energy of both 
LWC and NWC for respective w/b ratio depends upon the type of aggregate and bond of 
the cement paste–aggregate matrix. In the lightweight concrete, uniform stress 
distribution happens due to similar moduli of aggregate and cement paste causing 
simultaneously reduction in stress concentration. The failure of lightweight concrete 
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happens in brittle manner once fracture initiates due to inferior aggregate interlocking 
mechanism. The past studies [14-15] has reported that fracture in lightweight aggregate is 
bound to happen through the aggregate but in case of sintered fly ash lightweight 
aggregate based concrete, the fracture is happening around the aggregate. The reason 
behind this phenomenon can be attributed to development of large stress at interface of 
lightweight aggregate and cement matrix due to incompatibility of elastic modulus of both 
aggregate and cement matrix. This fact can also be linked with improved interfacial 
transition zone in case of sintered fly ash lightweight aggregate based concrete due to 
internal curing and prolonged hydration.  

5.4 Modulus of Elasticity (MOE) and Initial Compliance 

Initial compliance represented by Ci, is defined as the inverse of the slope of the initial 
linear portion of the load versus CMOD curve. Equation (2), as given by [12], is used to get 
the MOE for the concrete beams with midpoint notch using the Ci. 

𝐸 (𝑀𝑃𝑎) = 6𝑆 
𝛼𝑉1(𝛼)

𝐶𝑖𝑑𝑏2
 (2) 

Where 𝛼 = 𝑎/𝑑 , a= initial notch depth, d= beam depth. The computation of the slope of the 
load-CMOD curve's initial straight segment is displayed in Figure 13. Equation (3) provided 
by Tada et al. [25] is used to determine V1(α) as follows: 

𝑉1(𝛼) = 0.76 − 2.28𝛼 + 3.87𝛼2 − 2.04𝛼3 +
0.66

(1 − 𝛼)2
 (3) 

Table 8 presents the value of MOE as obtained from initial compliance by using equation 
2. It can be observed that load-CMOD compliance method for MOE gives higher result than 
the actual as the strength of concrete increases. The MOE by this method is not accurate 
and reliable, therefore MOE as per empirical equation by Arora et al. [26] for normal weight 
concrete and IS: 9142-2018 for LWC is used for calculation of subsequent parameters in 
the study. 

 Table 8. Modulus of elasticity and initial compliance of concrete 

w/ b 
ratio 

 

Cube 
compressi
ve strength 

(MPa) 

Initial 
compliance 

Ci (10-9 

m/N) 

Modulus of 
elasticity 

(GPa) [CMOD 
test] 

Modulus of elasticity (GPa) 
[As per Arora et al. For 

NWC [26] / IS: 9142-2018 
for LWC [24]] 

0.5-NWC 43.35 5.12 31.33 30.98 
0.5-LWC 39.25 6.87 23.35 18.79 
0.4-NWC 55.72 4.48 35.79 33.43 
0.4-LWC 51.52 3.92 40.90 21.53 
0.3-NWC 68.93 3.56 45.37 35.60 
0.3-LWC 58.73 5.0 32.10 23.33 

 

The compliance method proposed by RILEM is tedious, difficult, and sensitive to various 
test parameters. It requires a high degree of measurement sensitivity in mechanical bend 
tests, in the order of (10-9} meters. Compliance is a function of the initial slope, which can 
vary slightly based on individual graph analyses. Even a little deviation in measuring the 
initial level slope in load-CMOD curve significantly affects the MOE. Figure 16 shows the 
best-fit curve for calculating the initial slope of the load-CMOD curve for different w/b 
ratios of the mix. From this study, it is evident that this method for determining MOE 
should not be preferred and is limited to use for comparative analysis only. Other well-
known standard empirical methods should be used for MOE calculations. 
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Fig. 16. Initial compliance calculation from Load-CMOD curves 

5.5 Stress Intensity Factor 

The stress intensity factor (KIC) is defined as stress measurement adjacent to the crack. It 
represents the state of stress and crack propagation rate in the neighborhood of the crack 
or notch tip. The specimen with higher (KIC) shows higher stress distribution near the crack 
representing less brittle the material. According to RILEM [12], the stress intensity factor 
can be computed using equation (4) as follows: 

𝐾𝐼𝐶 (𝑀𝑃𝑎 √𝑚) =  3(𝑃𝑁𝑚𝑎𝑥  +  0.5𝑊)
 𝑆√𝜋𝑎

2𝑑2 𝑏
𝑓(𝛼)                                    (4) 
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Where PNmax = peak load beam with midpoint notch in N, 

W = Total weight of the beam between the supports 

S = span of the beam in m 

α = a/d = 0.35  

f(α) = Correction related to geometry for bending load.  

For calculation of f(α) Finite Element Method is required for varying property of material, 
size and notch depth [27]. But in the present study equation (5) is used for comparative 
analysis because of simplicity and wide acceptance of this: 

𝑓(𝛼) =
1.99 −  𝛼(1 − 𝛼)(2.15 − 3.9𝛼 + 2.7𝛼2)

√𝜋(1 + 2𝛼)(1 − 𝛼)3/2
 (5) 

The stress intensity factor test results are shown in Figure 17. The graph shows that the 
average stress intensity factor for LWC is comparable than the NWC for a w/b ratio of 0.3, 
04, and 0.5. The increase in w/b ratio increases the KIC for NWC, almost comparable 
behavior can be seen with LWC. Also, it can be seen that KIC increases with increase in 
compressive strength of the concrete because formation of initial cracks depends upon the 
tensile strength of the beam. 

 

Fig. 17. Stress intensity factor 

5.6 Critical Energy Release Rate 

The critical energy release rate, GIC is defined as rate of change of energy when new 
fracture surface is created. It quantifies the energy change associated with crack growth. It 
can be numerically termed as the reduction in total energy potential per increase in surface 
area of fracture. It is important parameter to predict fracture toughness and crack growth 
behavior. The equation given by RILEM [12, 27] and mentioned below in equation (6) is 
adopted for calculation of GIC: 

𝐺𝐼𝐶(𝑁/𝑚) =  
𝐾𝐼𝐶

2

𝐸
                                    (6) 

Figure 18 shows the energy release rate of the LWC and NWC mix at w/b ratio of 0.5, 0.4 
and 0.3. The graph clearly shows the slight increase in energy release rate in case of LWC 
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as compared to NWC for given w/b ratio. It means that for LWC the strain energy release 
with formation of new crack will be higher than NWC.  From the figure, it can be noted that 
there is no definite trend in energy release rate with increase in compressive strength of 
both NWC and LWC.  

 

Fig. 18 Energy release rate 

5.7 Characteristic Length of Concrete 

Characteristic length is inherent property of material which indicates smallest possible 
width of a zone where damage occurs in a non-local continuum model [26]. It indicates the 
smallest possible spacing of fracture in discrete fracture model. It is calculated to 
understand and compare the brittleness of two different materials. The lesser the 
characteristic length, the lesser the spacing of fracture due to easier crack propagation and 
more brittle the material. It helps to predict how materials will behave when they start to 
break. The following formula (7) from [27] can be used to compute it. Here E is elastic 
modulus, Gf is fracture energy, and fst is split tensile strength.  

𝐿𝑐ℎ(𝑚𝑚) =  
𝐸𝐺𝑓

𝑓𝑠𝑡
2                                    (7) 

 

Fig. 19. Characteristic length 
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Figure 19 shows the characteristic length results, and it can be analyzed from the figure 
that as the compressive strength increases for NWC there is similar characteristic length. 
The same trend is observed in case of LWC. At a given water binder ratio, the characteristic 
length of LWC and NWC are comparable for lower w/b of 0.4 and 0.3 and does not show 
any significant variation in characteristic length. This indicates that fracture behavior of 
both LWC and NWC are comparable.    

6. Conclusions 

Based on the comparison of fracture energy and other fracture parameters adopting the 
three-point bend test with midpoint loading for plain lightweight concrete with sintered 
fly ash lightweight coarse aggregate in comparison to normal weight concrete, followings 
conclusions are drawn: 

• Split tensile strength tests shows that lightweight concrete exhibits a split tensile to 
compressive strength ratio between 5% to 8%, while this ratio ranges from 5% to 
10% for normal weight concrete. The modulus of elasticity in case of lightweight 
concrete is about 60-70% of modulus of elasticity of normal weight concrete.  

• The comparison of load-CMOD and load deflection behavior of LWC and NWC 
indicates that ascending portion of load–deflection and load-CMOD plot of LWC is 
similar to normal weight concrete. The non-linear ascending and descending 
branches in flexural curves of lightweight concrete can be correlated with the non-
linearity in tensile mode stress-strain behavior and formation of the process zone 
of fracture in front of the initial notch.  

• It can be observed that load-CMOD compliance method for modulus of elasticity 
gives higher result than the actual as the strength of concrete increases. The 
modulus of elasticity by initial compliance method is not accurate and reliable. The 
initial tangent modulus of elasticity as per Indian Standard is used for calculation of 
subsequent parameters in the study. This compliance method is proposed by RILEM 
is tedious, difficult and sensitive to test parameters.  

• The fracture energy in case of NWC increases with increase in strength or with 
decrease in w/b ratio. The same trend for fracture energy is observed for LWC. The 
difference in fracture energy of LWC and NWC is getting reduced with decrease in 
w/b ratio due to less difference in the elastic modulus of cement paste and 
lightweight aggregate, improvement in paste–aggregate bond and better interfacial 
transition zone providing more crack resistance. The stress intensity factor and 
characteristic length of LWC is comparable to NWC. No definite trend has been 
noted in energy release rate for both NWC and LWC with increase in compressive 
strength.  

• The modulus of elasticity of LWC is significantly lower than normal concrete.  The 
modulus of elasticity, area under the load deflection curve, tensile strength, fracture 
behavior etc. needs to be considered appropriately in the non-linear analysis of 
concrete depending upon type of application such as building, dams, bridges, 
nuclear structures etc. to compare or analyze the concrete cracking resistance, 
energy absorption capacity and toughness to estimate the safe period left before 
unstable and dangerous crack propagation.  
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 This study produced a composite using melon shell ash as reinforcement on 
recycled Aluminium waste cans matrix. The melon shell particulate additions to 
the matrix were done in wt.% of 0, 10, 5, 15 and 20. The mechanical behaviour 
of the composite demonstrates that the tensile values increased as the 
particulate addition increased to 15% wt. to reach a maximum of 113MPa but 
dropped at the 20% addition. The impact energy on the other hand increases 
marginally at 5% particulate addition and increases slightly higher with the 
addition of reinforcement of 10% wt to attain a maximum value of 77J. However, 
a further increase in the melon shell ash to 15% wt and 20% wt reduced the 
impact energy. The hardness values of the composites at all the % wt. additions 
were generally higher than that of the unreinforced Aluminium with the peak 
hardness value of 57.2BHN obtained at 10% wt. addition. The density of the 
composites decreases as the % wt. of the melon shell ash particles increases. The 
improved mechanical properties and lower density of the composites achieved 
in this study are significant factors in developing strong and lightweight 
engineering materials for industrial applications. 

 
© 2025 MIM Research Group. All rights reserved. 
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1. Introduction 

Aluminum alloy is a lightweight, malleable, durable and corrosion-resistant metal. It is 
highly recyclable and has found wide uses in automobile, construction, building, food and 
beverage industries [1]. As a result of the expansion in the use of Aluminum alloys, there 
is a need for improvement in some of its properties through modification of its constituent 
elements. One of the ways this has been achieved is through the reinforcement of the 
aluminum matrix with suitable substances to form composites [2–4]. The use of Aluminum 
composites has expanded tremendously as a result of the increase in demand for efficient, 
lightweight and low-cost materials for industrial applications. Aluminum matrix 
composites (AMC) have gained wide attention from scientists and researchers own to their 
simpler production methods, economic feasibility and homogenous structure of the 
particulate reinforcements. AMC also demonstrate higher stiffness, low density and 
thermal expansion coefficient, good wear resistance and specific strength  [5, 6] Reports 
have shown that the type and fractions of reinforcements on the Aluminum composites 
influenced the behavior of the composites. Significant improvements have been achieved 
in aluminum composites through the introduction of little ceramic-containing particulates 
such as, Titanium carbide (TiC), Boron carbide (B4C), Silicon carbide (SiC), and Silica oxides 
(SiO2) [7–13]. However, the economic and environmental challenges involved in the 

mailto:abolusoroop@tut.ac.za
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production of these ceramics have led to the exploration of the potential of agricultural 
waste-based reinforcements [14, 15] Agricultural waste emanates from remnants of crops 
after the edible parts have been consumed. The abundance and availability of these wastes 
coupled with low cost and sustainability have endeared them to researchers as 
reinforcement materials [16,17]. In addition, Agrowastes are usually dumped 
indiscriminately in the open land giving rise to environmental pollution. Ashes from 
Agrowastes such as rice husk, groundnut shells, sugar cane bagasse, palm kernel shells, 
coconut shells and melon shells have been utilized as reinforcement materials in 
Aluminium matrix composites as a result of their constituents [16], [18–21]   Rice husk ash 
(RHA) possess high percentages of Silicon oxides together with other compounds such as 
MgO, Fe2O3 and Al2O3 [22–25]. Tensile strength, toughness, and hardness improvement 
have been reported in RHA and mica as reinforcement in A7075 matrix composites [26]. 
SiC extracted from RHA has also been utilized as reinforcement [27, 28]. Joharudin et al 
[29]. reinforced recycled A7075 chip with silica extracted from RHA. His result showed 
improvement in the hardness values of the composites. Coconut shell ash (CSA) is another 
agro-waste that has found application as reinforcement in composite production. It has 
also been reported to contain SiO2, MgO, Fe2O3 and Al2O3 [30]. The addition of CSA as 
reinforcement to the aluminum matrix of A6082 has been reported to enhance the 
properties of the composites [30]. Using the stir casting method, Kaladgi et al [31] 
reinforced 6061 with coconut shell microparticles and Al2O3. His result revealed a boost in 
the hardness and tensile strength of the composites as the percentage of reinforcements 
increased. Bello et al [32] utilized coconut shell microparticles to reinforce Aluminum alloy 
using the compo-casting method. An increase in tensile properties was observed due to 
appreciable interfacial adhesion between the aluminum matrix and the particulate 
reinforcement. Palm kernel shell ash (PKA) is also an agricultural waste which contains 
abundant siliceous materials. SiO2 is a major constituent of PKA mostly up to 40%. Other 
constituents present include metallic oxides such as aluminum oxide, magnesium oxide, 
Potassium oxides, and calcium oxide [33, 34]. The addition of PKA as reinforcement on the 
aluminum matrix was found to improve the wear resistance and the mechanical behavior 
of the developed composites [35]. Sugar cane bagasse (SCB), a waste from sugar cane has 
also been explored for reinforcement purposes. The main constituents are cellulose, 
hemicellulose, wax lignin and ash [36, 37]. The presence of these elements makes SCB a 
suitable reinforcement fibre material for the development of composites with outstanding 
physical and chemical characteristics [38, 39]. Chandla et al [40] employed bagasse ash to 
reinforce the aluminum alloy 6061 matrices via stir casting technique and observed an 
increase in the hardness and tensile strength of the composite as the bagasse ash content 
increased. Ashes from other agricultural wastes and organic materials such as Aloe vera, 
pine leaf and lemon grass have equally been explored as reinforcement materials on 
Aluminum alloy matrix [41–43]. The potential of melon shell ash as reinforcement on 
aluminum matrix has also been explored [44, 45]. A study by Abdulwahab et al [46] on an 
Al-Si-Mg matrix reinforced with melon shell ash revealed improvement in the mechanical 
property of the Al-Si-Mg alloy up to a maximum of 20% wt addition of the melon 
reinforcement. However, better thermal conductivity was achieved in the composite with 
the 5%wt addition of reinforcement than the other proportions (10 wt%, 15 wt%, and 20 
wt%). Suleiman et al [47] also employed melon shell ash as a reinforcement on the Al-Si 
alloy matrix. Their result showed that the hardness and the tensile strength of the 
composite increased while the impact energy and the percentage elongation decreased. 
From the foregoing literature review, it is evident that studies on the use of agricultural 
waste as reinforcement on recycled aluminum alloys are scarce in the literature. Although 
there has been reported use of melon shell ash reinforcement on a certain grade of 
aluminum alloy (Al-12%Si), however, research on the use of melon shell ash to develop 
composites with other aluminum grades and especially aluminum waste cans has not been 
reported. Therefore, this study focuses on developing and exploring the potential of 
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recycled aluminium waste cans matrix reinforced with melon shell ash for lightweight 
engineering applications in automobiles.  

This study attempts to reduce the challenges posed by the indiscriminate disposal of 
agricultural and aluminium wastes and its environmental consequences. Most agro wastes 
and waste aluminium cans especially in developing countries are usually burnt or buried.  
This method of disposal constitutes a health risk for both plants and animals. The 
utilization of the melon ash and the aluminium waste cans to produce composites will help 
in turning the wastes into useful engineering materials that will help minimize the risk 
involved in the improper disposal of the wastes thereby promoting good health and a safe 
environment which is vital to the attainment of the Sustainable Development Goals (SDG) 
3 which is good health and well-being. The impact of composite production also extends 
beyond this goal, with implications for other SDGs such as SDG 12 (responsible 
consumption and production), SDG 9 (Industry, innovation and infrastructure) and SDG 2 
(Zero hunger) as more production of the crops will be encouraged thereby making more 
food available for consumption as a result of the innovative use of the wastes from the 
crops. 

In this research, the aluminium waste cans were recycled as the matrix material while the 
melon shell ash was used as the reinforcement via the stir casting technique. The main 
objectives of the study include burning the melon shell and investigating the chemical 
compositions of the produced ash, production of the composites via stir casting method, 
and characterization of the composites to obtain the mechanical properties and the 
microstructures.  

2. Materials and Methods 

2.1. Preparation of The Melon Shell Ash 

The melon shell (Figure 1) was sourced from a market in Omu-Aran, Kwara state, Nigeria. 
They were thoroughly washed to eliminate dirt, sun-dried and then burnt into ashes and 
sieved with a 38 μm sieve size. Figure 2. 

2.2. Aluminum Waste Cans Preparation 

The Aluminum waste cans were picked from different dumping sites in Omu-Aran, Kwara 
state, Nigeria. Figure 3. A compositional analysis was carried out on the Aluminum alloy 
using the theoretical density of 2.7 g/cm3. Table 1. 

Table 1. Aluminum waste cans chemical composition (weight %) [2] 

 

2.3 Analysis of The Produced Melon Shell Ash 

X-ray fluorescent (XRF) was employed for the elemental analysis of the melon shell ash. 
The analysis was carried out using the Thermo Fisher ARL PERFORM’X Sequential XRF 
equipment with Uniquant software. Table 2. 

Table 2. Melon shell ash composition 

Element Fe Mn Ti K Si Cu Zn Mg Cr Al Others 

% Wt 0.431 0.388 0.006 0.013 0.59 0.074 0.194 2.143 0.008 96.043 0.11 

Oxides SiO2 K2O SO3 P2O5 FeO3  TiO5 Al2O3 MnO 

Weight % 75.11 4,59 0.62 9,77 1,31 0.16 2,67 0.457 

Oxides CaO ZnO BaO Na2O MgO V2O5 LiO ZrO2 

Weight % 2,12 0.476 0.089 0.53 0.36 0.006 1,42 0.01 
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Fig. 1. Melon shell Fig. 2. Melon shell ash 

  

Fig. 3. Waste Aluminium cans Fig. 4. Sand mould with the composites                       
 

2.4 Composite Production 

The aluminium cans were crushed and weighed on a weighing scale before being loaded 
into a mild steel container and charged into the blast furnace, which was preheated to 500 
degrees Celsius. The furnace temperature was raised to 800oC, which is higher than the 
melting point of the aluminium waste cans, which is about 660oC The charged Aluminium 
was left for about forty-five minutes in the furnace and stirred at 450 rpm to allow proper 
and complete melting. Following this, the molten aluminium was removed from the 
furnace and the impurities/ slag were separated from the molten Aluminium. The 
prepared melon shell ash powder was introduced into the molten metal as the 
reinforcement in percentage by weight to produce the composites. The mixture was stirred 
for 1 minute, returned to the furnace, and left for about 15 minutes. After this, the molten 
composite was removed from the furnace, gently poured into the prepared sand mould 
(Figure 4) and left to cool naturally. The composite rods (Figure 5) were removed from the 
sand mould after 24 hours. The reinforcement was added in percentage by weight 
according to Table 3 to produce five distinct combinations. The samples without 
reinforcement were the control samples i.e. 0% wt. The percentage weight additions were 
selected based on literature reports on related studies [2, 22, 46, 47]. 
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Table 3. Various % wt additions of melon shell ash to the Aluminium matrix 

S/N 
Al alloy 
(% wt.) 

Melon ash 
(% wt.) 

1 100 0 
2 95 5 
3 90 10 
4 85 15 
5 80 20 

2.5. Characterization 

2.5.1. Mechanical Properties 

Three specimens were machined into B557M ASTM standard [48] for each percentage 
reinforcement used (Figure 6). The mean values of the ultimate tensile strength were 
recorded. The tensile strength was carried out using the INSTRON universal testing 
machine. The Brinell hardness testing was performed following ASTM E10-18 2017 [49] 
using a universal testing machine with an indenter of 10mm at 500kgf for 10s.  About five 
indentations were made on each sample and the average was evaluated. Two impact test 
samples cut to ASTM standard E23 of the year 2007 [50] were evaluated for all the 
composites. The test was performed on the notched rectangular samples of dimensions 75 
x 10 mm using the Avery-Denison Universal Impact-Testing Machine. The impact strength 
measured in joules (J) was recorded for the test specimens. 

  

Fig. 5. The composites before machining Fig. 6. Tensile samples 

2.5.2 Density 

The density of the composites was measured using Archimedes’s principle and equation 1 
[2].  

w
WwWc

Wc
c  









−
=  (1) 

Where; ρc = density of the composite; ρw = density of water at room temperature 
(1000kg/m3 or 1g/cm3); Wc = weight of composite in air and Ww = weight of composite 
immersed in water  

2.5.3 Surface Morphology Examination 

Samples of 6mm each were cut from the composites, mounted, grinded, polished, and 
etched with Weck’s reagent for the microstructural study. This was performed with an 
optical microscope set at a magnification of 50. Three samples at different percentage 
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reinforcement additions i.e., 0% wt, 5% wt, and 15% wt. were selected for SEM and EDS 
analysis based on their mechanical behavior.  

2.6 Challenges  

The main challenge encountered during the composite preparation was the melted 
aluminum cans carrying lots of impurities and slags which increases the melting time of 
the aluminum in the furnace. Frequent efforts were made to remove the slags on the 
molten aluminum before adding the reinforcements. The thermal instability resulting from 
the temperature difference between the sand mould and the molten composites causes 
sparking of the molten metal during pouring. However, preheating the mould before 
pouring the molten metal was helpful. The limitation of the stir casting method which 
includes particle agglomeration at higher volumes of reinforcement additions was another 
challenge. The stirring time at the higher percentages of reinforcement additions was 
increased for more even distributions of the melon shell ash. 

3. Results and Discussion 

3.1 Tensile Test 

The tensile result as shown in Figure 7 indicates that the melon shell ash particulate 
addition has a significant influence on the tensile properties of the Aluminum alloy. At 5% 
weight addition of the melon shell ash to the Aluminum matrix, the tensile strength 
increases by 7.5% and increases by 16.1% at 10% weight addition. The highest tensile 
strength of 113MPa was obtained at the 20% weight addition of the melon shell ash 
reinforcement representing about 23.7% increase from the unreinforced alloy. However, 
at 20% reinforcement addition to the matrix, the ultimate tensile strength decreases. 

 

Fig. 7. Ultimate tensile strength of the composites at different weight additions 

The increase in tensile strength of the composites up to the 15% weight addition of the 
melon shell ash could be ascribed to the ability of the melon shell ash particulates to act as 
a hindrance to dislocations when subjected to loading during the tensile test. The high 
silicon content of the melon ash which has been known to promote grain boundary 
strength and other hard compounds such as Fe2O3, Al2O3, MgO, TiO2 and CaO present in the 
melon shell ash have played a significant role in the strength improvement of the 
composites [46, 47]. The decrease in the composite strength at 20% weight addition could 
be due to the influence of the segregation of the oxide particles which weakens the 
strengthening precipitates of the composites [47]. 
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3.2 Hardness 

The hardness values of all the composites at different percentage weight additions (Figure 
8) were significantly greater than that of the unreinforced Aluminum. The hardness value 
increased from 48.5 HBN for unreinforced Aluminum to 55.5 BHN at 5% wt melon shell 
ash addition. This value further increased to 57.2 at 10% wt particulate addition to give 
the maximum value. Thereafter, the hardness value dropped at 15% wt and reduced a bit 
further at 20% wt addition. The uniform dispersion of the melon ash particles along the 
grain boundaries of the composites, as observed in the microstructures, improved its 
resistance to plastic deformation thereby impacting hardness to the composites. The 
decrease in hardness values as observed at 15% wt. and 20% wt. melon shell ash additions 
could be attributed to the increase in the weight of the melon shell ash in the Aluminum 
matrix which advanced the coarsening of the precipitates and weakened the intermetal-
particulate bonding of the composites [2, 34, 44]. 

 

Fig. 8. The hardness of the composites at different weight additions 

3.3 Impact 

The impact test results vary across the different percentage compositions of the 
reinforcement (Figure 9). At 5% particulate addition, a marginal increase in impact 
toughness from that of the Aluminum matrix was observed. Further addition of 
reinforcement to 10% increases the impact energy slightly higher. However, as the 
addition of the particulate reinforcement increases further, the impact energy reduces. The 
highest impact energy of 77J obtained at 10% represents a moderate addition of 
reinforcements. At this stage, the melon shell ash blends with the Aluminum matrix to 
enhance interfacial adhesion and maximum absorption of energy with adequate toughness 
and strength to tolerate the impact force [2, 46]. The impact energy reduces as the melon 
shell ash addition increases to 15% wt and reduces further at 20% wt. This could be linked 
to the high volume of melon shell ash present in the composite which could lead to 
segregation by the ductile Aluminum matrix making it prone to crack propagation. Also, 
the thermal differences set up between the melon shell ash particles and the Aluminum 
matrix generate elastic stresses which put the melon shell ash into compression and the 
matrix into tension, consequently advancing the brittleness which probably lowers the 
impact strength and could also be responsible for the lower hardness and tensile strength 
trend observed at the 20% wt addition [51]. 
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Generally, all the mechanical properties of the composite were observed to decrease at the 
highest percentage of reinforcement. In addition to the explanations already given on this 
in sections 3.1, 3.2, and 3.3, one of the factors that could be responsible for the lower 
mechanical properties at this weight fraction addition is the agglomeration of the 
reinforcements as evidenced in the microstructures in Figures 11 (c) and (d). The 
clustering of the melon shell particles could lead to stress concentration and 
nonuniformity in the reinforcement orientation, thereby initiating cracks and failures that 
could lower the composite strength. Also, insufficient matrix material due to the high 
volume of reinforcements could lead to reinforcement wetting, causing a reduction in the 
mechanical properties. Another possible factor is the thermal expansion mismatch 
resulting from differences in the thermal expansion coefficients of the aluminum matrix 
and the high volume of melon shell ash which could induce internal stresses in the 
composite, reducing the mechanical properties. 

The factors given above as possible causes of the observed reduction in the mechanical 
properties of the composites at the 20% wt. could be mitigated by optimizing the melon 
shell ash processing to enhance the fibre quality. Interfacial modification of the melon shell 
ash to improve bonding with the Aluminum matrix at higher percentages of weight 
addition may also be helpful. Other natural fibres could be incorporated into the melon 
shell ash to form a hybrid reinforcement. However, the compatibility of such hybrid 
reinforcement with the matrix must be ascertained. 

 

Fig. 9. Impact toughness of the composites at different weight additions 

 

 

3.4 Density 

The densities of the composites, as shown in Figure 10 decreased as the % weight addition 
of the melon ash increased. The density of the control sample i.e., the unreinforced 
aluminum is 2.8 g/cm3. This density decreases to 2.49 g/cm3 at 20% wt. The implication of 
this is that the greater the weight of the reinforcement, the lower the weight of the 
composites. This could be ascribed to the lower density of the melon ash in comparison to 
that of the Aluminum. This led to the reduction in the weight of the composites' matrix-
reinforcement particles, thereby lowering the composites' density [2, 22]. The reduction 
in the density of the composites observed at all the different % wt additions of the melon 



Abolusoro et al. / Research on Engineering Structures & Materials 11(2) (2025) 783-798 

 

791 

ash revealed that Aluminium lightweight composites are achievable with considerable 
additions of melon shell ash as reinforcement. 

 

Fig. 10. Density variation of the composites at different weight additions 

3.5 Surface Morphology Examination 

Optical microstructures of the composites at different % wt reinforcements are presented 
in Figures 11 a, b, c and d while Figure 11 e is the microstructure of the unreinforced 
Aluminum alloy. The microstructures generally revealed uniform spread of the melon ash 
in the aluminum matrix. This further attests to the effectiveness of the stir casting method 
employed for the composite production, despite a tiny micropore that could be spotted at 
a point in Figure 11 (b).  The melon shell ash particulates were considerably spread along 
the grain boundaries of all the microstructures although slight clustering of the ash 
particles could be noticed at some point in some of the samples. Figure 11 (c). Particulate 
agglomeration could be observed at some points in the composite at the highest 
reinforcement volume of 20% wt. Figure 11 (d). The homogenous distribution of the melon 
ash reinforcement in all the composite structures is accountable for the good result in the 
mechanical behavior of the composites. The structural Modification due to the addition of 
the reinforcement as evidenced in the microstructure, promotes strong interfacial bonding 
within the aluminum grain boundaries. This impact strength to the composites and 
enhanced its resistance to deformations thereby improving the mechanical properties as 
recorded in the tensile, impact and hardness results obtained from the composites [2, 34, 
44]. However, slight agglomeration and non-uniformity in the dispersion of the melon ash 
particles at higher volumes of reinforcement caused the observed drop in the mechanical 
strength of the composites. 

The SEM and EDS analysis presented in Figures 12 a, b and c for 0% wt, 5%wt. and 15%wt. 
melon shell ash addition respectively show distinct features. These features emanate from 
the mixing of the melon shell ash with the Aluminum matrix. The EDS at the 5% wt. 
composition of reinforcement as shown in Figure 12 (b) reveals the presence of O, Mn, and 
Mg among others which are key components of the melon shell ash.  
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Fig. 11. Microstructures of the composites (a) 5% wt. ( b) 10% wt (c) 15% wt (d) 20% 
wt (e) 0% wt 

However, at the 15% wt addition of the melon shell ash, the percentage compositions of 
the elements changed with silicon having the highest composition after Aluminum. The 
high-volume addition of the melon shell ash to the aluminum matrix increased the silicon 
content of the composite since SiO2 is the major component of the melon shell ash as given 
in Table 2.  The addition of Si to metals has been reported to impart strength to it [46, 47]. 
This also explains the improvement in the mechanical behavior of the composites as 
compared with the unreinforced Aluminum alloys. 
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Fig. 12. SEM images and EDS analysis of the Aluminium matrix and the composites (a) 
0% wt. ( b) 5% wt. (c) 15% wt.  

4. Conclusions 

Recycled aluminium waste cans have been reinforced with melon shell ash to produce 
composites. The conclusions that could be drawn from the mechanical and microstructural 
characterizations carried out on the composites are as follows: 

• Melon shell ash reinforcement could be successfully incorporated into a recycled 
aluminium waste cans matrix through the stir casting method. 

• There is an enhancement in the ultimate tensile strength (UTS) of the composites 
over the unreinforced aluminium. The UTS increases as the percentage 
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reinforcement increases up to 15% wt particulate addition but drops a little at 20% 
wt addition. The maximum UTS of 113 MPa was obtained at 15%wt. addition 
representing about 23.7% increase above the unreinforced alloy. This 
improvement in the tensile behavior could be linked to the homogenous dispersion 
of the melon ash particulates in the Aluminum matrix which act as a barrier to 
dislocations during the tensile test. The high presence of silicon and other hard 
compounds in the melon ash also contributed to the observed high tensile strength 
[46,47]. Segregations of oxide particles occurred at 20% addition which declined 
the strengthening precipitates of the composites leading to the observed reduction 
in the tensile strength at that 20% [47]. 

• There was an improvement in the impact energy up to the 10% wt. reinforcement. 
However, the toughness energy dropped at 15% wt. and dropped further at 20% 
wt addition. The highest impact energy of 77J was obtained at 10% wt. At this point, 
there was an enhancement in the interfacial adhesion between the matrix and the 
melon which promotes energy absorption with considerable toughness and 
strength to withstand the impact force [2, 47]. 

• The hardness values of the composites at all the % wt additions were generally 
higher than that of the unreinforced Aluminum. The maximum hardness was 
obtained at 10% wt. addition. The uniform distribution of the melon shell ash along 
the grain boundaries of the composites promotes its resistance to plastic 
deformation leading to the rise in hardness of the composites [2, 44]. 

• The microstructures demonstrate that melon ash particles were homogeneously 
distributed in all the composites although little clustering and particle 
agglomeration were noticed at higher % wt. reinforcement. 

• Additions of the different weight fractions of the melon ash particles lower the 
density of the composites. This is evident from the fact that the density of the ash 
was lower than that of the Aluminum. This implies that lightweight Aluminum 
composites can be achieved with moderate additions of melon ash to the matrix. 

• Generally, the produced composite possesses better mechanical properties and 
lower density than the unreinforced alloys. These two factors achieved in this study 
are very significant to Engineering materials design and selection making this study 
a significant contribution towards the quest for lighter-weight engineering 
materials with uncompromising strength.  

• The enhanced mechanical properties and the reduced density of the composites 
have numerous potential applications in the development of lightweight 
engineering materials in industries such as aerospace, automobile, marine, medical, 
construction, sports, and energy. Many industries today are utilizing composite 
materials own to their benefits, especially their low weight and high strength 
ability. The aerospace and automobile industries are taking these advantages to 
produce lighter parts with high strength. The weight savings and dimensional 
stability offered by composite materials have reduced fuel consumption and 
enhanced the performance and efficiency of aircraft and automobile engines. 
Although carbon fibre-reinforced composites and polymer matrix composites have 
gained wide uses in the aerospace and automobile industries, the availability of 
materials, ease and cheaper production, and sustainability of melon shell ash 
reinforced composites could also be of tremendous advantage to the industries. The 
sports industries have also leveraged the merits of composites in the production of 
many sports equipment such as bicycles, tennis rackets, and golf clubs to ease 
sporting. Aluminum-melon shell ash composite does not produce any harmful 
emissions, this could also enhance its potential uses in the manufacturing of sport 
equipment. In the marine industries, lightweight composites have found 
applications in making boats, hulls, and propellers. Glass, carbon, and vinyl fibre-
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reinforced composites with epoxy resin matrix are some of the common composites 
in marine applications.  These composites are expected to have good strength, 
durability, and corrosion resistance ability. Since aluminum generally offers 
considerable resistance to corrosion the presence of an optimized quantity of melon 
shell ash as reinforcement in the aluminum matrix may likely not reduce its 
corrosion resistance when used in the marine environment. Composites such as 
natural and synthetic fibre-reinforced polymers, metal matrix composites, and 
carbon fibre-reinforced composites have also been utilized in building 
development, bridge components, long-span roofs, water storage tanks etc. 
Properties such as high strength-to-stiffness ratio, low density and low stress are 
some of the requirements for the composites employed in the construction 
industries. The aluminum-melon shell ash composites possess some of these 
qualities making it a viable option for the construction industries.  The low density 
and the improved strength-to-weight ratios achieved in this study are desirable 
material properties for lightweight applications in many industries especially 
where cheaper, durable, available and sustainable composite materials are 
required. 

5. Future Perspectives 

The mechanical behavior of the composites produced from the melon shell ash has shown 
that the properties can be controlled by varying the percentage composition of the 
reinforcements. This study suggests and encourages further exploration of the potential of 
other agricultural wastes in the environment in the field of materials, manufacturing and 
production engineering. In the future, agro wastes possess the potential to replace some 
hazardous and environmentally unfriendly reinforcements such as asbestos fibre 
employed in automobiles. Although the stir casting technique has been extensively utilized 
for composite production, however, its deficiencies such as non-uniform distributions of 
reinforcements and wettability call for explorations of other techniques such as compo 
casting, friction stir casting and powder metallurgy. Future research works could also 
encompass the optimization of both the composite production processes and the agro-
waste composition in the metal matrix. 
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 The study developed insulating refractory bricks from quartz with varied 
percentages of bentonite as a binder was subjected to physico-mechanical and 
thermal investigations. The produced bricks were dried and then sintered at 
1200oC. To examine the refractory performance of the material, analyses were 
done on the bulk density, apparent porosity, shrinkage test, loss on ignition 
(LOI), cold crushing strength (CCS), water absorption (WA), and microstructural 
examination using scanning electron microscope and energy dispersive X-ray 
spectroscopy (SEM-EDS).  The tested bricks' average apparent porosity of 43, 46, 
and 48%; water absorption of 0.98, 1.70, and 1.86%; bulk density of 1644, 1516, 
and 1324 kg/m3; shrinkage value of 1.71, 0.20, and 0.66%; cold crushing 
strength of 2.165, 1.381, and 1.088 MPa; loss on ignition of 0.98, 1.70, and 1.86%; 
and refractoriness of 1571.68, 1568.53, and 1565.39 OC were obtained for 
varying the percentage of the bentonite to 5, 10, and 15%, respectively. These 
results were within the range of values considered typical for refractories 
suggesting their suitability for high temperature applications. Additionally, the 
microstructural examination demonstrated homogeneity and the distribution of 
silicon throughout the brick structure. These denote consistent qualities and 
good thermal and mechanical capabilities. Meanwhile, the bonding materials 
were observed to significantly affect the refractory bricks produced. 

 
© 2025 MIM Research Group. All rights reserved. 

Keywords:  
 
Quartz;            
Bentonite;                   
Bonding material; 
Insulating bricks;                
High temperature 

 

1. Introduction 

Refractory materials (RMs) have shown exponential growth in industrial applications over 
time, which can be attributed to the rising need for high-temperature materials [1-3]. The 
exponential growth in industrial applications of refractory materials (RMs) over time can 
be attributed to the increasing demand for high-temperature materials. This demand 
arises from various industries where RMs are essential, such as pyrometallurgy, where 
they are used in furnaces, kilns, incinerators, and other high-temperature environments. 
RMs exhibit properties like thermomechanical stability, resistance to thermal 
decomposition, pressure loads, physical wear, and chemical attack, making them 
indispensable in these applications [1-3]. 
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Meanwhile, bentonite, a clay mineral renowned for its unique properties such as high-
water absorption capacity, swelling ability, plasticity, and thixotropy, plays a significant 
role in various industrial applications. Its properties make it an excellent binder in the 
production of building materials like bricks and ceramics [4]. In recent researches, 
bentonite has been reported to improve sintering mechanism when used as the bonding 
material [5,6]. Also, the high thermal stability of bentonite is another favorable property. 
Apart, from the resistance to high temperature, the chemical composition and the content 
of Montmorillonite of bentonite makes it favorably sorted after for binding in high 
temperature applications [7-9]. 

Due to the properties of RMs, they are vastly used in the process of the pyrometallurgical 
field as part of the structure constituents (pre-eminently inlays) in incinerators, furnaces, 
ovens, kilns, as well as areas of operation where thermo-mechanical durability is of 
primary concern for example fire or combustion indicator mechanism for rocket take off 
supports and re-entry temperature shield used in spacecraft [10, 11]. The predominant of 
RMs are non-metallic, polyphase, and inorganic materials that also exhibit permeability, 
non-homogeneity, and polycrystallinity. Hence, these materials are naturally composed of 
elements like aluminum (Al), silicon (Si), zirconium (Zr), magnesium (Mg), and others, 
either as oxides or non-oxides. They could be described as consisting of bonding agent 
phases, additives, and heat resistance composite minerals. Additionally, some metals with 
melting points higher than 1850 °C, such as tungsten (W), which has a fusion or melting 
point of 3422 °C, and niobium (Nb), which has a liquefaction phase with 2477 °C, are also 
regarded as RMs [10 - 12]. The bonding material to be used for the binding of RMs during 
production needs to also exhibit excellent thermal properties. However, several studies 
have explored the mineralogical and thermal properties of bentonite, highlighting that it 
has stable thermal properties [13, 14]. 

Generally speaking, RMs are materials that retain their mechanical integrity, dimensional 
stability, and chemical identity when subjected to elevated heat above 538 °C and are 
mechanically resilient to thermal decomposition, applied force, mechanical deterioration, 
or chemical degradation such as corrosion [11, 15]. Insulating materials consist primarily 
of a binder phase, a thermally stable mineral aggregate, and additives. They are non-
metallic inorganic materials. Insulating bricks are made to withstand a variety of abrasive 
and corrosive particles, liquids, or gases as well as exposure to extremely high 
temperatures [16]. The primary fundamental materials utilized in manufacturing the 
refractories include silicon oxides SiO2, calcium (Ca), magnesium (Mg), aluminum (Al), and 
zirconium (Zr) as well as other non-oxide compounds including borides, nitrides, carbides, 
silicate, and graphite [17].  Due to the industrial applications of refractories, mechanical 
strength is critical to be able to resist thermal shock and deformation when in use. Dense 
refractory materials, such as fireclay and high-alumina bricks, are used for their high 
mechanical strength. In this light, there are basic requirements a material should meet 
before it can be used as refractory material [18-20]. Meanwhile, the strength of most 
refractory materials is extremely reliant on the bonding agent [21], binders are very 
critical for the production of refractory. 

Overall, refractory materials are essential for many high-temperature industrial processes 
and are however required to perform the following basic functions: act as a thermal 
insulation; act as a chemical barrier that prevents corrosion; and provide mechanical 
stability [23]. As demand for these materials continues to grow, the development of new, 
innovative refractory materials is likely to hold a crucial role in the future of high-
temperature manufacturing. In a bid to develop a stable refractory brick, the study 
investigated the effect of the selected bonding material on the physical, mechanical, and 
thermal stability of the produced bricks. The microstructural examination of the bricks 
produced was carried out using scanning electron microscopy with energy-dispersive X-
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ray spectroscopy (SEM/EDS). This study is important to enable the selection of the 
bonding materials and the proportion that enhances overall efficiency in high-temperature 
industrial applications.  

2. Materials and Methods 

2.1 Materials 

Quartz rock specimens were dug from the extraction sites using the appropriate crude 
instruments. Figure 1 (a) and (b) presented the as-collected quartz and the milled 
bentonite powder, respectively.  Also, the functions and sources of the specimens utilized 
for manufacturing the refractories are presented in Table 1. 

 

(a) 

 

(b) 

Fig. 1. Image of materials used (a) quartz (b) bentonite 

Table 1. Materials 

S/N Material Source Use 

1 Quartzite 
Ijero-Ekiti, Ekiti State, 

Nigeria 
Production of refractory 

bricks 

2 
3 

Bentonite 
Distilled Water 

Sango, Ogun State, Nigeria 
- 

Binding material 
For mixing the refractory and 

binder 
 

2.2 Methods 

The collected rock samples were cleaned and sunbaked for 3 days to reduce humidity level 
for easy grinding of the rock samples [23]. The dried samples were then mechanically 
grinded into fine powders in a lab ball mill (Model 48-D0500/D and Serial No. 14002201). 
The fined particles were heated at 110 °C for 1 h in an oven to ensure that the unbounded 
moisture content had completely evaporated [23]. The pictorial illustration of the entire 
process followed while producing the refractory bricks is presented in Fig 2. 

Table 2. Materials composition 

            Materials and Percentage Composition 
S/N Quartzite (wt. %) Bentonite (wt %) 

1 95 5 
2 90 10 
3 85 15 
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The process of turning the rock element’s fine grains into a uniform mouldable mixture 
served as the first step in making refractory (insulating) bricks. This was accomplished by 
including 5, 10, and 15% bentonite as shown in Table 2 in succession as binder, and 8% 
water. The 8% water was adopted based on the study of [24], stating it to be the ideal 
amount required for best plasticity. The binder application is done to increase pre-fired or 
raw strength and serve as an addictive [25]. The slurry was then automatically 
homogenized by rapidly stirring in a clockwise manner with a ceramic blunger until a 
uniform plastic paste was achieved. The resulting paste was then put into the steel plate-
made mould with dimensions 50 x 50 x 50 mm as shown in Figure 3. With the firing 
temperature reaching 1200 °C, the green samples were fired using an oven at 100 °C for 
10 min. The refractory bricks were maintained at 1200 °C for 8 hr, after which a 24-hour 
cooling occurred within the furnace [23]. Diverse evaluations were carried out to establish 
insulating bricks' technical or mechanical characteristics and heat durability. 

 

Fig. 2. Schematic representation of the method 
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Fig. 3. Produced refractory brick 

2.2.1 Apparent Porosity of The Bricks 

By immersing the brick in a water bath, the permeability of the refractory material 
produced was ascertained. The bath was kept at 100 °C and the immersion time was set to 
24 h. Each brick sample's apparent porosity was assessed in accordance with [26] 
specification. Apparent porosity was therefore calculated using Eq. (1): 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (𝑝𝑎) =  
𝑤𝑠𝑤𝑤−𝑤𝑑𝑎

𝑤𝑠𝑤𝑤−𝑤𝑠𝑤
× 100     (1) 

where 𝑤𝑠𝑤𝑤 , 𝑤𝑑𝑎, and 𝑤𝑠𝑤 are saturated mass of the immersed sample in water, dry mass 
of the sample in ambient air, and mass of the sample immersed in water, respectively. 

2.2.2 Brick Bulk Density Measurement 

The bulk density of each refractory bricks was determined using the Eq. (2): 

𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝐵𝑑) =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
        (2) 

2.2.3 Shrinkage Test for the Bricks 

The shrinkage analysis is essential for measuring the change in volume that occurs as the 
water content of refractory bricks fluctuates during manufacturing. To assess the 
shrinkage of the bricks, a diagonal line labeled as 𝑙1 is drawn across each test sample. 
Sequentially, samples were exerted to a temperature of 1000 °C in the furnace. After firing, 
another line, designated as 𝑙2, is depicted through the bias of the fired samples to establish 
their ultimate dimension. As a result, the material's linear shrinkage was calculated using 
Eq. (3) from the ASTM C596 - 18 specification [27]. 

𝐿𝑖𝑛𝑒𝑒𝑎𝑟 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =  
𝑙1 − 𝑙2

𝑙1
×  100% (3) 

2.2.4 Cold Crushing Strength (CCS) Test of the Bricks  

The cold crushing strength test is a standard method utilized to establish the strength of 
bricks mechanically, refractory composites, and other similar products at room 
temperature varying two experiments per sample. It measures how materials endure a 
compression force excluding any deformation or failure experience. The CCS test is 
important for evaluating the quality and durability of bricks. It is the ultimate loading per 
unit area which a refractory material will exclude under specific conditions at ambient 
temperature before failing. Typically, cold crushing strength is utilized to assess the 
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toughness of refractory materials mechanically using universal testing device (Testometric 
M500-50AT), the CCS of each brick was calculated in compliance with standard [28]. 

2.2.5 Loss on Ignition Test of the Bricks 

Before subjecting a sample to heating, any residual moisture from drying needs to be 
eliminated. The Loss on Ignition (LOI) analysis is a common method employed to evaluate 
organic and inorganic composition content in bricks, refractory materials, and other 
similar products. It measures the percentage of weight loss experienced by a sample when 
subjected to high temperatures, typically in the range of 800-1000°C. The LOI test is 
essential for assessing the quality, purity, and composition of bricks. It signifies the 
variation in material mass before and in the aftermath of ignition.  

In this study, LOI is the mass decrease using an overall mass of refractory bricks produced, 
represented in percentage. As a result, each brick's weight loss was estimated as the 
difference between their pre- and post-firing weights, and as a result, the LOI at 1200 ℃ 
was computed using Eq. (4) as per the [29] test standards. 

𝐿𝑂𝐼 =  
𝑊1−𝑊2

𝑊1
× 100     (4) 

where W1 is the brick sample's initial mass before firing. Brick sample's ultimate mass W2 
following firing. Lost On Ignition of bricks produced was calculated utilizing the [29] test 
analyses. 

2.2.6 Water Absorption Test of the Bricks 

Water Absorption (WA) tests are frequently performed to assess the porosity and 
permeability characteristics of refractory materials. This test entails quantifying the 
quantity of water absorbed by a sample of the refractory material within a designated 
timeframe. Water absorption evaluation was executed by subjecting the ignited evaluation 
materials to boiling at 100 °C time interval of 24 h, then additional immersion into water 
was carried out in 4 h. Water absorption was determined by calculating the mass disparity 
of the produced material prior to and following immersion, utilizing Eq. (5) as outlined in 
ASTM C20-00-15 [26]. 

𝑊𝐴 =  
𝑊𝑠 − 𝑊𝑑

𝑊𝑑
× 100 (5) 

where soaked weight after boiling at 100 oC is WS and dry weight is Wd 

2.2.7 Determination of the Refractoriness of the Bricks 

A sample's capacity to tolerate high heat exposure without significantly deforming is 
evaluated by its refractoriness.  Moreover, the fusibility measurement of a refractory 
material reveals where the material starts to lose rigidity. Shuen's method was used in this 
study to assess the refractoriness of the sample bricks [30]. The amounts of alumina and 
other oxides in the refractory brick were measured engaging Shuen's formula to assess the 
thermal stability of the material. The brick materials were chemically evaluated via (XRF) 
X-ray fluorescence spectroscopy to achieve this. Eq. (6) was then used to determine the 
refractoriness of bricks: 

𝐾 =
360 + 𝐴𝑙2𝑂3 − 𝑅𝑂

0.2280
 (6) 

where refractoriness (oC) is represented by K, Al2O3 represents the refractory's alumina 
composition, and the total of the sample's other oxides except SiO2 is represented by RO. 
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2.2.8 Microstructural Examination of the Bricks 

Microstructural examination in bricks involves analysis of the internal structure, 
composition, and morphology of the brick material at a microscopic level. This 
examination provides valuable intuitions into the superiority, properties, and concert of 
the refractory bricks. Using scanning electron microscopy (SEM) coupled with energy 
dispersive spectroscopy (SEM-EDS) using model of Phenom Prox having a voltage of 15 
kV, the framework morphology of refractory bricks produced was investigated. Before 
using SEM analysis, the evaluated materials were sputter-coated and placed on stubs made 
of aluminium. An energy dispersive detector that can distinguish between different X-ray 
energies was used to evaluate the X-ray emissions. After each element present was 
intensified using the EDS scan, the virtual representations were recorded, and the molar 
concentration in % was computed.  

3. Results and Discussion 

3.1 Apparent Porosity 

The variation in the amount of bentonite used as a binder has an influence on the apparent 
porosity of refractory bricks. Highly porous brick does not crack because of the pores 
present. Because of this, depending on the specific service situation(s), Porosity level is a 
compromise. that are considered.  Brick sample's APV, or apparent porosity values, are 43, 
46, and 48% with respect to the 5%, 10%, and 15% of bentonite as a binder (Figure 4). 
From this outcome, it is observed that apparent porosity increases linearly with-respect to 
the upsurge in Bentonite Binder Content (BBC) for the quartz. A refractory Brick Sample 
(RBS) with a maximum apparent porosity parameter (APP) of 48% was noted in Q15 RBS 
and the lowest APP of 43% was observed for the Q5 RBS.  The increase and decrease in 
APPs of RBSs via the addition of binders have been attributed to the particle packing factor 
of the binders. Binders with closely packed particles usually reduce the APPs of RBSs due 
to an equivalent elevation of the binding or bonding forces among the material elements, 
which lowers the number of voids inside of them. On the contrary, binders with loosely 
packed particles usually increase the APCs of RBSs due to poor adhesive strength between 
the particles thereby facilitating the presence of more [31]. 

 

Fig. 4. Apparent porosity of  refractory brick at diverse bentonite proportion 

An equivalent observation was recorded when [32] studied the constancy of steel waste as 
heat-resistance material utilizing boric acid and bentonite as bonding agents. This is also 
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comparable to what was reported by [31] in their study on the ceramics potential of Dabagi 
clay deposits. The experimental APPs in RBS are more complex than the suitable APPs (20-
30%) when compared to standard siliceous fireclay. To address the problem, studies have 
suggested using bonding agents with densely packed particles in the refractory bricks 
samples hence applying the proper heat-time processing [33]. In a related investigation, 
sawdust was used as an addition, and the resulting apparent porosity parameters were 
30.230, 39.50, 45.450, and 46.150%, correspondingly. Between 5 and 20% of the sawdust 
additive composition, comparing the control sample showed a development in apparent 
porosity parameters at an average of 200 percent. A direct relationship between porosity 
value and additive composition was established in the study. These outcomes reveal APPs 
of some burnt bricks solely depend on the amount of binders used, having a proportion 
enhancement in permeability vacillating from 104 to 199 percent in compositions of rice 
chaff additions of 5 to 20 percent [34]. 

3.2 Bulk Density 

The bulk density provides a comprehensive indication of the produced bricks quality. 
Advanced bulk density with minimal porosity in refractories is generally considered to 
have a higher grade.  A higher bulk density increases the volume's stability, thermal 
capacity, and slag resilience to infiltration [35]. As shown in Figure 5, the average sample's 
bulk density was determined to be 1644, 1516, and 1324 kg/m3 with respect to the 
addition of bentonite as a binder of 5, 10, and 15%. From the result, it can be observed that 
an increase in the amount of BBC is unfavorable to the quartz sample. Meanwhile, [36] 
estimated that the bulk density of fireclay refractories should be 1910 kg/m3. The bulk 
density parameters acquired in this research were minimal compared to the stipulated 
amount. The decrease in bulk density with increasing BBC may indicate a potential 
compromise in the quality of the quartz refractory bricks. However, the observed values 
are within the range reported for refractory clay, indicating that they still fall within 
acceptable limits for this type of material. Additional evaluation and deliberation in other 
properties might be introduced to wholly assess some quality and suitability of the 
refractory bricks. However, according to [37-39] the result is quite near to the range of 
1700.0 to 2300.0 kg/m3 for refractories mud.  In the studies of [39, 40], Egbahieme clay 
with a comparable composition was reported to have a similar value of 1640 kg/m3. 

 

Fig. 5. Bulk density of the refractory brick at different bentonite percentage 
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3.3 Linear Firing Shrinkage 

Linear firing shrinkage tends to modify the direct magnitude of the refractory brick 
samples during which it has undergone firing. In a thermal treatment furnace, a low 
shrinkage value is preferable for refractory bricks application [41]. The linear shrinkage 
values (LSV) obtained in this study were 1.71, 0.20, and 0.66% for 5, 10, and 15% of 
bentonite (binder), respectively. From the result, it can be observed that the effect of the 
BBC is significant for the quartz RBS. The highest LSV of 1.71% was observed for the Q5 
RBS while the lowest LSV was observed for the Q10. As displayed in Figure 6, the overall 
RBSs exhibited LSVs between 0.2 and 1.71%, which were minimal compared to LSVs in the 
range of 4.0 – 10.0% in studies recommended for fireclays [42]. Nonetheless, other 
investigators claim that values less than 4% would be appropriate and that lower LSVs are 
preferable. [32, 44]. According to these studies, LSVs below 4% are tolerable, and lower 
LSVs are preferable. This suggests that the RBSs that are created would be less prone to 
volumetric shrinking. Furthermore, as the bentonite bonding agent confers proportional 
durability in Refractory Bricks Samples it does not contract as much as the specimens of 
rock do with temperature-time response, the minimal LSVs considering the RBSs can be 
linked to this property. [32] made a similar discovery.  [44] additionally ascribed grog, 
which makes up 90% of their brick composition, having improved thermal stability and 
anti-shrinkage properties due to the low LSV (1.01%) ratio recorded for Ozanagogo clay. 

 

Fig. 6. Linear firing shrinkage of the refractory brick at different bentonite percentages 

3.4 Cold Crushing Strength 

From the result displayed in Figure 7, it can be deduced that the higher the proportion of 
the bonding agent, the lower the Cold Crushing Strength (CCS). The compressive stress at 
peak when 5%, 10%, and 15% binder was used on quarts sample is 2.165, 1.3805, and 
1.0875 MPa, respectively. The highest stress that a brick can sustain before failing is 2.165 
MPa for Q5 (i.e. 5% of binder to quartz sample), which is the CCS for the RBS. This number 
is within the range of 0.9810- 6.8670 MPa, for conventional compressive strength values 
as reported by [44]. The significant porosity of the brick sample can be attributed to the 
low strength of the bricks. Figure 8 is the image of the bricks that has undergone 
compression strength testing. 
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Fig. 7. Cold crushing strength of the refractory brick with different bentonite 
percentage 

 

Fig. 8. Image of a failed Refractory Bricks under cold crushing strength test 

3.5 Loss on Ignition Result 

Shrinkage and porosity values are impacted by loss on ignition (LOI), which implies loss of 
organic solvent materials during firing. The results of the LOI in this study were 
comparable to research by [45]. The RBSs in this study had LOI values of 0.98, 1.70, and 
1.86% for 5%, 10%, and 15% of bentonite (binder), respectively. This displays the 
maximum quantity of moisture that RBS can contain or the percentages of sample mass 
loss [23]. According to the minimal LOI ratio discovered during experimentation, RBS does 
not include much in the way of organic and/or hydrated components.  

From the result (Table 3), observations showed that the highest LOI value was attained by 
the RBS with 15% bentonite while the lowest LOI value was attained by the RBS with 5% 
bentonite. However, with respect to bentonite wt. %; for the quartz-based RBS, the LOI 
values increased with an increase in bentonite wt. %. 
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3.6 Water Absorption (WA) 

The quantity of water that a brick sample can absorb is determined by its water absorption 
(WA). The durability property of refractory bricks is ascertained via the water absorption 
test. According to Table 3, the RBS's WA on approximation is 2.43, 4.22, and 4.93% with 
respect to 5%, 10%, and 15% of the binding material, which is minimal when related to 
the research of [46]. The type of refractory and circumstances used to determine a precise 
effect of WA on refractory materials, though [47]. Refractories' WA is a crucial component 
since it has an impact on the material's toughness, longevity, and thermal shock resistance. 
A refractory becomes more porous and more vulnerable to mutilation in heat cycling and 
some stressors as its water intake increases. Lower water absorption, on the other hand, 
results in a refractory that is denser and stronger and can endure greater temperatures 
and harsher conditions. With less water penetration in refractory bricks, the durability of 
the bricks is enhanced as well as their capacity to resist the natural environment [41]. 
According to [48], WA lesser to 1 percent is regarded as having minimal absorption, whilst 
WA above 6% is regarded as having strong absorption. A clear correlation exists between 
perceived porosity and the absorption of water in the refractory bricks [41]. In this study, 
the increase in bentonite percentage tends to increase the WA value. 

3.7 Refractoriness 

Table 4 contains the refractory material's chemical compositions determined using the 
XRF. RMs with higher SiO2 have content higher than 46.51 wt.% and can tolerate 
comparatively at high temperatures [49]. Also, Al2O3 content in refractories is reported to 
have a straight relationship with the refractoriness of the material in a way in which the 
higher the Al2O3 content, the higher the refractoriness [49].  

 

Fig. 9. Refractoriness of the refractory brick at different bentonite percentages 

Refractory bricks must be able to tolerate high temperatures without melting, breaking, or 
degrading for these industrial applications to function well and last a long time. 
Refractoriness refers to a material's capacity to resist high temperatures without 
significantly altering its physical or chemical composition. As reflected in Figure 9 and 
Table 3, the RBS's refractoriness was determined to be 1571.68, 1568.53, and 1565.39 oC 
with the addition of bentonite at 5%, 10%, and 15% respectively, which is comparable to 
the 1550 oC that [50] determined for Egyptian magnesite.  According to [51-53], the 
permissible range of refractoriness is often above 1,300 °C. 
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The summary of the properties obtained from the samples compared with an international 
standard (ASTM) is displayed in Table 3. Also, to determine the effect of the varied 
percentage of bentonite on the produced bricks, One-way Analysis of Variance (ANOVA) of 
the results at 5% significant level was calculated and presented in Table 4. Based on the p-
values from the statistical analysis, the result statistically revealed that varying the 
composition of the binder has a significant effect on the refractoriness, cold crushing 
strength, water absorption, loss on ignition, and bulk density. Meanwhile, it is statistically 
insignificant in the apparent porosity and linear firing shrinkage. As presented in Table 5, 
adding bentonite to refractory bricks significantly affects their chemical composition. 
Table 4 indicates that bentonite is rich in SiO2, which is one of the contents that gives the 
bentonite bonding strength [14]. 

Table 3. Refractory mechanical characteristic of refractory brick 

Properties 
Refractory Bricks Sample International 

Standard 
(ASTM) 

5% 
Binder 

10% 
Binder 

15% 
Binder 

Apparent Porosity (%) 43 46 48 20–30 

Bulk Density (kg/m3) 1644 1516 1324 300 to 3200 

Water Absorption (%) 2.43 4.22 4.93 1 to 10 

Loss on Ignition (%) 0.980 1.70 1.86 0.5-3 

Linear Firing Shrinkage (%) 1.710 0.20 0.66 0.3-2.5 

Cold Crushing Strength (MPa) 2.165 1.3805 1.0875 0.981–6.867 

Refractoriness (oC) 1571.68 1568.53 1565.39 > 1300 

Table 4. One-Way ANOVA of the Brick 

(a) Apparent Porosity  

Source Degree of 
Freedom 

Sum of 
Squares 

Mean 
Square 

F-Value P-Value 
(0.05) 

Samples 2 818.7 409.3 1.58 0.280 

(b) Bulk Density at varied bentonite 

Source Degree of 
Freedom 

Sum of 
Squares 

Mean 
Square 

F-Value p-Value 
(0.05) 

Samples 2 298443 149221 8.42 0.018 

(c) Water Absorption  

Source Degree of 
Freedom 

Sum of 
Squares 

Mean 
Square 

F-Value p-Value 
(0.05) 

Samples 2 934.8 467.42 22.86 0.002 

 (d) Loss on Ignition     

Source Degree of 
Freedom 

Sum of 
Squares 

Mean 
Square 

F-Value p-Value 
(0.05) 

Samples 2 20.855 10.428 8.26 0.019 

(e) Linear Firing Shrinkage   

Source Degree of 
Freedom 

Sum of 
Squares 

Mean 
Square 

F-Value p-Value 
(0.05) 

Samples 2 0.7040 0.3520 1.74 0.253 
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(f) Compressive stress   

Source Degree of 
Freedom 

Sum of 
Squares 

Mean 
Square 

F-Value p-Value 
(0.05) 

Samples 2 20.855 10.428 8.26 0.019 

(g) Refractoriness 

Source Degree of 
Freedom 

Sum of 
Squares 

Mean 
Square 

F-Value p-Value 
(0.05) 

Samples 2 24756.5 12378.3 294.11 0.000 
 

However, it can be observed that higher bentonite content decreases SiO2 content while it 
increases Al2O3, Fe2O3, and other oxides, enhancing the mechanical strength, thermal 
stability, and chemical resistance of the bricks. The increased Al2O3 content enhances 
refractory performance at high temperatures by improving mechanical strength and 
thermal stability while higher fluxing agents like Fe2O3 and K2O tend to influence the 
melting behaviour and thermal expansion properties of the bricks which in turn enhances 
the brick’s toughness. Also, increased Fe2O3 as well as increased CaO, TiO2, and V2O5 
influence the resistance to chemical attacks and abrasion. Meanwhile, lowered SO3 and 
Cr2O3 lower the risk of chemical attack and corrosion attack, respectively. The chemical 
changes suggest that bricks with higher bentonite content may perform better in harsh 
thermal and mechanical environments, making them more suitable for high-stress 
applications. 

Table 5. Chemical composition of refractory bricks samples gotten from XRF 

Element Type Conc (wt.%) at 5% 
Bentonite 

Conc (wt.%) at 10% 
Bentonite 

Conc (wt.%) at 
15% Bentonite 

SiO2 92.16 90.01 87.86 
Al2O3 3.09 3.81 4.52 
Fe2O3 2.53 3.73 4.93 
CaO 0.31 0.31 0.31 
K2O 0.22 0.29 0.36 
SO3 0.53 0.50 0.49 
TiO2 0.15 0.31 0.46 
V2O5 0.02 0.03 0.04 
Cr2O3 0.09 0.08 0.08 
ZrO2 0.01 0.02 0.03 
MnO 0.03 0.03 0.04 

Others 0.86 0.88 0.88 

3.8 Morphological Analysis of the Samples using SEM/EDS 

Figure 10 shows the SEM images of the quartz bricks and Figures 11 – 13 show the EDS 
analysis of the samples based on the 5, 10, and 15% bonding agents, respectively. The 
RBS's microtextural organization is made up of numerous ring layers (rims), which are 
signs of reactions taking place. The brick's inner portion, which is a holdover from initial 
brick production, which encircled by two rims, one on each that is made up of various 
complicated matrixes with needle-like silicon crystallization. Elements such as silicon have 
the highest weight concentrations of 88.38, 78.49, and 80.45% in the EDS analysis for the 
5, 10, and 15% bentonite concentrations respectively which is comparable to 
concentrations of the chemical element in the refractory brick. The high concentration of 
silicon indicates a predominant presence of SiO2 with the inclusion of other minor oxides 
such as Al2O3, PbO, P2O5, Fe2O3, and so on. Based on this analysis, high silica concentrations 
indicate enhanced thermal stability in all three binding proportions. Alumina on the other 
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hand increases the overall strength of the refractory brick produced and it also constitutes 
heat retention and dissipation during the heating process. Alumina traces are found in all 
the binding proportions but have higher concentrations as the bentonite binding 
proportion increases. Iron, carbon, oxygen, and titanium, reduced the melting point of the 
bricks and improved the overall stability and durability of the refractory bricks as 
appropriate with the same ratio with percentages of binders used. The overall strength of 
the refractory bricks is influenced due to silicon's concentration and dispersion inside the 
bricks [54]. 

  

 

Fig. 9. SEM images of quartz brick at (a) 5% (b) 10% and (c) 15% binding proportion 

The morphological analysis and other analyzed results have proved that the produced 
refractories are mechanically and thermally stable and suitable for applications in high-
temperature industrial processes. Meanwhile, the materials utilized are relatively 
available and inexpensive, particularly bentonite compared to other materials used for 
bonding in the refractory industry [55, 56]. Additionally, bentonite has been reported to 
be non-toxic and biodegradable, making it an eco-friendly option for the refractory 
industry [56-58]. This is in tandem with the outcome of the chemical and morphological 
analysis of all the produced bricks as they proved to be chemically inert under natural and 
thermal conditions. Furthermore, the durability of the produced refractories suggests 
longer lifespan and reusability moreover, used refractory materials containing bentonite 
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are often recycled [59]. Overall, in addition to the good thermal stability of the refractories, 
cost-effectiveness, good environmental impact and waste management are other 
favourable properties provided for utilization in high-temperature industrial processes. 

 

Fig. 10. EDS analysis of quartz brick at 5% binding proportion 

 

Fig. 11. EDS evaluation of quartz brick at 10% binding proportion 
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Fig. 12. EDS analysis of quartz brick at 15% binding proportion 

4. Conclusions  

The effect of developing refractory bricks using three different percentages of bentonite as 
binder has been examined. The study's measurements of bulk density (1644, 1516, and 
1324 kg/m3) and porosity (43, 46, and 48%) reveal crucial details regarding the sample's 
packing and compactness as refractory materials. The bricks produced were within the 
permitted range for refractory materials, according to both results. This shows that using 
bentonite as a binder enhances the mechanical durability of the produced bricks. The 
dimensional stability encompassed with the thermal expansion behaviour of quartz brick 
was significantly improved by the linear firing shrinkage and loss on ignition 
measurement. According to the findings, these refractory materials' linear firing shrinkage 
was within an acceptable range of the required percentage. According to the study, high 
cold crushing strengths are necessary to guarantee the mechanical veracity of refractory 
materials underneath pressure and it shows that the materials may show potential in being 
an elevated temperatures option for industrial refractory material furnaces. Additionally, 
the study's findings regarding water absorption indicated that the refractory bricks have a 
low water absorption rate. The brick's refractoriness supported this assertion since the 
uniformity of the significant silicon content and the brick structure content presented in 
micrographs indicate that they have a high potential to resist thermal shock. The outcome 
of the study showed that the material combination could be a viable choice for high-
temperature industrial applications. Statistically, increasing the binding proportion of 
bentonite has significant effects on the refractory bricks. The mechanical strengths and 
thermal strength of the bricks were slightly reduced with increased concentration of 
bentonite some of which were proved significant by the statistical analysis even though 
the values are still within the acceptable ranges of good refractory materials. However, 
improved chemical composition was noticed with increased percentage of bentonite which 
indicates chemical durability and resistance to slag attack. The study affirmed that the 
refractory bricks produced in the range of bentonite percentages utilized are suitable 
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where high thermal stability is required. However, while the thermal and chemical 
properties of the bricks improved with an increasing percentage of bentonite, some 
properties such as bulk density, water absorption, crushing strength, and refractoriness 
are unfavourable. Though their values are still within the accepted range for standard 
refractories, there is a need to look into optimizing the optimum percentage that will 
balance both the properties that are affected positively and the ones affected negatively.  
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Article Info  Abstract 

Article History:  Coal bottom ash (CBA), a byproduct of coal-fired power plants, presents a 
sustainable alternative to natural aggregates in self-compacting concrete (SCC), 
supporting eco-friendly construction and waste management. This study 
developed lightweight, thermally insulating SCC (LWSCC) with densities below 
2000 kg/m³, incorporating CBA as a full replacement for coarse aggregates and a 
partial cement substitute (10%–30%). Results showed that CBA as a saturated 
coarse aggregate improved workability, increasing slump flow from 727 mm to 
800 mm. While CBA powder slightly reduced workability by 5.6%, all mixtures met 
the SCC standards set by the French Association of Civil Engineering (AFGC). 
LWSCC mixtures with CBA achieved 90-day compressive strengths of 38–56 MPa. 
Notably, mixes with 10% CBA powder as a cement replacement exhibited 
strengths comparable to the reference SCC.  The dry density of CBA-based 
mixtures decreased by up to 15%, remaining within the range for structural 
lightweight concrete (<2000 kg/m³). Due to CBA’s porous structure, ultrasonic 
pulse velocity (UPV) decreased by 35%, and water absorption increased by 80% 
at 30% CBA powder replacement. Additionally, LWSCC with CBA demonstrated 
enhanced thermal insulation, with thermal conductivity reduced by 52% 
compared to the reference concrete. Microstructural analysis revealed higher pore 
volumes and a modest increase in calcium silicate hydrate (C-S-H) gel formation 
with CBA use. These findings highlight CBA’s potential as a sustainable material for 
lightweight, thermally efficient SCC, balancing structural performance and 
environmental benefits. 
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1. Introduction 

Self-compacting concrete (SCC) represents a unique type of concrete designed to exhibit self-
flowing characteristics under gravity, notably, SCC has a remarkable ability to effectively fill 
congested reinforcement areas and uniformly occupy formwork, even within densely reinforced 
structures [1]. Nonetheless, an inherent characteristic of SCC that distinguishes it from 
conventional concrete is its elevated density, mainly resulting from the increased fine particles 
content and a moderated proportion of coarse aggregates, comprising approximately 65% to 75% 
of the concrete volume, aimed at facilitating its flow and passing ability while also resisting 
segregation [2]. Also, aggregates are pivotal in influencing the properties and characteristics of 
concrete [3]. A viable solution to this issue involves partially or entirely replacing natural aggregate 
with lightweight aggregate to create self-compacting lightweight concrete (LWSCC) [4]. This hybrid 
material blends the features of lightweight concrete (LWC) and self-compacting concrete (SCC), 
providing benefits such as reduced overall weight, faster construction, and lowered construction 
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expenses, removal of noise from vibration equipment, and improved thermal and acoustic 
insulation due to voids within the lightweight aggregate. [5-7].  In light of the current constraints 
on aggregate resources and advancements in the concrete sector, discovering novel alternative 
materials is crucial for sustainability to significantly reduce the utilization of natural resources and 
the utilization of inexpensive industrial by-products or solid waste in the manufacturing of 
concrete represents an environmentally-friendly solution. [8]. Moreover, producing cement 
consumes a considerable number of natural resources and energy, leading to substantial 
environmental consequences due to the emission of harmful gases. About 600 kg of cement 
production leads to the release of 400 kg of carbon dioxide [9], underscoring the critical need to 
find alternative binding materials for ensuring sustainability in the long term.  

Coal bottom ash (CBA) is a residual material generated in large volumes during the combustion of 
coal in power generation plants [10]. In the Bechar region of southwestern Algeria, accumulations 
of slag heaps have formed over 50 years of coal mining activity which resulted in significant 
amounts of waste being left in the environment. The CBA by-products have harmful effects on 
public health and create ecological problems, therefore, utilizing substantial amounts of coal 
bottom ash (CBA) as building materials specifically as sand and coarse aggregates in different types 
of concrete mixtures provides a viable solution for managing these wastes efficiently. This 
industrial residue has the potential to serve as a lightweight coarse aggregate and a partial 
substitute for cement in the manufacture of lightweight self-compacting concrete. Incorporating 
CBA into concrete production offers an economically and ecologically viable method of waste 
disposal. Concurrently, its utilization helps conserve natural resources and advance sustainability 
[11]. The integration of Lightweight Aggregates (LWA) within concrete sectors, particularly in Self-
Compacting Concrete (SCC), is widely acknowledged as a significant advancement. Various types of 
aggregates, both natural and artificial, have been employed effectively in LWA based SCC. Notably, 
there is significant potential in utilizing waste materials as LWAs [12-18]. These materials not only 
enhance sustainability by reusing waste but also cater to the need for lightweight and durable 
concrete solutions [19]. 

Similarly, in efforts to mitigate exhaustion of natural resources, minimize environmental footprint 
of cement manufacturing, and reduce carbon footprints, the use of mineral admixtures derived 
from by-products has become imperative in contemporary construction [20]. Mineral admixtures 
having pozzolanic properties such as Fly Ash, ground granulated blast furnace slag [20], silica fume 
[22], metakaolin [23] and limestone powder [24], are frequently utilized as partial substitutes for 
ordinary Portland cement (PC) in order to enhance the performance and sustainability of concrete. 
The utilization of CBA in concrete production has been studied extensively, exploring its potential 
applications as substitutes for fine and coarse aggregates, as well as cement. As per the findings, 
replacing sand with CBA was found to lower the workability, dry density, as well as compressive 
and flexural strengths. [25-26], while Zhang et al [27] stated that concrete incorporating furnace 
bottom ash (FBA) as a lightweight aggregate can have comparable levels of workability and 
compressive strength when fully replaced as a fine aggregate. Also, Ojha et al. highlighted that 
Lightweight Geopolymer Fly Ash Sand (LWGFAS) is versatile and can be utilized in diverse concrete 
applications, from lightweight to normal-weight concrete, depending on its specific physical and 
chemical characteristics [28]. According to Kim and lee [29], replacing 100% of normal coarse 
aggregates with coarse bottom ash slightly reduced the high-strength concrete slump flow 
dropping from 530 mm to 420 mm, whereas fine bottom ash did not impact the slump flow. 
Furthermore, both fine and coarse bottom ash aggregates were found to significantly influence 
flexural strength more than compressive strength. Also, in an investigation reported by Singh et al 
[30], the results indicate that substituting fine aggregates with CBA at levels of 10%, 15%, 20%, 
and 25% enhances the compressive strength of concrete. CBA exhibits pozzolanic properties and 
is classified under ASTM Class F, which makes it suitable for enhancing concrete performance when 
used as a cement replacement [31]. Cheriaf et al. [32] examined the pozzolanic properties of CBA, 
and noted a slow initial reaction that gradually accelerated, becoming notably effective after 28 
days and particularly after 90 days. They found that combining Ordinary Portland cement with CBA 
resulted in a 27% increase in the strength activity index. According to Rafieizonooz et al [33], as 
the curing period increased, concrete incorporating 75% bottom ash and 20% coal fly ash exhibited 
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significantly more flexural and splitting tensile resistance than the control mix. The initial reduction 
in flexural strength observed in concrete based coal fly ash-bottom ash at early stages can be 
explained by the slower hydration and lower pozzolanic activity of Coal Fly Ash (CFA) and Coal 
Bottom Ash (CBA). However, these mixtures demonstrated enhanced flexural strength after 91 
days and 180 days when part or total CBA replaced the fine aggregate. Thus, the inclusion of ground 
coal bottom ash (CBA) was observed to initially reduce compressive strength during the initial 
phases of concrete curing. However, over longer periods (more than 28 days), this decrease is less 
pronounced compared to control concrete mixes. Additionally, the inclusion of cement additives 
has been proven beneficial in improving compressive strength [11]. Existing literature highlights 
that there is substantial research indicating the successful application of CBA in both conventional 
and high-performance concrete [31]. However, there has been limited exploration of CBA's 
potential as both a lightweight coarse aggregate and a cement replacement in self-compacting 
concrete. Most studies have focused on its use as fine aggregate [34-37]. When comparing the 
lifecycle performance of CBA-based self-compacting concrete (SCC) to conventional concrete, key 
differences highlight its potential as a sustainable alternative. CBA-based SCC utilizes industrial by-
products, reducing natural resource demand and lowering carbon emissions during production, 
unlike conventional concrete, which relies on resource-intensive materials and emits more carbon. 
Its lower density cuts transportation costs and improves thermal insulation, reducing operational 
energy use, while conventional concrete is denser and less energy-efficient. CBA-based SCC also 
offers superior recyclability, minimizing waste, whereas recycling conventional concrete is more 
energy-intensive. Additionally, CBA provides cost advantages as a low-cost or free by-product, 
reducing material and processing expenses. Its pozzolanic properties can lower cement usage, 
further cutting production costs. When sourced and processed efficiently, CBA emerges as an 
economically competitive and environmentally sustainable alternative, promoting resource 
conservation and reducing reliance on non-renewable materials [10]. 

This research offers a novel approach to utilizing Coal Bottom Ash (CBA) as a dual-function material 
for producing Lightweight Self-Compacting Concrete (LWSCC), addressing both environmental and 
construction challenges. Unlike previous studies that primarily focused on CBA as a fine aggregate, 
this study explores its innovative use as a full replacement for coarse aggregates and a partial 
substitute for cement. By repurposing industrial waste from a defunct coal power plant in Algeria, 
the research provides an eco-friendly solution to waste management while conserving natural 
resources. Comprehensive evaluations of LWSCC properties, including fresh-state performance 
(slump flow, filling ability, and stability) and hardened-state characteristics (compressive strength, 
dry density, ultrasonic pulse velocity, water absorption, and thermal conductivity), highlight the 
material's suitability for structural and insulation applications. Advanced microstructural analyses 
using SEM, TGA, and XRD reveal insights into the internal structure and long-term performance of 
CBA-based LWSCC. The study also demonstrates significant environmental benefits by reducing 
the carbon footprint of cement production and showcases the potential for enhanced compressive 
strength and durability over extended curing periods due to CBA's pozzolanic properties. With 
densities below 2000 kg/m³, CBA-based LWSCC effectively combines the self-compacting and 
lightweight characteristics critical for cost-effective, efficient, and sustainable construction, making 
it a significant advancement in waste valorization and environmentally conscious concrete 
technology.  

2. Materials and Methods 

2.1. Materials 

Ordinary Portland cement CEM I 42.5 was used for this experimental work, supplied by an Algerian 
plant (Bechar southwestern Algeria). It complies with both the Algerian standard NA 442 and the 
European standard EN 197-1. The chemical composition of the cement is outlined in Table 1, while 
its physical properties are presented in Table 2.  

This study focuses on slag heaps near the Bechar power station (Algeria), formed between 1949 
and 1960, which occupy 350,567.11 m³ (Fig. 1). Composed of coal bottom ash and ashes with 
varying grain sizes, these heaps result from coal combustion for electricity production. Coal Bottom 
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Ash (CBA), a byproduct of this process, forms when coarser particles settle at the furnace bottom, 
constituting 10–20% of coal ash waste. It consists of oxides and metal carbonates, often displaying 
a dark to reddish color due to iron oxide transformation. Coal ash, produced at around 1,500°C, is 
categorized into fly ash (75–80%), bottom ash (10–15%), and cinder ash (5%) (Fig. 2) 

Table 1. Cement chemical compositions 

 

Table 2. Cement physical properties 

Physical properties Cement 

Setting time (min) ≥ 60 

Fineness (cm²/g) 3200 

Absolut Density (kg/ m3) 3050 

Heat of hydration (J/g) 270 

Coal Bottom Ash (CBA) was manually crushed and further processed using a jaw crusher machine. 
After sieving, it was classified into coarse aggregates of sizes (3/8) and (8/15), with the finer coal 
bottom ash powder designated for partial replacement of cement, as depicted in Fig. 3. The Natural 
fine aggregate (NFA) utilized in this study consisted of river sand obtained from the Bechar region 
in Algeria, with particles up to 3 mm in size. The coarse aggregate (NCA) was crushed rocks, 
available in sizes of 3/8 and 8/15. Table 3 details the physical properties of the aggregates used, 
while Fig. 4 displays their grading curves. 

 
Fig. 1.  Satellite image from Google Earth showing the slag heaps of Coal Bottom Ash (CBA) 

located near the Bechar power station 

 

Fig. 2.  Process of Coal Bottom Ash (CBA) production in thermal power plants 

Composition 
(%) 

SiO2 Al2O3 Fe2O3 Cao MgO SO3 Na2O K2O LOI 

Cement 18.91 4.30 4.74 60.33 3.82 2.29 0.17 0.84 <0.5 



Boulahya et al. / Research on Engineering Structures & Materials 11(2) (2025) 819-841 
 

823 

The grain size distribution of CBAP was analyzed using a specialized device known as the 
"HELOS/BR optical particle size analyzer". Fig. 5 presents the findings of this analysis, illustrating 
the CBAP granulometry. 

 

Fig. 3.  Preparation procedure CBA aggregate / CBA powder 

 

Fig. 4. CBA aggregate gradation curves 

 

Fig. 5. CBAP laser granulometry 
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Where, Q3: Cumulative distribution showing the percentage of particles below a certain size. And 
q*3: Density distribution showing the particle fraction within size intervals. 

Table. 3 Aggregate physical properties 

Properties 
0/3 
NFA 

3/8 
NCA 

3/8 
CBA 

8/15 
NCA 

8/15 
CBA 

Bulk density 
(g/cm3) 

1.6 1.39 0.70 1.40 0.66 

Absolute 
density 
(g/cm3) 

2.5 2.66 1.93 2.67 1.81 

Fineness 
modulus 

2.53 / / / / 

Sand 
equivalent (%) 

80.3 / / / / 

Water 
absorption (%) 

1.62 0.85 7 0.95 8 

Los Angeles 
cofficient (%) 

/ 21.56 27.6 20.72 27.9 

 

Chemical composition analysis of CBA using XRF identified silica, iron, and alumina as its main 
components, along with small quantities of sulfate, magnesium, calcium, and other elements. These 
findings showed that SiO2, Al2O3, and Fe2O3 comprised 83.47% of CBA's composition. Consequently, 
based on ASTM C 618 standards, CBA qualifies as class “F” pozzolanic material. Table 4 outlines the 
detailed chemical properties of CBA. 

Table 4. CBA chemical compositions 

Composition 
(%) 

SiO2 Al2O3 Fe2O3 Cao MgO SO3 Na2O K2O LOI 

CBA 44.78 15.79 22.90 2.47 1.43 4.37 0.16 2.38 1.2 

 

 

Fig. 6. CBA XRD patterns 

X-ray diffraction (XRD) was employed to analyze the CBA crystal structure, depicted in Fig. 6, 
indicating that quartz, mullite, anorthite, and tridymite are the primary phases in coal bottom ash. 
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Fig. 7 also provides a scanning electron microscopy (SEM) image of CBA, highlighting its irregularly 
shaped and porous particles with a complex texture. To ensure optimal workability, a 
polycarboxylate-based superplasticizer called "MAX SUPERFLOW S180" was employed. This 
product, produced by the Algerian company "Technachem," adheres to the NF EN 934-2 standards. 
The mixing process used drinkable water from the laboratory faucet at Bechar University meeting 
NF EN 1008 quality standards. 

 

Fig. 7. CBA SEM image 

2.2. SCC Mixtures 

In line with the AFGC guidelines for SCC production, seven LWSCC mixtures were formulated for 
this study.    Initially, a reference mix (RSCC) utilizing 100% natural aggregates without coal bottom 
ash powder (CBAP) was prepared. Subsequently, six mixtures of Lightweight Self-Compacting 
Concrete (LWSCC) were formulated, incorporating 100% CBA coarse aggregate (CBASCC), with 
varying percentages of CBAP (CBASCC-0%, 10%, 15%, 20%, 25%, and 30%). The CBASCC-0% was 
considered as a reference mix. CBA was preconditioned in a saturated surface-dry (SSD) state 
before mixing. Table 5 presents the composition of SCC. 

Table 5. SCC composition 

Composition RSCC 
CBASCC-

0% 
CBASCC-

10% 
CBASCC-

15% 
CBASCC-

20% 
CBASCC-

25% 
CBASCC-

30% 

Cement (kg/m3) 520 520 468 442 416 390 364 

CBAP (Kg/m3)  / 52 78 104 130 156 

NFA (kg/m3) 900 900 900 900 900 900 900 

NCA 3/8 (kg/m3) 150 / / / / / / 

CCBA3/8 (kg/m3) / 111.36 111.36 111.36 111.36 111.36 111.36 

NCA 8/15 (kg/m3) 580 / / / / / / 

CCBA (kg/m3)  394.65 394.65 394.65 394.65 394.65 394.65 

Water (kg/m3) 256 256 256 260 260 260 260 

Superplasticizer 
(%) 

2% 2% 2% 2.1% 2.3% 2.4% 2.4% 

W/C 0.48 0.48 0.48 0.50 0.50  0.50 

2.3 Fresh State Characterization  

Lightweight Self-Consolidating Concrete (LWSCC) must be evaluated to ensure it has the proper 
filling ability, passing ability, and resistance to segregation, as these are key indicators of its 
workability. Multiple testing methods are available to assess each of these characteristics, with 
guidelines provided by resources like the EFNARC [38], AFGC [39] and ACI-237. For filling ability, 
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tests such as slump flow, T500, V-funnel, O-funnel, and orimet are commonly used. These tests are 
essential for checking if the LWSCC maintains consistent flow, which is a basic requirement for all 
types of self-consolidating concrete (SCC), passing ability, on the other hand, is tested using the L-
box, U-box, J-ring, and Kajima box [40].  These tests measure the concrete's ability to pass through 
narrow spaces, which is critical for filling formwork without obstruction. The spacing in these tests 
represents the minimum gap the LWSCC must navigate smoothly. Lastly, segregation resistance 
tests help determine how well the concrete mix holds together without separating. This can be 
assessed through penetration tests, sieve segregation tests, settlement columns, and visual 
inspections. Segregation is a significant concern, especially when pouring concrete into tall 
structures, as it can lead to uneven distribution of materials, compromising the quality of LWSCC 
in structural applications. The concrete fresh properties were assessed following the AFGC 
specifications. Table 6 provides the main fresh properties of SCC. The slump-flow test, based on EN 
12350-8, determined the concrete's spread diameter after free flow. Flowability of LWSCC was 
measured using L-box tests as per EN 12350-10. Segregation resistance was evaluated using the 
sieve stability test according to EN 12350-11. 

Table 6.  SCC fresh state characteristics 

 
 

Limit values 

Slump Flow test 
EN 12350-8 

L – box test 
EN 12350-10 

Sieve Stability test 
EN 12350-11 

550 - 850 mm ≥ 0.8 ≤ 15 % 
 

  
 

 

2.4 Hardened State Characterization 

The concrete samples' compressive strength was evaluated after curing periods of 7, 28, and 90 
days. As per EN 12390-3 using three 70 mm cubic specimens for each mix Fig. 8 (a). The ultrasonic 
velocity transmitted through the concrete was measured according to the EN 12504-4 code. 58-
E4800 UPV Ultrasonic Non-destructive Digital Indicating Tester was used on three dried specimen 
cubes of 100 mm after 28 days of curing age Fig. 8 (b). The pulse velocity is obtained by dividing 
the specimen's length by the transit time. The oven dry density of concrete as per EN 12390-7 is 
assessed after 28 days using three 100 mm cube specimens. This involves measuring their volume 
and determining the dry mass after being dried at 105 ± 5 °C to a constant mass. The water 
absorption test was carried out according to ASTM C 642 standards. In this experiment, specimens 
measuring 100 mm were used after 28 days of curing. Water absorption was evaluated by 
comparing the weight ratio of samples completely saturated with water to that of samples dried in 
an oven. The thermal performance of the SCC produced was evaluated using the 'Hot Disk TPS 1500 
Thermal Constant Analyzer' following ISO 22007-2 standards. Concrete samples measuring 40 mm 
× 40 mm × 20 mm were utilized to measure the thermal conductivity of the concrete after 28 days 
of curing as depict in Fig. 8 (c).  Scanning electron microscopy (SEM) was employed to analyze the 
microstructural properties of the concrete mixtures. Selected samples from various mixes were 
imaged at 90 days using an Apreo 2 C scanning electron microscope. X-ray diffraction (XRD) was 
utilized to detect the different phases present in the hardened coal bottom ash lightweight self-
compacting concrete (LWSCC) and the control mix. Samples were pulverized after 90 days to 
observe any alterations in the crystalline phases of the concrete. This analysis was carried out using 
a Malvern Panalytical XRD device. The pozzolanic reactivity of coal bottom ash was evaluated using 
a TGA LABSYS evo apparatus to measure the calcium hydroxide (CH) content in various mixes. 
Small samples were grinded to fine particles and subjected to heating at a 10°C/min rate up to 
1000°C in a nitrogen (N2) atmosphere. 
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(a) 

 

(b) 

 

(c) 

Fig. 8. (a) Compressive strength Test; (b) UPV test; (c) Thermal conductivity test 

3. Results and Discussion 

3.1 Fresh State Characteristics  

Following the AFGC standards, the workability and flow characteristics of each concrete mixture 
were assessed through tests for slump flow diameter, L-box ratio, and sieve segregation resistance. 
The findings from these fresh property evaluations, as summarized in Table 7, will be analyzed in 
detail and discussed in the subsequent section. 

Table 7.  Fresh properties result of SCC 

Mix 
Slump-

flow (cm) 

Class NF 
EN 

206-9 

L–box 
(H2/H1) 

Class NF 
EN 

206-9 

Sieve 
Stability 

(%) 

Class NF 
EN 

206-9 

RSCC 72.7 SF2 0.94 PL2 9.24 SR2 

CBASCC -
0% 

80 SF3 0.90 PL2 8.5 SR2 

CBASCC-
10% 

80 SF3 0.88 PL2 7.8 SR2 

CBASCC-
15% 

79.2 SF3 0.85 PL2 7.46 SR2 

CBASCC-
20% 

77 SF3 0.83 PL2 6.24 SR2 

CBASCC-
25% 

76.6 SF3 0.82 PL2 6.12 SR2 

CBASCC-
30% 

75.5 SF2 0.82 PL2 4 SR2 

 

3.1.1 Slump Flow Diameter 

As shown in Fig. 9, the slump flow values for all mixtures ranged from 727 to 800 mm, indicating 
excellent deformability characteristics of the Self-Compacting Concrete (SCC). The incorporation of 
coal bottom ash (CBA) as coarse aggregate in a saturated surface dry (SSD) condition improved 
workability compared to the reference mix. However, substituting cement with coal bottom ash 
powder (CBAP) led to a reduction in the slump flow diameter. Specifically, the mixture containing 
10% CBAP exhibited a slump flow value similar to the reference mix, while increasing the CBAP 
content to 30% resulted in a noticeable decrease in workability. This decline can be attributed to 
the water-absorptive properties of CBAP, which absorbed additional water during mixing, as well 
as its relatively low pozzolanic activity, delaying the water-binding process and further impacting 
workability [41]. The water absorption capacity of CBAP is significantly influenced by its particle 
size distribution, surface area, and pore structure. Finer particles, characterized by a smaller size, 
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increase water absorption due to their larger surface area relative to volume, providing more sites 
for water interaction [42].   

 

Fig. 9.  Effect of CBA on SCC slump flow 

Additionally, a higher surface area, often associated with finer or irregularly shaped particles, 
facilitates greater interaction with water molecules, further enhancing absorption [29]. The pore 
structure also plays a critical role; open and interconnected pores allow water to penetrate more 
easily, while micropores increase absorption through capillary action [42], [43]. Also, the irregular 
surface texture of CBA particles further contributes to the reduced slump flow values. Despite these 
effects, all mixtures complied with the slump flow diameter requirements of 550–850 mm, 
corresponding to the SF2 and SF3 consistency classes as specified by the AFGC. These findings align 
with previous studies [11,34], which also reported similar trends in workability when 
incorporating CBA and CBAP in concrete mixtures.  

3.1.2 Blocking Ratio  

Passing ability is evaluated to assess the capacity of fresh LWSCC to flow through restricted spaces, 
such as areas with dense steel reinforcement, without segregation, blockage, or loss of uniform 
consistency [12]. The L-box test was used to evaluate the passing ability of Self-Compacting 
Concrete (SCC). The passing ability ratio H2/H1 (H1 and H2 standing for the concrete height in the 
vertical and horizontal compartment of the L-box apparatus, respectively showed a slight decline 
when CBA was used as coarse aggregate, particularly as the proportion of CBAP replacement 
increased from 0% to 30% (Fig. 10).  

 

Fig. 10. Effect of CBA on SCC passing ability 

The results of the concrete's L-box tests ranged from 0.82 to 0.94, categorizing them under PL2 
class as per the guidelines recommended by AFGC. The decrease in the H2/H1 ratio can be linked 
to the irregular shape and porous nature of CBA particles, along with their highwater absorption. 
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These characteristics increase friction between particles, hindering the concrete’s ability to flow 
smoothly and reducing its passing ability [36]. 

3.1.3 Sieve Stability 

Segregation resistance is a critical factor in ensuring the homogeneity of lightweight self-
compacting concrete (LWSCC), preventing bleeding and the separation of aggregates during 
placement and transportation [12]. Sieve segregation testing was conducted to evaluate this 
resistance, with results showing segregation ratios ranging from 4% to 9.24%, as illustrated in the 
table and Fig. 11. The segregation ratio decreased with the incorporation of coal bottom ash (CBA) 
as an aggregate and with increasing levels of coal bottom ash powder (CBAP) replacement, 
indicating improved resistance to segregation. This enhancement can be attributed to the water 
absorption properties of CBA during the mixing process. Specifically, CBA particles, particularly in 
their powder form (CBAP), exhibit a high-water absorption capacity due to their fine particle size, 
large surface area, and porous structure. When CBA absorbs water, it reduces the amount of free 
water in the mixture, minimizing the risk of bleeding and segregation by preventing excess water 
from separating from the solid components of the concrete [42]. All concrete mixes achieved a 
segregation ratio below 15%, indicating that their segregation resistance meets the criteria for SR2 
classification. Ting et al [40] reported that adding different types of supplementary materials was 
found to reduce the passing ability. On the other hand, increasing the binder content improved 
segregation resistance by making the LWSCC mixture denser. However, higher amounts of water 
and superplasticizer led to poorer segregation resistance. 

 

Fig. 11.  Effect of CBA on SCC segregation resistance 

3.2 Hardened State Results 

3.2.1 Compressive Strength 

Fig. 12 depicts the results from compressive strength tests conducted at 7, 28, and 90 days. The 
strength of all specimens increased with longer curing periods up to 90 days, ranging from 38.32 
MPa to 56.1 MPa. However, these values were consistently lower than those of SCC containing 
100% natural aggregate. The use of coarse CBA aggregate resulted in porous concrete, reducing its 
compressive strength by approximately 14% at 28 days. Additionally, the compressive strength of 
Lightweight Self-Compacting Concrete (LWSCC) containing CBA coarse aggregate declined as the 
amount of coal bottom ash powder (CBAP) in the mixture increased. Notably, at 90 days, CBASCC-
10% exhibited a strength about 3% higher than the (CBASCC-0%) mix.  

The compressive strength of the concrete containing bottom ash initially declined at replacement 
levels exceeding 10%. After 90 days of curing, decreases of 3.5%, 15%, 18.7%, and 21% were 
observed for replacement levels of 15%, 20%, 25%, and 30%, respectively, in comparison to the 
reference concrete. This decline in strength was linked to the slower initial reactivity of CBAP, 
contrasting with higher gains observed at 90 days of curing [11]. Kurama et al [44] also observed a 
comparable trend, indicating an enhancement in compressive strength with a 10% replacement of 
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cement with CBA. The compressive strength of coal bottom ash lightweight self-compacting 
concrete exceeded 17.2 MPa, meeting the minimum strength recommended for structural 
applications by ACI Committee standards. 

 

Fig. 12. Effect of CBA on SCC compressive strength 

3.2.2 SCC Oven Dry Density 

Fig. 13 presents the oven dry density measurements of the concrete after 28 days of curing. 
Substituting natural coarse aggregate with CBA resulted in a noticeable decrease in density. This 
decline is attributed to the porous characteristics and reduced unit weight of CBA in contrast to 
conventional aggregates [10].  Singh et al. noted that the lower density of bottom ash concrete 
results from the reduced specific gravity of coal bottom ash compared to natural aggregate, 
replacing river sand with coal bottom ash introduces lighter particles, while the increased void 
content further decreases the concrete’s density [26]. The measured oven dry density values 
ranged from 1802.7 to 2133.96 kg/m³. Furthermore, replacing cement with CBAP in the mixture 
contributed to a reduction in unit weight due to its high internal porosity. Kurt et al.,[41], also 
observed that replacing cement with pumice powder in concrete mixtures reduced the unit weight.  

Additionally, unit weight decreased as the w/ (c + m) ratio and the proportion of mineral additives 
increased, attributed to the larger void spaces in the concrete and the lower specific gravity of the 
mineral additives compared to cement, this is due to higher porosity from excess water evaporating 
during curing and the lower specific gravity of CBAP compared to cement, both of which reduce the 
concrete's density [41]. Concrete mixes incorporating CBA as coarse aggregates and partial cement 
replacement showed dry densities below 2000 kg/m³, meeting the criteria for lightweight 
aggregate concrete according to EN 206-1 standards. 

 

Fig. 13. Effect of CBA on the dry density of SCC 
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3.2.3 Ultrasonic Pulse Velocity 

The ultrasonic pulse velocities (UPV) of the concrete samples ranged from 3 to 4.69 km/s, as 
depicted in Fig. 14, indicating that the concrete quality meets the criteria specified by ASTM C597. 
Notably, all experimental concrete mixes showed lower UPV values compared to the control 
concrete mix (CSCC), attributing this decrease to the incorporation of coal bottom ash (CBA) 
aggregate. Specifically, the UPV values for concrete mixtures containing CBA aggregate and 
different proportions of CBAP powder (CBASCC-0%, 10%, 15%, 20%, 25%, and 30%) were 
reduced by 29%, 26.5%, 33%, 34.6%, 34.8%, and 35.7%, respectively, relative to the control mix 
CSCC after 28 days of curing. However, CBASCC-10% exhibited a slight increase of 3.4% in UPV in 
comparison to the reference mix CBASCC-0%. These results from the UPV measurements correlate 
well with the compressive strength data. Similar findings were previously reported by [45]. 

 

Fig. 14. Effect of CBA on ultrasonic pulse velocity of SCC at 28 days 

3.2.4 Water Absorption  

Figure 15 shows that the water absorption rate of the reference samples without CBA was 4.2%, 
which is about 30% lower than the samples with CBA used as a coarse lightweight aggregate. When 
CBAP was added as a partial replacement for cement, water absorption increased by 15%, 35%, 
45%, 50%, and 80% at replacement levels of 10%, 15%, 20%, 25%, and 30%, respectively. This 
increase was expected because using CBA as a lightweight aggregate and CBAP as a cement 
substitute increases the amount of void space in the concrete. Similarly, Kurt et al.,[41] found that 
control samples without mineral additives had lower water absorption compared to samples 
containing pumice lightweight aggregate and pumice powder. All the CBA based LWSCC exhibits 
water absorption of less than 8% at all ages indicating good durability [46]. 

 

Fig. 15. Effect of CBA on the water absorption of SCC at 28 days 
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3.2.5 Thermal Conductivity 

Thermal conductivity primarily depends on the pore structure of aggregates (whether light, heavy, 
natural, or recycled), the concrete’s density, and the cement matrix [47]. Fig. 16 shows the thermal 
conductivity coefficients (K) of the SCC tested. Notably, concretes incorporating coal bottom ash 
(CBA) exhibit improved thermal insulation properties, as evidenced by a significant decrease in 
thermal conductivity values upon substituting natural aggregate with CBA aggregate. Specifically, 
the thermal conductivity of concretes decreases from 1.56 to 1.10 W/m.K when natural aggregate 
is replaced with CBA aggregate and to 0.75 W/m.K when Portland cement is replaced with CBAP 
compared to the control mix. This represents reductions of 29.4% in thermal conductivity. This is 
due to the increased void content and lower density of the CBA aggregate relative to normal 
aggregate. Moreover, the results demonstrate that thermal conductivity decreases further with 
higher proportions of CBAP incorporation from 1.10 to 0.75 W/m·K when Portland cement is 
replaced with CBAP compared to the reference mix (CBASCC-0%), this represents reductions of 
31.8% in thermal conductivity, attributable to the increased porosity of CBAP. This underscores 
the significance of material porosity in enhancing thermal insulation performance [48]. 

 

Fig. 16. Effect of CBA on SCC thermal conductivity at 28 days 

3.2.6 Correlations  

Fig. 17 depicts the relationships between compressive strength, pulse velocity, and thermal 
conductivity relative to dry density for SCC mixtures following 28 days of curing, evaluated through 
high R² values of 0.93 for compressive strength and 0.96 for pulse velocity. In general, a decrease 
in the solid structure content of the material results in lower compressive strength [47]. Likewise, 
compressive strength decreases as dry density decreases Fig. 17 (a), similarly impacting pulse 
velocity Fig. 17 (b). On the other hand, variations in compressive strength have a corresponding 
effect on ultrasonic pulse velocity, resulting in a linear decrease as compressive strength decreases, 
as depicted in Fig. 17 (c) with their respective R² values of 0.83. Additionally, the thermal 
conductivity of concrete is primarily influenced by its density [49].  

The reduction in dry density shows a linear correlation with the thermal conductivity coefficient, 
as indicated by an R² value of 0.97 in Fig. 17(d). This relationship highlights dry density as a key 
factor affecting the thermal properties of concrete. Overall, these findings highlight the 
interrelationships among material density, mechanical strength, ultrasonic characteristics, and 
thermal conductivity in SCC mixtures, providing valuable insights into their performance and 
behavior. Moreover, Similar observations have been reported by several researchers when 
studying SCC with lightweight aggregates [13, 41, 50]. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.17. Correlations (a) Compressive strength-dry density; (b) UPV-dry density; (c) 
Compressive strength-UPV; (d) Thermal conductivity-dry density 

3.3 Microstructure Properties 

3.3.1 SEM Analysis Results 

Concrete microstructure comprises aggregate, interfacial transition zone (ITZ) and hardened paste 
[11]. In this study, SEM analysis of different concrete mixes CSCC (control), CBASCC-0%, CBASCC-
10% and CBASCC-30% after 90 days are presented in Fig. 18. The SEM image of control concrete 
CSCC, containing 100% natural aggregate Fig. 18 (a), reveals a dense, compact C-S-H gel with large 
portlandite crystals. In contrast, concrete incorporating coal bottom ash (CBA) aggregate displays 
noticeable pores and cracks, indicating increased porosity compared to control concrete.  

 

(a) 

 

(b) 
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This observation is consistent with findings from water absorption and compressive strength tests. 
Fig 18. (b-d) show SEM images of CBA concrete mixtures where the C-S-H gel formation appears 
less distinct and more irregular, often appearing in layered cloud-like formations, with smaller 
portlandite crystals relative to the control concrete. Both control and CBA concrete mixtures 
display the presence of C-S-H gel. Notably, when 30% of Portland cement was replaced with CBAP 
Fig. 18 (d), the formation of ettringite in needle-like structures within voids was observed. 
Conversely, the concrete with 10% replacement exhibits a more compact structure with smaller 
pores. This enhancement is credited to the pozzolanic reaction of CBA, which gradually aids in 
densifying the material and filling pores [51]. 

3.3.2 XRD Analysis Results 

Fig. 19 presents the XRD analysis findings after 90 days of curing, showing quartz from river sand 
and mullite from CBA aggregate in the diffractograms. Hydration products such as calcium 
hydroxide (portlandite), calcite, and ettringite are also detected. These diffractograms reveal the 
presence of quartz from river sand and mullite from CBA aggregate. Hydration products such as 
calcium hydroxide (portlandite), calcite, and ettringite are also identified. Ettringite peaks are 
evident in all concrete samples, with slightly higher intensity in CBASCC-30% (Fig. 19d). The 
presence of calcite (CaCO3) indicates reactions between hydrated phases and atmospheric CO2. 

 

 

(c) 

 

(d) 

Fig. 18. SEM image of (a): CSCC, (b): CBASCC-0%, (c): CBASCC-10%, (d): CBASCC-30% 
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Fig. 19. XRD patterns of (a): CSCC, (b): CBASCC-0%, (c): CBASCC-10%, (d): CBASCC-30% 

The portlandite (CH) peak is more pronounced in the Reference and CBASCC-0% mixes (Fig. 19a-
b) compared to CBASCC-10% and CBASCC-30% (Fig.19c-d). This decline is attributed to the 
interaction between CBAP and CH, increasing the creation of both C-S-H and ettringite. The amount 
of CH consumed in mixtures containing pozzolanic materials is closely linked to the extent of their 
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pozzolanic reaction [52]. The diffraction peaks typical of C-S-H are often indistinct due to its 
amorphous nature, often obscured by the more prominent peaks of portlandite. [27] 

3.3.3 TGA, DSC Analysis 

Fig. 20 displays the results of both differential scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA) carried out on CBA (coal bottom ash). In the DSC analysis of CBA, an initially 
endothermic peak was detected at about 100°C, which is attributed to the release of physically 
associated water and evaporation of moisture [53].  

 

Fig. 20.  TGA and DSC analysis of CBA 

The TGA curve showed a second mass loss of 1.71% between 370°C and 520°C, attributed to the 
evaporation of residual carbonaceous materials present in CBA [53].  Additionally, a weight loss of 
4.93% above 800°C is proposed to be associated with the dehydroxylation of metallic hydroxides 
[54]. The most significant mass loss occurred in the temperature range of 600°C to 860°C. Beyond 
860°C, CBA exhibited stable thermogravimetric behavior. These findings are consistent with 
previous studies [55]. 

TGA and DSC analyses of control concrete CSCC, concrete containing both CBA aggregate and CBAP 
(CBASCC-10%, 30%) are presented in Fig. 19-20. Four endothermic peaks are observed: at 60°C-
170°C, 450°C, 670°C, and 750°C-900°C in the DSC curves Fig. 21. These heat flow peaks primarily 
correspond to the phase change temperatures of different hydrates present in the cement paste. 
The first endothermic peak observed at 60°C-170°C is attributed to the release of absorbed water 
from the formation of specific hydrates such as C-S-H and ettringite. The diffraction peak of 
ettringite in CBASCC-30% appears to be higher than in CSCC and CBASCC-10%, potentially due to 
reactions involving active alumina in CBAP. Another notable observation is the diffraction peaks 
appearing between 450°C and 550°C, corresponding to the decomposition of portlandite into free 
lime. It is evident from the data that the control mix has higher CH content compared to the mix 
with 10% CBAP replacement, indicating potential pozzolanic reactions of CBAP. However, the 
diffraction peak of CH in CBASCC-30% is marginally more prominent than that in CSCC and 
CBASCC-10%. Excessive CH can lead to an overabundance of free lime, resulting in undesirable 
effects such as volume expansion and reduced strength, suggesting that incorporating more than 
10% CBAP as a cement replacement adversely affects concrete's mechanical properties which can 
be attributed to delayed hydration and slow pozzolanic activity of CBAP [30]. This result supports 
the earlier findings regarding the increase in strength with CBA replacement, additionally, 
Endothermic peaks were detected at approximately 670°C and 750°C. These peaks are associated 
with the decomposition of C-S-H into a new form of dicalcium silicate (β-C2S) [51] and the 
decomposition of calcium carbonates (CaCO3), respectively. 



Boulahya et al. / Research on Engineering Structures & Materials 11(2) (2025) 819-841 
 

837 

 

Fig. 21.  DSC analysis of concrete 

 

Fig. 22.  TGA analysis of concrete 

The TGA curves (Fig. 22) of CSCC (control concrete) and CBASCC-10% and CBASCC-30% (concretes 
with both CBA aggregate and CBAP) display distinct weight loss behaviors. Initially, there is a 
noticeable weight loss at 200°C, largely due to the evaporation of adsorbed water in the micropores, 
with values of approximately 2.87%, 3.8%, and 5.08% for CSCC, CBASCC-10%, and CBASCC-30%, 
respectively. A second phase of weight loss begins around 400°C to 450°C, with corresponding 
losses of about 2.96%, 3.2%, and 1.36% for CSCC, CBASCC-10%, and CBASCC-30%. This phase is 
associated with the decomposition of hydrated components such as C-S-H gel and calcium 
hydroxide (CH), releasing structural water [56]. Further mass losses occur between 700°C and 
850°C due to the decomposition of calcite and organic substances. Quantitatively, CSCC, CBASCC-
10%, and CBASCC-30% experience weight losses of approximately 17%, 5%, and 3.8%, 
respectively. Above 850°C, all specimens exhibit a stable mass loss pattern. 

4. Conclusions 

This study explores the effects of coal bottom ash (CBA) on the fresh properties, mechanical 
performance, and microstructure of self-compacting concrete (SCC). The experiments replaced 
natural coarse aggregate with CBA and varied the substitution of Portland cement with CBA 
powder. The key conclusions drawn from the results are as follows: 
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• The test results on the fresh concrete properties incorporating coal bottom ash (CBA) reveal 
that using CBA in SSD state as a coarse aggregate improves the workability of fresh self-
compacting concrete (SCC). However, substituting cement with CBA powder decreases 
workability as the replacement levels increase from 10% to 30%. Despite the reduction in 
workability, the concretes met the required fresh state properties filling ability (SF3), passing 
ability (PL2), and segregation resistance (SR2) as per European Guidelines, ensuring 
adequate workability for SCC applications. 

• The oven-dry density of SCC decreased when CBA aggregate was used as lightweight 
aggregate, dropping from 2133.96 kg/m³ to 1920 kg/m³. Similarly, the density decreased 
with higher levels of CBAP replacement by about 6%, resulting in dry densities below 2000 
kg/m³. This meets the specifications for lightweight self-compacting concrete according to 
EN 206-1 standards. 

• The use of CBA as a lightweight aggregate in SCC resulted in reduced compressive strength 
and ultrasonic pulse velocity values in the concrete samples after 28 days. These reductions 
are mainly due to the pore nature of coal bottom ash. On the other hand, substituting 10% 
CBA powder for Portland cement improved compressive strengths over time, driven by 
observed pozzolanic activity after 90 days. The compressive strength exceeded 17.2 MPa, 
meeting the minimum strength requirement for structural applications as specified by ACI 
Committee standards. Thus, the declines in compressive strength and pulse velocity are 
linked to the lower unit weight of the concrete. 

• The incorporation of coal bottom ash (CBA) reduces the density of the concrete, resulting in 
lower thermal conductivity and improved thermal insulation. Thermal conductivity values 
were 52% lower in the CBA-containing concrete compared to the reference mix. 

• The CBA concrete had approximately 80% higher water absorption than the reference mix. 
This increase is due to the larger porosity and void volume caused by the use of CBA both as 
a lightweight aggregate and as a 30% cement replacement in SCC. 

• Microstructural analyses (SEM, XRD, and TGA) reveal that integrating CBA aggregate into SCC 
results in reduced overall strength, primarily due to increased porosity and other inherent 
physical weaknesses. However, there is a slight enhancement in the creation of further C-S-
H gel, which is attributed to CBA, as confirmed by TGA and XRD findings. Conversely, 
incorporating 10% CBA powder as a cement replacement produces a denser structure with 
reduced pore size, highlighting the effective pozzolanic activity of CBAP. 

The findings of this study demonstrate that Coal Bottom Ash (CBA)-based self-compacting concrete 
(SCC) is a sustainable and cost-effective alternative to conventional concrete. By replacing natural 
aggregates and up to 10% of cement, CBA reduces material costs, lowers carbon emissions, and 
improves thermal and sound insulation, making it suitable for lightweight structures, green 
buildings, and precast elements. CBA-based SCC aligns with circular economy principles and 
reduces the environmental footprint of concrete production. 

5. Limitation of Using CBA   

The use of Coal Bottom Ash (CBA) in self-compacting concrete (SCC) presents several limitations 
that must be considered. While CBA improves workability as a coarse aggregate, replacing cement 
with CBA powder reduces workability at higher replacement levels (10% to 30%). The porous 
nature of CBA lowers compressive strength, ultrasonic pulse velocity, and density, meeting 
lightweight concrete standards but potentially limiting structural applications. Increased porosity 
also leads to higher water absorption, raising concerns about durability under environmental 
stressors like moisture and freeze-thaw cycles. Although 10% CBA powder replacement enhances 
pozzolanic activity and densifies the microstructure, higher replacements or aggregate use 
introduce weaknesses. Additionally, long-term durability data and potential environmental 
impacts, such as heavy metal leaching, remain unaddressed. These limitations highlight the need 
for further research to optimize CBA use in SCC. 
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6. Research Avenues for CBA-Based SCC 

To advance the use of Coal Bottom Ash (CBA)-based self-compacting concrete (SCC), further 
research should focus on optimizing mix designs by refining CBA proportions, particle sizes, and 
pretreatment methods to enhance workability, strength, and durability. Additionally, studying the 
long-term durability of CBA-based SCC under environmental stressors like freeze-thaw cycles, 
chemical exposure, and moisture penetration is critical to ensure its reliability. Research should 
also evaluate the environmental and health impacts, including leaching potential and lifecycle 
assessments, to confirm its safety and sustainability. Exploring pretreatment techniques, such as 
thermal or chemical activation, could improve CBA reactivity and stability. Economic feasibility 
studies, including cost-benefit analyses and supply chain assessments, are needed to support large-
scale implementation. Developing standardized guidelines and promoting CBA-based SCC in 
building codes and green certifications will facilitate its adoption. Finally, pilot projects in real-
world applications can validate its feasibility and benefits, addressing current limitations and 
positioning CBA-based SCC as a sustainable alternative in modern construction practices.  
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Article Info  Abstract 

Article History:  This paper presents damage evaluation of concrete under external sulfate attack 
using linear and nonlinear ultrasonic techniques. Concrete specimens with two 
distinct water-to-cement (W/C) ratios of 0.53 and 0.64 were immersed in a 5% 
ammonium sulfate solution for 60−240 days before being subjected to a static 
compression test. The linear (ultrasonic pulse velocity (UPV), wave amplitude, and 
fundamental frequency amplitude) and nonlinear (characteristic voltage energy 
(CVE) and sideband-peak-count index) ultrasonic parameters were evaluated for 
the specimens before and after exposure using narrowband transducers 
commonly employed for in situ concrete monitoring. The experimental results 
indicated two distinct phases in the degradation of concrete under sulfate 
exposure. During the initial phase (0−120 days), the mechanical properties 
exhibited minimal variation. However, from 120−240 days, a more significant 
decrease in the elastic modulus and compressive strength was observed in the 
concrete with a higher W/C ratio. Further, the UPV could not detect changes in 
mechanical properties without a significant decrease in the elastic modulus. In 
contrast, other parameters were sensitive to microcrack development during the 
initial phase. During the rapid deterioration phase, the CVE was the most effective 
damage indicator for detecting degradation in the mechanical properties of 
concrete with both W/C ratios. 
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1. Introduction 

During In-service concrete structures can undergo chemical degradation because of their exposure 
to harsh environmental conditions. Among various degradation processes, sulfate attacks pose a 
significant threat to concrete structures. Sulfate ions found in groundwater, seawater, industrial 
environments, and agricultural areas react with cement hydrate products for forming expansive 
ettringite. This reaction can lead to mass loss, cracking, and degradation of the mechanical 
properties of concrete [1,2]. The effect of sulfate on concrete is complex and involves various 
degradation mechanisms that depend on the specific types of cations such as calcium, sodium, 
magnesium, and ammonium [3]. For example, concrete exposed to ammonium sulfate undergoes a 
combined acid–sulfate attack. Ammonium ions (NH₄⁺) react with portlandite through acid 
hydrolysis, which results in a decrease in pH and an increase in the porosity of the cement paste, 
making it more susceptible to the attack and increasing the vulnerability of rebars to corrosion [4]. 
In addition, the decalcification of calcium-silicate-hydrate (C–S–H) because of its reaction with 
ammonium sulfate and a corresponding pH reduction leads to a loss of cohesion and disintegration 
of the cement paste [5]. Deterioration from a sulfate attack can compromise the load-bearing 
capacity of concrete structures, which creates a demand for a reliable nondestructive testing 
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technique that can detect the onset of degradation at an early stage and assess the severity of 
damage. Several nondestructive testing techniques such as impact echo, resonant frequency, and 
infrared thermography are commonly used for assessing concrete structures. Among these, 
ultrasonic measurement is among the most effective methods to evaluate mechanical properties 
and progression of internal damage in concrete [6]. 

Various ultrasonic parameters have been used to evaluate concrete properties and damage. These 
parameters are based on the effect of mechanical properties and distributed microdamage on the 
characteristics of propagating elastic waves [7]. Numerous studies have been conducted using 
linear and nonlinear ultrasonic techniques to evaluate load-induced [8-10] and chemical-induced 
damages in concrete [11-12]. For linear ultrasonic techniques, in which a linear interaction 
between wave propagation parameters and media is considered, the ultrasonic pulse velocity 
(UPV), wave amplitude, and fundamental frequency amplitude have been employed [13,14]. The 
UPV is the most widely used nondestructive testing method for assessing the mechanical 
properties, integrity, and damage severity of concrete [12,15]. A UPV testing system for concrete 
typically consists of a pair of piezoelectric transducers (transmitter and receiver) with exciting 
ultrasonic waves in the range 20−300 kHz [16]. Based on the measurement of the first arrival, the 
UPV is dependent on the elastic constants of the medium and is insignificantly affected by the effect 
of scatterers (cracks) on the diversion of the ultrasonic beam, which results in wave amplitude 
reduction, longer duration, and a downshift in the frequency content [13]. Therefore, a decrease in 
the effective modulus corresponding to an increase in the microcrack density results in a decrease 
in the UPV. Despite its insensitivity to the distribution of microcracks, the UPV is effective in 
detecting the presence of macrocracks. The UPV was reported to significantly decrease in concrete 
with different water-to-cement (W/C) ratios (0.4−0.75) under compression tests with a degree of 
damage greater than 60% [17,18]. Based on the wave velocity, an ultrasonic penetration test was 
used to evaluate the damage layer thickness of concrete subjected to wet–dry cycles in a 10% 
sodium sulfate solution [19]. After 360 days (24 wet–dry cycles), the wave velocity in the damage 
layer was reported to decrease by 7.89%, 16.52%, and 16.54% for concrete with water-to-binder 
ratios of 0.35, 0.45, and 0.55, respectively. Berthaud [8] investigated the effect of acoustic 
anisotropy due to the porous nature of undamaged concrete and the elastic anisotropy caused by 
compression damage on the wave velocity and wave amplitude. A noticeable increase in the 
ultrasonic parameters with stress level was observed in the wave normal to the loading direction 
in an undamaged state, owing to the closing of existing microcracks. Meanwhile, compression 
damage was reported to have a greater effect on the reduction in the parameters of waves 
propagating in the loading direction than those in the normal direction owing to the opening of 
cracks. The amplitude attenuation of ultrasonic waves with the progression of damage in 
cylindrical concrete specimens under compression tests has been investigated [20]. This 
parameter was reported to be insensitive to the initial damage and could detect cracks at 
approximately 40% of the peak stress.  

In nonlinear ultrasonic techniques, the interaction of ultrasonic waves with nonlinear scatterers 
(such as microcracks) results in changes in the characteristics and shape of the propagating 
ultrasonic waves [21]. As ultrasonic waves propagate through microcracks, some energy is 
converted into higher-harmonic components and multiple secondary waves (or sidebands), 
resulting in wave distortions [17,22]. Several nonlinear ultrasonic parameters, based on wave 
energy and the generation of harmonic wave components and sidebands, have been utilized to 
assess the condition of concrete. The reduction in wave energy corresponds to the attenuation of 
ultrasonic waves owing to scattering and dissipative mechanisms in inhomogeneous materials 
[11]. Greater attenuation of wave energy is obtained for longer lengths of the wave path and 
increases in the scatterer (microcrack) intensity [13]. The reductions in the energy of ultrasonic 
waves in the time domain and the spectral energy density in nonreactive and alkali–silica-reaction-
affected concrete slabs during a bending test were investigated using piezoelectric transducers 
with a 250-kHz central frequency [23]. Both parameters were reported to decrease significantly at 
the initial structural cracks. However, the attenuation of the wave energy was more effective than 
that of the spectral energy density for monitoring the stress changes in the slabs. The attenuation 
of wave energy and UPV obtained from ultrasonic testing using broadband transducers with a 
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bandwidth centered at 1 MHz was closely correlated with the stiffness evolution and change in the 
mesoscale elements of mortars under an internal sulfate attack in the presence of different amounts 
of gypsum (CaSO42H2O) during the mixing process [24]. The characteristic voltage energy (CVE) 
was used to represent the energy of the ultrasonic signals in the time domain. It was evaluated 
during a compression test of engineered cementitious composite specimens exposed to wet–dry 
cycles of a sodium sulfate solution [11]. The CVE of transmitted waves from 200-kHz ultrasonic 
excitation was found to be more sensitive to the damage evolution during the compression test 
with different degrees of degradation from sulfate attack than primary and secondary wave 
velocities, where the peak energies were obtained at approximately 60–80% of the compressive 
strength.  

An acoustic nonlinearity parameter as a function of the ratio of the higher-order harmonic 
amplitude to the square of the fundamental frequency amplitude has been shown to be sensitive to 
early-stage damage in concrete under compression [17], creep, and cyclic loading [10]. The 
influences of the degree of damage under compression tests and ultrasonic input power level on 
the attenuation of the fundamental frequency amplitude and the generation of second harmonic 
wave components were investigated in concretes with 0.4−0.6 W/C ratios; broadband transducers 
with central frequencies of 100 kHz and 200 kHz were used for transmitting and receiving waves, 
respectively [18]. The attenuation of the fundamental frequency amplitude was reported to be 
significant for degrees of damage exceeding 40%. The attenuation increased with a decrease in the 
W/C ratio and an increase in the input power level. In addition, the amplitude ratio of the second 
harmonic wave components to the fundamental frequency increased with the degree of damage 
and power level.  

The sideband peak count (SPC) technique was used to relate the nonlinearity level to the degree of 
damage by counting the number of peak frequencies above the amplitude threshold [25]. 
Castellano et al. [26] investigated the variation in the SPC value and UPV on the damage evolution 
of coarse-grained aggregate concrete under cyclic compression tests using narrowband 
piezoelectric transducers with a central frequency of 50 kHz. The SPC value was reported to be 
more sensitive to an early stage of damage than the UPV value and capable of detecting the 
evolution of subsequent damage. The effectiveness of linear and nonlinear ultrasonic techniques 
for damage monitoring in a reinforced concrete beam subjected to a bending test was investigated 
[14]. Nonlinear ultrasonic techniques (SPC and energy distribution indicator) were more sensitive 
to damage progression than linear ultrasonic techniques (wave velocity and attenuation at the peak 
frequency). The SPC and energy distribution indicator were the most effective parameters for 
detecting the initiation of microcrack development at an early stage and the higher damage levels 
with a large number of cracks appearing on the concrete beam, respectively. The damage index 
calculated from the difference in the SPC values at the damage and initial stages obtained from 
ultrasonic measurement using 50-kHz central-frequency transmitters and 100-kHz central 
frequency receiver transducers was reported to increase with the development of microcracks in 
cementitious materials subjected to alkali–aggregate reactions [22]. 

Despite extensive studies on the application of aforementioned ultrasonic techniques to monitor 
damage in concrete, most focused on detecting the onset and progression of damage in load-
induced concrete. Few studies conducted on the effectiveness of these techniques in evaluating the 
damage to concrete subjected to sulfate attacks, where complex degradation behaviors and non-
uniform damage occur across a section, particularly in cases of external sulfate attacks. In addition, 
most studies have been conducted using relatively high-frequency transducers or a pair of 
transmitter and receiver transducers with different central frequencies to capture higher harmonic 
components and/or sidebands for investigating the effect of the nonlinear interaction between 
damaged concrete and ultrasonic signals. This is not a common ultrasonic testing system used for 
the in situ monitoring of concrete structures. Therefore, this study focused on the effectiveness of 
linear and nonlinear ultrasonic techniques to detect the onset of damage and the progression of 
degradation in the compressive mechanical properties of concrete under sulfate attack using 
conventional ultrasonic equipment. Concrete specimens with two distinct W/C ratios were 
immersed in an ammonium sulfate solution for different durations. The variations in the linear 
(UPV, wave amplitude, and fundamental frequency amplitude) and nonlinear (CVE and SPC) 
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ultrasonic parameters with exposure duration were determined and compared with the 
degradation in compressive mechanical properties. The sensitivity and effectiveness of ultrasonic 
parameters for damage evaluation were presented and discussed. 

2. Experimental Program 

2.1. Specimen Preparation 

Cylindrical concrete specimens with dimensions of 150 mm×300 mm was fabricated using type 1 
Portland cement that conforms to ASTM C150 [27], river sand, and crushed limestone gravel. The 
river sand and crushed limestone gravel had a specific gravity of 2.65 and 2.70 and the maximum 
particle sizes of 4.75 and 19 mm, respectively. Two W/C ratios of concrete, 0.53 and 0.64, were 
considered, with corresponding mixture proportions of cement, water, sand, and gravel by weights 
of 1:0.53:2.39:2.94 and 1:0.64:3.11:3.55, respectively. The specimens were prepared based on 
ASTM C192 [28]. Fresh concrete was mixed using a mixing machine and cast in cylindrical molds 
in two layers. Each layer was compacted by tamping 25 times using a rod. The specimens were 
demolded 24 h after casting and immersed in water for wet curing at 25 °C for 28 days. After the 
curing period, specimens were immersed in a sulfate solution for different durations. Three 
concrete specimens were prepared for each concrete mixture and exposure duration. 

2.2. Exposure Condition 

The specimens were exposed to an ammonium sulfate solution with 5% mass fraction at 25 C for 
durations of 0, 60, 120, 180, and 240 days. These exposure durations were selected based on the 
significant negative effects of sulfate attack in concrete with W/C ratios of 0.47 and 0.57 after 
120−180 days of exposure to different concentrations of sodium sulfate solutions [1]. Martins et al. 
[2] reported a significant decrease in the compressive strength of concrete with a water-to-binder 
ratio of 0.45 after 63 days of immersion in a 9.3% ammonium sulfate solution, with a strength 
reduction of 40% after 182 days of immersion. Considering a two-dimensional sulfate attack, 
paraffin was used to seal the top and bottom surfaces of specimens prior to being subjected to 
exposure. 

2.3. Ultrasonic and Compression Tests 

An ultrasonic test was conducted on all specimens under saturated conditions after a 28-day curing 
period and exposure to the sulfate solution. An ultrasonic test was conducted using a Proceq Pundit 
Lab+ with a pair of similar narrowband transmitting and receiving transducers. The transducers 
had a manufacturer-specified central frequency, bandwidth, and diameter of 54 5 kHz, less than 
10 kHz, and 49.7 mm, respectively. The tests were conducted at a voltage of 500 V. The waveform 
used for ultrasonic pulses was a sine wave applied in repetitive pulse sequences. Petroleum jelly 
was used as the acoustic couplant. Ultrasonic waveforms were obtained using a through-
transmission method (Fig. 1) measured across a diameter (150 mm) at 50 mm from the top and 
bottom surfaces and at the mid-height of the specimens. Three repeated readings were obtained at 
each monitored location for each specimen before and after being subjected to exposure to obtain 
reliable results. For each reading, both transducers were removed and reattached to the specimen. 
Ultrasonic signals were recorded at a sampling frequency of 1 MHz within a time window of 1ms. 
Figure 2a shows the ultrasonic signals obtained from the control specimens. The frequency spectra 
of ultrasonic signals were analyzed using a fast Fourier transform. The frequency spectra of control 
specimens with frequency amplitudes normalized to the fundamental frequency amplitude are 
presented in Fig. 2b. Ultrasonic signals and frequency spectra are used for further analysis to obtain 
ultrasonic parameters. 

A compression test was performed on specimens in a saturated condition after a 28-day curing 
period for control specimens and after they had been exposed to the sulfate solution for the target 
durations. Compression tests were conducted using a universal testing machine at a loading rate of 
1 mm/min until failure [29]. The load and vertical deformation were monitored during the test to 
obtain compressive stress−stress characteristics. 
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Fig. 1. Ultrasonic test 

 
(a)  

 
(b)  

Fig. 2. Waveforms and frequency spectra of the control specimens (a) Ultrasonic signals in the 
time domain, (b) Normalized frequency spectra 

3. Experimental results 

3.1. Compressive Mechanical Properties 

The effects of exposure duration on the elastic modulus and compressive strength are presented in 
Fig. 3. Elastic moduli were determined based on ASTM C469 [30]. Two distinct phases of the 
degradation of mechanical properties under exposure were observed. An initial phase (0–120 d) 
with minimal variation, which indicated a transitional period with various mechanisms such as the 
deposition of ettringite and gypsum and cement hydration, developed in concrete. Subsequently, a 
significant degradation phase (120−240 days) indicates the onset of rapid deterioration. 

For the specimens with the W/C ratio of 0.53, the elastic modulus increased initially and then 
gradually decreased after 120 d of immersion. This was attributed to an increase in the 
compactness of the concrete from the deposition of ettringite and gypsum in the initial phase and 
accumulation of expansive products, which caused microcracks and macrocracks in the later phase 
[1]. The formation of gypsum and ettringite in concrete exposed to ammonium sulfate can be 
characterized as [31] 

( ) ( ) 3244242 2NHO2HCaSOSONHOHCa +→+  (1) 

324224242 NH2O2HCaSOaqSiOOHSO)(NHaqSiOCa xxxxx ++→++  (2) 

( ) ( ) ( ) O26HSOOHAlCaO6HSOOHAlCa2CaSO 2341226241224
22

4 →++ +−  (3) 

The consumption of portlandite (Eq. 1) decreases the internal concrete pH and increases concrete 
porosity. The destabilization of C–S–H (Eq. 2) results in the formation of amorphous hydrated silica, 
gypsum, and gaseous NH₃, which leads to a loss of cohesion and volume swelling [5]. At 240 d, a 
slight reduction in the elastic modulus of 0.7% was observed for the specimen with the W/C ratio 
of 0.53. Meanwhile, the elastic modulus of the specimen with the W/C ratio of 0.64 decreased 
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slightly for an exposure duration of less than 120 d (initial phase) and significantly decreased 
thereafter. This behavior corresponds to the greater porosity of concrete with a W/C ratio of 0.64, 
which enables a higher diffusion rate of the external sulfate attack, thereby leading to microcrack 
development during the initial phase and coalescence of microcracks into macrocracks in the later 
phase. The development of microcracks has been attributed to the formation of ettringite in small 
pores, 10–50 nm in size [32]. The transition of degradation phases was in good agreement with 
that of superficial cracks (Fig. 4) observed in specimens for exposure durations  120 days, whereas 
they were not observed in specimens subjected to 60 days of exposure. The difference in the 
reduction rate of the elastic modulus in specimens with W/C ratios of 0.53 and 0.64 indicated the 
effect of W/C ratio on the elastic modulus degradation for concrete subjected to a sulfate attack. A 
similar effect of the W/C ratio on the reduction in the elastic modulus was observed in concrete 
(W/C ratios of 0.37−0.87) subjected to wet−dry cycles of sodium sulfate solutions [1]. During the 
240-day exposure period, the elastic modulus of specimens with a W/C ratio of 0.64 decreased by 
82.7%. 

 
(a)  

 
(b)  

Fig. 3. Effect of exposure duration on compressive mechanical properties (a) Elastic modulus, 
(b) Compressive strength 

Compressive strengths of specimens with W/C ratios of 0.53 and 0.64 initially increased and then 
decreased significantly during the latter phase. The initial increase in the compressive strength was 
attributed to continuous cement hydration and the positive effect of the deposition of chemical 
products from a sulfate attack on the strength [1]. A similar behavior, characterized by an initial 
increase followed by a later decrease in compressive strength, was observed in the (0.45-W/C 
ratio) concrete with a partial replacement of Portland cement with supplementary cementitious 
materials (silica fume and rice husk ash) immersed in a 9.3% ammonium sulfate solution [2]. 
Mbessa and Péra [33] reported an increase in the compressive strength of high-strength concrete 
with different types of ultrafine particles after being subjected to six wet−dry cycles in a 20% 
ammonium sulfate solution. Specimens with a W/C ratio of 0.64 exhibited a greater loss in the 
compressive strength over longer exposure durations than that of the specimen with the W/C ratio 
of 0.53. This was attributed to their higher porosity, which led to a more significant effect of the 
ammonium sulfate solution on the destabilization of C–S–H, release of calcium ions from a 
cementitious matrix, and subsequent descaling of the cement matrix [2]. Under a 240-d exposure 
duration, the compressive strengths of the specimens with W/C ratios of 0.53 and 0.64 decreased 
by 42.7% and 65.0%, respectively. A significant reduction in the compressive strength was 
obtained despite the small effect of the sulfate attack on the elastic modulus of specimens with a 
W/C ratio of 0.53. This was attributed to a variation in the effective cross-section or sound concrete 
core across the height of the specimens, which results in planes of stress concentration and 
nonuniform stress distribution [5]. These factors contributed to a significant reduction in 
compressive strength, and the elastic modulus was significantly affected by local cracks in the 
specimens. Further, a contradiction between the elastic modulus and compressive strength 
behavior was observed for specimens with W/C ratios of 0.53 and 0.64 during 60−120 days. For 
the specimen with a W/C ratio of 0.64, the compressive strength increased, whereas the elastic 
modulus decreased. In contrast, for the specimen with a W/C ratio of 0.53, the modulus of elasticity 
increased, whereas the compressive strength decreased. This distinction emphasizes that the 
elastic modulus and compressive strength are affected by different structural changes. 
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120 days 

 
240 days 

(a)  

 
120 days 

 
240 days 

(b)  

Fig. 4. Cracks on concrete specimens after exposure durations of 120 and 240 days, (a) W/C 
ratio = 0.53, (b) W/C ratio = 0.64 

Average values of the maximum crack width and crack density observed in specimens during the 
significant degradation phase (120−240 days) are listed in Table 1. The crack density was 
calculated as the ratio of the total crack length to the cylindrical surface area of specimens 
(excluding the top and bottom surfaces, which were sealed with paraffin prior to exposure to the 
sulfate solution).  

Table 1. Maximum crack width and crack density 

W/C ratio 
Exposure duration 

(days) 
Average maximum crack 

width (mm) 
Average crack density 

(mm–1) 

0.53 
120 0.10 0.0012 
180 0.26 0.0043 
240 0.27 0.0052 

0.64 
120 0.08 0.0016 
180 0.22 0.0071 
240 0.23 0.0072 

 

A similar method was used by Riener et al. [34] for metal specimens in which the crack density was 
calculated from the ratio of the crack length to the area of the images of specimens. The average 
maximum crack widths of specimens with W/C ratios of 0.53 and 0.64 were in the range of 
0.08−0.27 mm. Meanwhile, the average crack densities in these specimens increased from 0.0012 
to 0.0052 mm⁻¹ and 0.0016 to 0.0072 mm⁻¹ with an increase in exposure duration from 120 to 240 
days, respectively. The greater crack density in specimens with a W/C ratio of 0.64 corresponded 
to a higher porosity and lower tensile strength in the binder matrix caused by the higher W/C ratio. 
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3.2. Ultrasonic Pulse Velocity (UPV) 

Figure 5 shows the average change in UPV for specimens with different exposure durations. The 
UPV was calculated as the ratio of the distance between ultrasonic transducers to the time-of-flight. 
The value of the UPV depends on the mechanical properties of the concrete such as the elastic 
modulus and density, and it can provide insight into the quality, integrity, and potential damage of 
the material to the concrete [16]. No significant change in the UPV was observed in specimens with 
a W/C ratio of 0.53 in the initial (0–120 days) and later (120–240 days) degradation phases, which 
corresponds to marginal changes in the elastic modulus of the specimens. The UPV was insensitive 
to variations in the sound concrete section, which significantly affected the reduction in the 
compressive strength of the specimens in the later phase. Meanwhile, the UPV in specimens with a 
W/C ratio of 0.64 decreased slightly ( 1%) at an exposure duration of 120 days and significantly 
decreased by 47.6 and 52.0% at 180 and 240 days, respectively. The UPV measurements are based 
on the measurement of the fast-energy component of the ultrasonic beam. The remaining energy 
arriving at the transmitter and changes in the characteristic shape of the ultrasonic wave were not 
considered [13]. Consequently, the UPV was not sensitive to microstructural changes during the 
initial phase. However, the reduction in UPV during the later phase in these specimens was 
attributed to the degradation of the modulus of elasticity. 

The coefficients of variation (COVs) of the UPV in specimens with W/C ratios of 0.53 and 0.64 are 
listed in Table 2. A relatively low variation in the UPV values (COVs of 2−9%) was observed in 
specimens subjected to different degradations, which indicates that the UPV provided reliable and 
stable measurements. 

 
Fig. 5. Change in the UPV 

Table 2. Coefficient of variation (COV) (%) of each ultrasonic parameter 
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3.3. Wave Amplitude and Fundamental Frequency Amplitude 

The wave and fundamental frequency amplitudes obtained from the ultrasonic measurements of 
the specimens were evaluated. These amplitudes correspond to the maximum absolute amplitude 
of the ultrasonic waveforms in the time domain and the amplitude at the fundamental frequency in 
the frequency domain, respectively. These parameters are affected by the scattering and 
attenuation mechanisms of ultrasonic waves as they propagate through concrete. Greater 
attenuation of these parameters occurs with an increase in microcracks, porosity, and degree of 
damage in the concrete. Transmitted waveforms of the control and specimens exposed for different 
durations are presented in Fig. 6a. Compared with the control specimen, the ultrasonic signals of 
damaged specimens exhibited a longer transmission time, lower amplitude, and delay in the 
maximum peak. 

Frequency spectra were obtained from time-domain ultrasonic signals using fast Fourier 
transform, and they were used for evaluating the attenuation of the amplitude at the fundamental 
frequency and SPC value associated with the damage induced by exposure. The normalized 
frequency spectra of specimens with a W/C ratio of 0.64 are presented in Fig. 6b to illustrate the 
effect of exposure on the frequency components of ultrasonic waves. In this figure, the frequency 
spectrum of each damaged specimen is normalized with respect to its fundamental frequency 
amplitude before exposure. The spectral responses of control specimens are noisy because of the 
inhomogeneity of the concrete resulting from microdefects and microcracks generated during the 
curing process [35] and effect of aggregates on wave diffraction [22,36]. In addition, the 
fundamental frequency amplitude decreased with an increasing exposure duration. Despite the low 
resolution of the narrowband transducer at higher-order frequencies, an increase in the ratio of 
peak amplitudes of higher-order frequency components (~103–113 kHz) to the fundamental 
frequency amplitude was observed. An increase in the higher-harmonic wave components was 
attributed to nonlinear interactions between the ultrasonic wave and damaged concrete, which led 
to a greater portion of the fundamental frequency being converted to higher-harmonic components 
[17]. 

 
(a) 

 
(b) 

Fig. 6. Ultrasonic signals of the specimens with a W/C ratio of 0.64 (a) Transmitted waveforms, 
(b) Normalized frequency spectra 

Figure 7 shows the average attenuation of wave amplitudes in specimens exposed for different 
durations. Significant reductions of 55.3 and 47.1% in the wave amplitude were observed in 
specimens with W/C ratios of 0.53 and 0.64, respectively, after a 60-d exposure duration. This 
indicates that the wave amplitude was sensitive to microstructural changes at the initial 
degradation stage, where a significant reduction in the elastic modulus was not observed in the 
specimens. With longer exposure durations, the wave amplitude continuously decreased in the 
specimens with a W/C ratio of 0.64. This indicates that the wave amplitude can detect the damage 
progression in specimens with a significant increase in porosity from cracking and swelling 
associated with the sulfate attack, which also resulted in a noticeable decrease in the elastic 
modulus. Meanwhile, for the specimens with a W/C ratio of 0.53, the wave amplitude gradually 
decreased with damage progression for exposure durations  60 days. The transition between the 
two distinct degradation phases could not be identified from the attenuation of the wave amplitude.  
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Fig. 7. Change in the wave amplitude 

The effect of exposure duration on the average fundamental frequency amplitude is shown in Fig. 
8. Similar to the wave amplitude, the fundamental frequency amplitude was sensitive to 
microstructural changes over the 60-day exposure duration. Significant attenuations in the 
fundamental frequency amplitudes of 83.6 and 76.1% were obtained for specimens with W/C 
ratios of 0.53 and 0.64, respectively. These greater attenuations indicate a higher sensitivity of the 
fundamental frequency amplitude to microcrack development than that of the wave amplitude. For 
an exposure duration  60 d, the reduction rate of the fundamental frequency amplitude decreased. 
A similar finding was reported for reinforced concrete beams subjected to a bending test, wherein 
a significant reduction in frequency amplitude was observed at the initial damage stage even 
though no prominent cracks were visible. This reduction becomes less pronounced with an 
increase in the degree of damage [14].  

The COVs of the waves and fundamental frequency amplitudes are listed in Table 2. High COVs were 
observed for both parameters, which were associated with their relatively low values, 
inhomogeneous nature of the concrete, and its degradation. Despite higher COV values for wave 
and fundamental frequency amplitudes compared to those of the UPV, the amplitude attenuation 
measurements were considerably more sensitive to damage, and therefore, more effective than the 
UPV for assessing damage conditions in the specimens. In addition, the COVs of the wave and 
frequency amplitudes increased with a degree of damage and W/C ratio. A similar observation was 
reported for the damage evaluation parameter, which was calculated from the ratio of the higher-
order harmonic amplitude to the square of the fundamental frequency amplitude in concrete 
subjected to the compression-induced damage [17]. 

 
Fig. 8. Change in the fundamental frequency amplitude 

3.4. Characteristic Voltage Energy (CVE) 

The effect of exposure on the average CVE of specimens is shown in Fig. 9. The CVE is calculated 
from the area under the rectified signal envelope using the absolute amplitude of the ultrasonic 
waveform and can be expressed as [11]  
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=
0t

0

t dtUCVE , 
 

(4) 
 

where Ut, t, and t0 represent the voltage amplitude of the ultrasonic waveform in the time domain, 
wave time in microseconds, and recording time (1 ms) of the specimens, respectively. The change 
in the CVE with exposure duration in the specimens followed a pattern similar to that of the 
fundamental frequency amplitude: a significant reduction at 60 days, a relatively constant value 
between 60 and 120 days, and further reductions with damage progression for exposure durations 
≥ 120 days. This behavior was attributed to the significant contribution of the fundamental 
frequency to the wave energy. Over a 60-d exposure duration, CVE reductions of 58.3 and 49.3% 
were observed in specimens with W/C ratios of 0.53 and 0.64, respectively. Most of the wave 
energy loss occurs during the initial damage phase. The CVE exhibited a lower attenuation rate 
compared to the fundamental frequency amplitude because it considered the entire waveform, 
which included all frequencies. However, the wave amplitude, fundamental frequency amplitude, 
and wave energy were strongly correlated because similar narrowband transducers were used for 
both the transmitter and receiver. Table 2 indicates that CVE exhibits lower COV values than the 
wave and fundamental frequency amplitudes. In addition, the COVs of the CVE increased with the 
degree of damage and W/C ratio. 

 
Fig. 9. Change in the CVE 

3.5. Sideband Peak Count (SPC) 

The SPC value (SPC(th)) was computed from the ratio of the SPC above the moving threshold from 
0–100% of the fundamental frequency amplitude and can be expressed as [14] 

SPC(th) = Npeak(th)/Ntotal, 
 

(5) 
 

where Npeak and Ntotal represent the number of sideband peaks above a threshold value and total 
number of peaks in the frequency spectrum, respectively. At a threshold of 0, the SPC(th) was 1.0.  

Figure 10 shows the effect of exposure duration on the average SPC(th) of specimens with a W/C 
ratio of 0.64. Most sideband peaks in all specimens were observed to be less than 1% of their peak 
frequency amplitudes, which resulted in a significant reduction in SPC(th) with an increase in the 
threshold from 0 to 0.01. A similar behavior was observed in specimens with a W/C ratio of 0.53. 
For clarity, SPC(th) values for thresholds between 0 and 0.01 are not shown in the figure because 
their scale would obscure the results. The effects of exposure and threshold levels on SPC(th) were 
observed. For a threshold of less than 0.05, the values of SPC(th) in specimens subjected to 
exposure were greater than those of the control specimens. This implied an increase in the number 
of sideband peaks with amplitudes less than 5% of peak amplitudes in these specimens. The 
SPC(th) varied with exposure duration for thresholds between 0.05 and 0.80; however, it remained 
relatively constant for thresholds ≥ 0.80. This indicates that the exposure had little effect on the 
number of sideband peaks with amplitudes greater than 80% of peak amplitudes in these 
specimens. 
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Fig. 10. SPC(th) of the W/C ratio of 0.64 

The SPC index (SPC-I) was determined using [26] 

SPC-I = (SPCi)/N(th)tot, 
 

(6) 
 

where SPCi and N(th)tot represent the SPC value for a threshold value i and total number of 
considered thresholds, respectively.  

The SPC-I represents the degree of nonlinearity observed in the SPC curve for a single value [37]. 
The average SPC-I values were computed for different maximum threshold values, i.e., the 
considered thresholds (TH) of 0−0.3, 0−0.5, 0−0.7, and 0−1.0, as shown in Fig. 11. SPC-I values 
obtained from different maximum thresholds exhibited similar trends. Owing to the noticeable 
effect of exposure on the SPC(th) up to a threshold value of 0.80, SPC-I corresponding to a maximum 
threshold of 1.0, was selected and used for the subsequent sensitivity analysis. 

 
(a)  

 
(b)  

Fig. 11. Change in the SPC-I (a) W/C ratio of 0.53, (b) W/C ratio of 0.64 

The SPC-I in specimens with W/C ratios of 0.53 and 0.64 increased over the 60-d exposure 
duration. This implies the sensitivity of SPC-I to initial microstructural changes in the specimens. 
The SPC-I in both W/C ratios decreased at 120 d and increased thereafter. The decrease in SPC-I at 
120 days corresponds to a reduction in material nonlinearity from the coalescence of microcracks 
into macrocracks [26], which is in good agreement with the first superficial cracks observed during 
this exposure duration (Fig. 4). The increase in SPC-I after  120 d of exposure corresponds to an 
increase in nonlinearity in specimens with an increase in microcrack density from the sulfate 
attack. Despite the relatively low resolution of narrowband transducers at higher-harmonic 
components, SPC-I was sensitive to microstructural changes in specimens during the initial and 
significant degradation phases. The phase transition at 120 d is clearly depicted by SPC-I. 

3.6. Sensitivity Analysis 

Sensitivity analysis was conducted for determining the relative effectiveness of different ultrasonic 
parameters in detecting the onset and progression of damage in specimens during the initial and 
significant degradation phases. Average percentage changes in ultrasonic parameters observed in 
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specimens with W/C ratios of 0.53 and 0.64 before and after exposure during the initial phase ( 
120 d) are shown in Fig. 12. For the 60-d exposure period, the fundamental frequency amplitude 
(Freq. Amp.) exhibited the highest percentage reduction in specimens with both W/C ratios, 
followed by the wave amplitude (Wave Amp.), CVE, SPC-I, and UPV. This implies that the 
fundamental frequency amplitude was the most sensitive parameter to the initial microstructural 
changes in the specimens. However, microstructural changes corresponding to the coalescence of 
microcracks into macrocracks from 60–120 d were effectively detected using SPC-I. 

Figures 13 and 14 compare average percentage changes in ultrasonic parameters observed in 
specimens with W/C ratios of 0.53 and 0.64 before and after exposure during the significant 
degradation phase (120–240 days), respectively, with average percentage changes in mechanical 
properties. In addition, correlation coefficients (r) between percentage changes in ultrasonic 
parameters and mechanical properties are listed in Table 3 and can be expressed as 

( )( )

( ) ( ) 


−−

−−
=

2

i

2

i

ii

yyxx

yyxx
r , 

 
(7) 

 

where xi and x  represent values and average percentage changes in ultrasonic parameters, 
respectively, and yi and y  represent values and average percentage changes in mechanical 

properties, respectively. The correlation coefficient (r) is used for measuring a linear relationship 
between parameters, with values of −1, 1, and 0 indicating perfectly negative, perfectly positive, 
and no linear relationship, respectively. 

 
Fig. 12. Percentage change in the ultrasonic parameters during the initial phase 

Ultrasonic parameters exhibited different reduction rates with degradation in the mechanical 
properties with an increase in exposure duration, except for SPC-I, which increased during this 
phase. Consequently, a negative r value was obtained between SPC-I and mechanical properties, as 
listed in Table 3. The r value of the UPV for specimens with the W/C ratio of 0.53 is not presented 
in the table because of its insensitivity to changes in the mechanical properties of the specimens, as 
shown in Fig. 13. For the specimens with the W/C ratio of 0.64, which showed significant 
degradations in the mechanical properties during the later phase, relatively high values of r in the 
range of 0.83–0.97 were obtained from all ultrasonic parameters, except the SPC-I, which exhibited 
an r value of −0.52. The r values for elastic modulus were greater than those for the compressive 
strength, suggesting a more direct effect of the modulus on ultrasonic wave characteristics. For the 
specimens with the W/C ratio of 0.53, the highest r values were obtained from the CVE for the 
elastic modulus and compressive strength. This implies that the CVE was the most effective 
parameter to detect the damage progress during the significant degradation phase for specimens 
with both W/C-ratios. 
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(a)  

 
(b)  

Fig. 13. Percentage changes in ultrasonic parameters and mechanical properties during the 
significant degradation phase (120−240 days) for specimens with a W/C ratio of 0.53 (a) 

Elastic modulus, (b) Compressive strength 

 
(a)  

 
(b)  

Fig. 14. Percentage changes in ultrasonic parameters and mechanical properties during the 
significant degradation phase (120−240 days) for specimens with a W/C ratio of 0.64 (a) 

Elastic modulus, (b) Compressive strength 

Table 3. Coefficient of correlation (r) between percentage changes in the ultrasonic parameters 
and mechanical properties of concrete during the significant degradation phase. 

Ultrasonic parameter 
W/C ratio of 0.53 W/C ratio of 0.64 

Elastic 
modulus 

Compressive 
strength 

Elastic 
modulus 

Compressive 
strength 

UPV - - 0.97 0.96 

Wave amplitude 0.24 0.57 0.89 0.79 

Frequency amplitude 0.32 0.53 0.88 0.83 

CVE 0.46 0.62 0.97 0.90 

SPC-I −0.54 −0.48 −0.52 −0.52 

4. Conclusions 

In this study, ultrasonic measurements were performed on concrete specimens with two distinct 
W-C ratios immersed in a sulfate solution for different durations. The effects of the sulfate attack 
on the compressive mechanical properties of concrete specimens and linear and nonlinear 
ultrasonic parameters were investigated. Based on the experimental and analytical results, the 
following conclusions were drawn: 

• The change in the compressive mechanical properties of concrete specimens under the 
sulfate attack can be classified into an initial phase (immersion duration of 0–120 d), in which 
an increase or slight decrease in the mechanical properties was observed depending on the 
W/C ratio, and a later stage (immersion duration  of 120 d), in which a significant reduction 
in the mechanical properties occurred. 

• The UPV was insensitive to microcrack development during the initial phase. The parameter 
showed a strong correlation with a degradation in the elastic modulus and compressive 
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strength in the concrete with a W/C ratio of 0.64 during the significant degradation phase. 
However, it was incapable of detecting damage progression in the concreate with a W/C ratio 
of 0.53, where a significant decrease in stiffness was not obtained. 

• The attenuation of ultrasonic signal amplitudes, wave energy (CVE), and an increase in 
sidebands (SPC-I) were sensitive to initial microstructural changes attributed to the sulfate 
attack, including an increase in concrete porosity caused by the consumption of portlandite 
and the development of microcracks from the deposition of gypsum and ettringite during the 
initial phase, with the highest sensitivity observed in the fundamental frequency amplitude. 
SPC-I was found to be highly sensitive to stage changes (the coalescence of microcracks into 
macrocracks) during the initial phase and effective in detecting the transition between 
degradation phases using an ultrasonic testing system commonly employed for monitoring 
concrete structures. During the significant degradation phase, where the sulfate attack 
caused considerable destabilization of C–S–H and noticeable progression of superficial 
cracks, the CVE was the most effective damage indicator for monitoring losses in mechanical 
properties of concrete at various degradation rates. 

• A combination of ultrasonic techniques, which includes the fundamental frequency 
amplitude, SPC-I, and CVE, can be used for effectively monitoring the microstructural changes 
and progression of damage in concrete under a sulfate attack. 

This study demonstrated the potential of using conventional ultrasonic transducers in structural 
health monitoring systems for continuous, real-time damage detection in concrete structures 
exposed to sulfate-rich environments. Although ultrasonic transducers with a higher harmonic 
resolution (the ability to detect higher-order harmonics) offer enhanced sensitivity to microcracks, 
they can experience a relatively high attenuation of ultrasonic waves, which may limit their 
application for in situ monitoring. Compared with traditional evaluation methods such as visual 
inspection and core sampling, the combination of ultrasonic techniques offers cost and time savings 
over core sampling and it is more effective than visual inspection in providing detailed information 
on the onset and progression of damage, thereby facilitating better decision making in the 
maintenance and assessment of reinforced concrete structures. 

Future research should focus on comparing the sensitivity and reliability of ultrasonic techniques 
with those of other nondestructive methods. In addition, exploring a wider range of W/C ratios or 
integrating other nondestructive methods for cross-validation could further enhance the accuracy 
and applicability of ultrasonic monitoring in concrete structures. 
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Article Info  Abstract 

Article History:  Non-negative Matrix Factorization (NMF) and Singular Value Decomposition 
(SVD) are widely recognized as pivotal dimensionality reduction techniques in the 
literature, particularly for deep learning applications involving large and high-
dimensional datasets like SEM images. This study systematically evaluates the 
impact of SVD and NMF on the performance, efficiency, and energy consumption 
of four deep learning architectures: GoogleNet, AlexNet, ResNet, and SqueezeNet. 
By applying these techniques to reduce dataset dimensions, we observed that SVD 
excelled in computational efficiency, achieving up to 35% faster processing times 
compared to raw datasets. NMF, on the other hand, provided superior feature 
interpretability, which proved beneficial for tasks requiring meaningful pattern 
extraction. Energy consumption analysis revealed that SVD led to a 28% reduction 
in computational energy cost on average, making it a practical choice for resource-
constrained environments. Among the evaluated models, ResNet consistently 
delivered the highest classification accuracy after dimensionality reduction, 
showing an improvement of 4-6% over models trained on non-reduced data. 
These findings underscore the critical role of dimensionality reduction in 
enhancing the scalability, energy efficiency, and classification accuracy of deep 
learning models, offering valuable insights for optimizing high-dimensional data 
applications in both academic and industrial contexts. 
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1. Introduction 

Deep neural networks have recently demonstrated exceptional accuracy across various domains 
involving visual, auditory, and textual data (1). Specifically, convolutional neural networks (CNNs) 
are extensively utilized for tasks such as image recognition (2), object detection (3), speech 
recognition (4), and neural machine translation (5). Although the training of deep learning models 
has been significantly accelerated through Graphical Processing Unit (GPU)-based computations 
(6), deploying these models often occurs on less powerful computing platforms characterized by 
limited memory, processing capabilities, and battery life (7). The high computational and memory 
demands of many deep learning architectures pose challenges for deployment on resource-
constrained devices, such as mobile phones, or in scenarios requiring low latency (8). 

Early CNN models tended to be deeper and heavily overparameterized, whereas recent CNN 
architectures have adopted compact network design strategies to create lightweight models (9). 
For instance, the use of 1×1 convolutions has contributed to reducing both computational and 
memory requirements (10). Pioneering models like GoogleNet avoided fully connected layers, 
opting instead for global average pooling to process images of varying dimensions (11). 
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SqueezeNet, another lightweight architecture, extensively employs convolutions within its boost 
modules to achieve compactness while maintaining performance (12). In contrast, AlexNet, one of 
the earliest CNN architectures, does not use depthwise separable convolutions and is not designed 
as a lightweight model but laid the groundwork for deeper networks (13). ResNet introduced a 
method called residual learning, which helps train very deep networks. It solves the problem of 
vanishing gradients by using shortcuts, called skip connections, that allow information to pass 
through the network more easily (14). In this study, GoogleNet, AlexNet, ResNet, and SqueezeNet 
are preferred for SEM image classification because they are widely used in varios applications and 
have different structures. This allows us to compare their efficiency, complexity, and classification 
performance fairly. Their wide use in the literature also makes them strong benchmark models for 
deep learning in SEM image analysis.  

Despite these innovations, many modern architectures remain overparameterized, highlighting the 
continued need for effective compression and dimensionality reduction techniques for the data. 
Datasets characterized by a large number of features are referred to as high-dimensional data and 
have garnered significant attention in recent years. The rapid acceleration in the growth and update 
rates of datasets has driven data toward becoming increasingly high-dimensional and unstructured 
(15). While such voluminous and complex data contains valuable information, it simultaneously 
complicates the process of efficient utilization. For instance, this large-scale data leading to 
excessive computational time, storage and energy requirements for data processing (16). 
Moreover, the abundance of complex information often obscures critical insights, making it 
challenging to discern the fundamental characteristics of the data. This issue not only demands 
considerable time and human resources for data processing but also adversely impacts the 
accuracy of recognition tasks (17). Addressing these challenges necessitates effective methods for 
analyzing vast quantities of information, extracting meaningful features from high-dimensional 
data, and mitigating the impact of redundant or correlated factors (18). Dimension reduction offers 
a solution to these problems. Its core principle involves mapping data samples from a high-
dimensional space to a lower-dimensional space, with the primary objective of uncovering and 
preserving the meaningful low-dimensional structure inherent in high-dimensional observable 
data (19). 

The projection of high-dimensional data onto a lower-dimensional space inevitably results in the 
loss of some original information. The primary challenge is to derive meaningful reduced data from 
the high-dimensional dataset that satisfies recognition accuracy and energy requirements while 
optimally preserving the essential characteristics of the original data (20). Nonetheless, identifying 
and extracting effective features in practical scenarios is often challenging. As a result, 
dimensionality reduction has emerged as a critical and complex task in the domains of pattern 
recognition, data mining, and machine learning (21). This technique has been applied to key tasks 
such as, image classification, content prediction, and various other industrial applications (22). 

Non-negative Matrix Factorization (NMF) is a highly effective dimensionality reduction technique 
that offers significant advantages over conventional linear methods and other similar approaches 
(23). Its primary strength lies in its capacity to enforce non-negativity constraints, making it 
particularly well-suited for datasets characterized by exclusively positive values, such as images, 
text, and signals (24). This property enables NMF to extract additive and parts-based 
representations, uncovering fundamental patterns and features embedded within the data. 
Additionally, the intrinsic sparsity-promoting nature of NMF facilitates the automatic selection of 
relevant features, thereby reducing dimensionality while retaining essential information (25). 
Unlike certain linear methods that may face challenges with high-dimensional or complex datasets, 
NMF exhibits robustness and scalability in handling such complexities (26). Furthermore, the 
interpretability of NMF adds significant value, as it allows researchers to derive meaningful insights 
into the latent structure of the data, thereby enhancing data exploration and analysis. In summary, 
the unique combination of non-negativity, sparsity, interpretability, and scalability positions NMF 
as a versatile and highly appealing option for dimensionality reduction, offering a compelling 
alternative to other techniques in this domain (23). 
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Singular Value Decomposition (SVD) is a widely utilized dimensionality reduction technique that 
provides robust mathematical foundations and versatility across various applications, as well (27). 
At its core, SVD decomposes a matrix into three constituent components: two orthonormal 
matrices containing singular vectors and a diagonal matrix containing singular values. This 
decomposition provides a compact representation that captures the intrinsic structure of the data 
(28). This decomposition enables SVD to effectively reduce the dimensionality of complex datasets 
while preserving essential variance and relationships within the data (29). Moreover, SVD is 
particularly well-suited for tasks involving noise reduction and data compression, as it isolates 
dominant patterns and discards less significant components (30). Its mathematical rigor ensures 
robustness when handling large-scale, high-dimensional datasets, making it a reliable tool in fields 
such as image processing, text analysis, and recommendation systems. Additionally, SVD provides 
a geometric interpretation of the data, facilitating improved understanding and visualization of 
latent structures (31). Overall, the combination of dimensionality reduction, noise filtering, 
scalability, and interpretability positions SVD as an indispensable technique for exploratory data 
analysis and machine learning tasks, serving as a cornerstone in modern data science (32). 

These methods may exhibit some limitations that can impact their applicability in various 
scenarios. While dimensionality reduction tries to preserve the most relevant features, some 
important details may still be lost, which may affect the classification accuracy, especially for 
complex defect patterns in SEM images. Both techniques reduce the dimensionality of input data. 
However, their initial calculation can be computationally intensive with NMF requiring recursive 
optimization especially for large datasets. The effectiveness of both SVD and NMF depends on the 
optimal selection of parameters, such as the number of retained singular values in SVD or the rank 
factorization in NMF (33, 34). Low level selections may lead to insufficient image details or extreme 
feature reduction. While SVD efficiently handles large datasets, it requires matrix decomposition, 
which may not scale well for extremely high-dimensional data (35). Similarly, NMF is sensitive to 
local minima during factorization, leading to inconsistent results (36). Both methods operate under 
linear assumptions, hence they may not effectively capture complex, nonlinear structures in 
datasets compared to deep learning-based feature extraction techniques (23). 

In literature, Hossain et al. explored a novel method for hyperspectral image classification using a 
3D CNN with Stochastic Neighbor Embedding (SNE)-based feature extraction. The study utilizes 
SVD for dimensionality reduction, enhancing the efficiency of the feature extraction process. 
Additionally, NMF is employed to uncover hidden patterns within the data, further improving the 
classification accuracy. By combining these techniques with a CNN, the system demonstrates 
significant improvements in processing hyperspectral data, making it more suitable for complex 
classification tasks in real-world applications (37). Liu et al. explored the use of dimensionality 
reduction techniques, including SVD and NMF, to enhance few-shot learning for medical imaging. 
They highlighted the limitations of SVD in scenarios where the feature space is high-dimensional 
compared to the dataset size. The authors demonstrated that discriminant analysis outperformed 
SVD at lower dimensions, while NMF provided a competitive alternative to SVD at intermediate 
dimensions, particularly improving inference accuracy across multiple medical imaging datasets. 
This approach addresses the challenges posed by small datasets in medical imaging (38). Saberi-
Movahed et al. offered a comprehensive survey on NMF and its application in dimensionality 
reduction. NMF is highlighted as a robust technique for feature extraction and selection, especially 
for datasets with non-negative entries. The authors compare NMF with SVD, emphasizing that 
while SVD is useful for linear dimensionality reduction, NMF provides more interpretable, non-
negative representations that are better suited for applications in fields like image and text 
analysis. The study also discusses recent trends and future research directions in both methods 
(23). Swaminathan et al. highlighted SVD and NMF for dimensionality reduction and feature 
extraction in the context of data mining. SVD is used to decompose large datasets into a set of 
orthogonal components, enhancing the interpretability and reducing computational complexity. 
On the other hand, NMF is applied to extract latent factors that are inherently non-negative, making 
it suitable for tasks like topic modeling and clustering. Both techniques help in identifying 
underlying patterns and structures within the data, improving the overall model performance (39). 
In their study, Chang and Chen proposed a Basis-Projected Layer (BPL) to improve deep learning 
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training on sparse datasets, such as GC-MS spectra. They applied SVD to reduce dimensionality and 
identify the principal components of the dataset. Additionally, NMF was employed to enhance 
feature extraction, ensuring that only non-negative values were used, which is crucial for 
interpreting complex datasets. The BPL efficiently transformed sparse data into dense 
representations, improving model performance, with F1 scores increasing by up to 11.49% (40). 
Hossain et al. introduced an unsupervised change detection method for Synthetic Aperture Radar 
(SAR) images, leveraging Deep Semi-Nonnegative Matrix Factorization (Semi-NMF) and SVD 
networks. Initially, Deep Semi-NMF was employed to extract features and perform pre-
classification, identifying pixels with high probabilities of change or no change. Subsequently, 
image patches centered on these sample pixels were used to train SVD networks, comprising two 
SVD convolutional layers and a histogram feature generation layer, to capture nonlinear 
relationships between multi-temporal images. This approach enabled the generation of 
representative feature expressions with fewer samples, enhancing robustness to speckle noise 
inherent in SAR imagery. The proposed method demonstrated superior performance in detecting 
changes across various SAR datasets, highlighting the efficacy of combining Semi-NMF for feature 
extraction and SVD networks for classification in unsupervised SAR image change detection (41). 
Du et al. introduced a novel hybrid method combining SVD and NMF for dimensionality reduction 
in hyperspectral imaging. They applied SVD to decompose the original hyperspectral data matrix, 
capturing its essential structure, followed by NMF to extract meaningful, non-negative components 
that enhance interpretability. This hybrid SVD-NMF approach effectively reduced data 
dimensionality while preserving critical spectral information, improving classification accuracy in 
hyperspectral images. The method demonstrated superior performance compared to traditional 
techniques, offering a promising tool for efficient analysis of high-dimensional hyperspectral data 
(42). Furthermore, Kurra et al. introduced a robust dimensionality reduction technique for 
hyperspectral blood stain image classification, emphasizing the importance of hyperspectral 
imaging in forensic science. Their study explored various dimensionality reduction methods, 
including Factor Analysis (FA), Principal Component Analysis (PCA), and SVD, as preprocessing 
techniques for deep learning models such as Fast 3D CNN and Hybrid CNN. The results 
demonstrated that FA outperformed traditional techniques in terms of classification accuracy, 
particularly in scenarios with high-dimensional hyperspectral data (43). 

In this study, the performance of various pre-trained deep learning models is compared to 
determine their effectiveness on a unique Scanning Electron Microscope (SEM) image dataset, 
preprocessed using SVD and NMF (44). This research advances the analysis of electrospun PAN 
nanofibers (45) by focusing on their classification into defective, slightly defective, and non-
defective categories (46). By leveraging this unique dataset, the study provides a comprehensive 
evaluation of prominent pre-trained deep learning models, including GoogleNet, AlexNet, ResNet, 
and SqueezeNet (47). Furthermore, the impact of SVD and NMF preprocessing on model 
performance, time management, and energy efficiency is systematically compared against standard 
image representations. These findings not only enhance the understanding of deep learning 
applications in nanomaterial classification but also offer valuable insights for improving the 
accuracy, computational efficiency, and sustainability of future nanofiber classification systems. 

2. Materials and Methods 

The electrospun PAN nanofiber SEM images, supplied by nanomaterials experts at Usak University, 
were categorized as slightly defective, defective, or non-defective and utilized for training, 
validation, and testing of pre-trained deep learning models. All images within these three 
categories underwent preprocessing using a Bilateral filter. Following this, augmentation 
techniques, including rotation and random transformations along X and Y axes, were applied to the 
preprocessed images. Subsequently, SVD and NMF were applied to all the augmented SEM images. 
The performance, time, and energy consumption metrics of without any dimensionality reduction 
technique applied (Non), NMF-applied, and SVD-applied images were compared across pre-trained 
models (Fig. 1). Matlab has been utilized as the project and application development framework. 
All Matlab runtime executions in this study were performed on a system with an Intel i5-13600K 
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3.50 GHz CPU, 64GB RAM 5600MHz, an RTX 4060 GPU, and Windows OS, without utilizing parallel 
computation. 

 

Fig. 1. (a) Non applied SEM image of nanofibers (b) NMF applied SEM image of nanofibers (c) 

SVD applied SEM image of nanofibers 
 

The augmented training dataset was employed to train pre-trained deep learning architectures, 
including GoogleNet, AlexNet, ResNet, and SqueezeNet, and subsequently evaluated using the test 
dataset. Ten percent of the SEM dataset was reserved for testing, while the remaining data was 
randomly partitioned, allocating 70% for training and 30% for validation. The dataset consists of 
53,579 images (16,162 slightly defective, 22,915 defective, and 14,502 non-defective) classified as 
slightly defective, defective, and non-defective (Table 1). The randomly selected test dataset 
includes 1,796 slightly defective images, 2,546 defective images, and 1,611 non-defective images. 
The default input image size was set to 227x227x3 for AlexNet and SqueezeNet, whereas for other 
models, it was configured as 224x224x3 (48, 49). Consistent and identical training parameters 
were applied across all models. 

Table 1. The dataset segments used in this study 

 Slightly Defective Defective Non-Defective 

Training 16,162 22,915 14,502 

Test 1,796 2,546 1,611 

3.3 Results and Discussion 

This comprehensive analysis highlights the accuracy and efficiency of deep learning models paired 
with dimensional categorization techniques for nanofiber SEM image categorization. The choice of 
dimensionality reduction technique plays a critical role in maintaining or enhancing model 
performance, with SVD emerging as the more favorable option. ResNet and GoogleNet stand out as 
the most reliable models, capable of delivering near-perfect results under all conditions. 

 Table 2 illustrates the classification performance of four neural network models (GoogleNet, 
AlexNet, ResNet, and SqueezeNet) for three categories -slightly defective, defective, and non-
defective- with no technique applied (Non). GoogleNet achieved consistently high sensitivity across 
all categories, with values above 99%, demonstrating its robustness in correctly identifying all 
classes. The specificity was similarly high, exceeding 99%, indicating its ability to minimize false 
positives. Accuracy across categories was above 99.8%, underscoring the model's overall strong 
classification capability. The precision and f1-scores were similarly impressive, showcasing 
excellent balance between sensitivity and specificity. AlexNet showed competitive performance, 
particularly in the defective and non-defective categories, where sensitivity reached 100%. 
Specificity and accuracy were marginally lower than GoogleNet, but still above 99.5%. Precision 
and f1-scores were also exemplary, reflecting consistent and reliable performance. ResNet 
emerged as the top performer in the Non condition. Sensitivity and specificity achieved perfect 
scores (100%) for the non-defective category and slightly defective samples. This indicates an 
exceptional ability to both identify defective samples and avoid misclassifications. Its precision and 
F1-scores also aligned with these findings, making it a highly reliable model in this scenario. 
SqueezeNet, while slightly trailing the other models, still maintained outstanding results, with 
sensitivity, specificity, and accuracy consistently exceeding 98%. This model was slightly less 
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sensitive in the non-defective category compared to the others, but its performance was still well 
within the acceptable range. 

Table 2. The performance metrics of models with no dimensionality reduction technique applied 

Model Name Category 
Sensitivity 

(%) 
Specificity 

(%) 
Accuracy 

(%) 
Precision 

(%) 
F1-score 

(%) 
 Slightly Defective 99.77 99.18 99.36 98.13 98.95 

GoogleNet Defective 99.88 99.91 99.89 99.88 99.88 
 Non-Defective 98.07 99.97 99.46 99.93 98.99 
 Slightly Defective 99.88 99.83 99.84 99.61 99.75 

AlexNet Defective 99.88 99.82 99.84 99.76 99.82 
 Non-Defective 99.50 100 99.86 100 99.75 
 Slightly Defective 99.94 100 99.98 100 99.97 

ResNet Defective 100 99.97 99.98 99.96 99.98 
 Non-Defective 100 100 100 100 100 
 Slightly Defective 97.66 99.51 98.95 98.87 98.26 

SqueezeNet Defective 99.96 98.88 99.34 98.52 99.24 
 Non-Defective 98.75 99.88 99.58 99.68 99.22 

 

Table 3 shows that GoogleNet retained its high performance across all metrics, with sensitivity, 
specificity, and accuracy close to or exceeding 99.9% in most categories. Notably, the precision and 
f1-scores remained robust, indicating that dimensionality reduction using NMF did not adversely 
affect its classification capability. AlexNet showed a slight decline in sensitivity for the non-
defective category (96.69%), suggesting a minor trade-off in detecting this class when NMF was 
applied. Despite this, its specificity and accuracy remained high, indicating an ability to maintain 
overall performance integrity. ResNet, much like in the Non condition, demonstrated exceptional 
performance. Its sensitivity for the slightly defective category remained perfect (100%), while 
other metrics such as specificity and accuracy were slightly reduced but still above 99%. This model 
appears to be the least affected by NMF, maintaining near-optimal performance across categories. 
SqueezeNet exhibited the most notable fluctuations with NMF. Sensitivity for the defective and non-
defective categories slightly declined, but specificity and accuracy remained consistently high. 
Precision and f1-scores showed minor reductions, suggesting that while NMF had some impact, the 
overall classification performance remained strong. 

Table 3. The performance metrics of models with NMF applied 

Model Name Category 
Sensitivity 

(%) 
Specificity 

(%) 
Accuracy 

(%) 
Precision 

(%) 
F1-score 

(%) 
 Slightly Defective 99.88 99.66 99.73 99.22 99.55 

GoogleNet Defective 99.96 99.97 99.96 99.96 99.96 
 Non-Defective 99.19 99.97 99.76 99.93 99.56 
 Slightly Defective 99.33 99.90 99.73 99.77 99.55 

AlexNet Defective 100 99.82 99.89 99.76 99.88 
 Non-Defective 99.69 99.83 99.79 99.56 99.62 
 Slightly Defective 100 99.78 99.84 99.50 99.75 

ResNet Defective 99.68 100 99.86 100 99.84 
 Non-Defective 99.93 100 99.98 100 99.96 
 Slightly Defective 98.21 99.51 99.12 98.87 98.54 

SqueezeNet Defective 99.52 99.67 99.61 99.56 98.54 
 Non-Defective 99.31 99.44 99.41 98.52 98.91 

 

Figure 2 illustrates the classification performance of four distinct deep learning models -GoogleNet, 
AlexNet, ResNet, and SqueezeNet- applied to SEM images that underwent NMF. The GoogleNet 
demonstrates exceptional classification accuracy, as evidenced by its confusion matrix. The 
number of correctly classified images for each category is as follows: 1784 for slightly defective, 
2545 for defective, and 1598 for non-defective. Misclassifications are minimal, with only one 
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slightly defective image misclassified as defective and one as non-defective. Furthermore, 13 non-
defective images are misclassified as slightly defective. Notably, there are no instances of defective 
images being incorrectly labeled. This result indicates that GoogleNet performs remarkably well in 
distinguishing between the three categories, with negligible confusion, particularly in the Defective 
category. The AlexNet also exhibits robust performance, though slightly inferior to GoogleNet. It 
correctly classifies 1784 slightly defective, 2546 defective, and 1696 non-defective images. 
Misclassifications include five slightly defective images labeled as defective and seven as non-
defective. For the non-defective category, four images are misclassified as slightly defective, and 
one is labeled as defective. This matrix highlights AlexNet's consistent ability to classify defective 
images accurately but reveals a marginal increase in misclassifications for the slightly defective and 
non-defective categories compared to GoogleNet. ResNet shows competitive classification 
accuracy, with 1786 slightly defective, 2538 defective, and 1610 non-defective images correctly 
identified. slightly defective misclassifications are negligible, with only eight images labeled as 
defective and none as non-defective. The defective category has minimal misclassification, with 
eight images incorrectly labeled as slightly defective. For non-defective images, only one instance 
is misclassified as slightly defective. ResNet demonstrates a high level of accuracy, comparable to 
GoogleNet, while slightly outperforming AlexNet in certain aspects, particularly in minimizing 
confusion in the non-defective category. SqueezeNet, while still effective, exhibits a slight decline 
in classification accuracy compared to the other models. The correct classifications are as follows: 
1764 slightly defective, 2534 defective, and 1600 non-defective images. Misclassifications are more 
pronounced, with nine slightly Defective images labeled as defective and 23 as non-defective. The 
defective category contains 11 images misclassified as slightly defective and one as non-defective. 
Similarly, nine non-defective images are mislabeled as slightly defective, and two as defective. 
While SqueezeNet achieves reasonably good performance, it struggles more with boundary cases 
between categories, especially for slightly defective and non-defective images, indicating room for 
improvement. 

 

Fig. 2. (a) Confusion matrix of GoogleNet on NMF-processed SEM images (b) Confusion matrix 
of AlexNet on NMF-processed SEM images (c) Confusion matrix of Resnet on NMF-processed 

SEM images (d) Confusion matrix of SqueezeNet on NMF-processed SEM images 

Table 4 indicates that GoogleNet achieved near-perfect metrics across all categories, with 
sensitivity, specificity, accuracy, precision, and f1-scores reaching or exceeding 99.9%. This 
suggests that SVD optimized the feature space for GoogleNet, enabling it to classify nanofiber 
images with remarkable accuracy. AlexNet benefited notably from SVD, as sensitivity for the 
slightly defective and non-defective categories rebounded to exceed 99%. The overall metrics 
improved compared to the NMF condition, showcasing the potential of SVD to mitigate the 
limitations observed with NMF. ResNet again demonstrated stellar performance. The sensitivity, 
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specificity, and accuracy reached near-perfect levels, underscoring its reliability and robustness 
when paired with SVD. Its consistent top performance across all conditions cements its position as 
the most effective model for this task. SqueezeNet, which exhibited some variability with NMF, 
showed improved results under SVD. Sensitivity, specificity, and accuracy for all categories 
exceeded 99%, suggesting that SVD effectively stabilized and enhanced this model's performance. 

Table 4. The performance metrics of models with SVD applied 

Model Name Category 
Sensitivity 

(%) 
Specificity 

(%) 
Accuracy 

(%) 
Precision 

(%) 
F1-score 

(%) 

 Slightly Defective 99.88 99.80 99.83 99.55 99.72 
GoogleNet Defective 100 99.97 99.98 99.96 99.98 

 Non-Defective 99.50 99.97 99.84 99.93 99.72 
 Slightly Defective 99.27 99.56 99.47 99 99.13 

AlexNet Defective 99.33 100 99.71 100 99.66 
 Non-Defective 99.81 99.65 99.69 99.07 99.44 
 Slightly Defective 100 99.95 99.96 99.88 99.94 

ResNet Defective 99.92 100 99.96 100 99.96 
 Non-Defective 100 100 100 100 100 
 Slightly Defective 99.83 99.73 99.76 99.39 99.61 

SqueezeNet Defective 100 99.94 99.96 99.92 99.96 
 Non-Defective 99.31 99.97 99.79 99.93 99.62 

 

Figure 3 illustrates the classification performance of four different deep learning models -
GoogleNet, AlexNet, ResNet, and SqueezeNet- applied to SEM images that underwent SVD. 
GoogleNet demonstrates near-perfect classification accuracy, as evidenced by the confusion matrix. 
Correct classifications include 1794 slightly defective, 2546 defective, and 1603 non-defective 
images. Misclassifications are minimal, with one slightly defective image mislabeled as defective 
and eight non-defective images incorrectly identified as slightly defective. Notably, there are no 
misclassifications involving defective images being labeled as non-defective or vice versa. This 
indicates that GoogleNet has an outstanding ability to distinguish between these categories when 
SVD is applied for feature extraction, with exceptional performance in the defective category. The 
AlexNet exhibits a strong classification performance, though it is slightly less accurate than 
GoogleNet. It correctly classifies 1783 slightly defective, 2529 defective, and 1608 non-defective 
images. Misclassifications include 15 slightly defective images labeled as defective and three non-
defective images mislabeled as slightly defective. Two non-defective images are misclassified as 
defective. These results suggest that while AlexNet performs reliably, it struggles slightly more than 
GoogleNet, particularly in separating the slightly defective and defective categories. ResNet 
achieves excellent classification accuracy, with 1796 slightly defective, 2544 Defective, and 1611 
non-defective images correctly identified. Misclassifications are limited to two slightly defective 
images mislabeled as defective. No non-defective images are classified incorrectly. ResNet 
demonstrates a robust capability in identifying all three categories with high precision, 
outperforming AlexNet in terms of minimizing errors in the non-defective category and rivaling 
GoogleNet in overall performance. SqueezeNet, while effective, displays slightly lower classification 
accuracy compared to the other models. It correctly classifies 1793 slightly defective, 2546 
defective, and 1600 non-defective images. Misclassifications include two slightly defective images 
labeled as defective, one mislabeled as non-defective, and 11 non-defective images misclassified as 
slightly defective. Although the performance is commendable, the model’s tendency to confuse 
slightly defective and non-defective images is more pronounced than in GoogleNet and ResNet. 

In summary, both NMF and SVD demonstrated their utility in maintaining high classification 
performance while potentially reducing computational complexity. However, SVD appeared to 
have a more stabilizing effect, particularly for models like SqueezeNet and AlexNet, which showed 
slight sensitivity drops with NMF. ResNet consistently outperformed other models across all 
conditions, achieving perfect or near-perfect metrics, particularly in the Non and SVD conditions. 
This suggests its architecture is well-suited for the classification of nanofiber SEM images. 
GoogleNet remained highly reliable, with minimal fluctuations across conditions and categories, 
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reflecting its robustness and adaptability. AlexNet and SqueezeNet showed more pronounced 
sensitivity to dimensionality reduction techniques, but both achieved strong overall performance, 
particularly under SVD. The non-defective category consistently exhibited slightly lower sensitivity 
across models, particularly with NMF. This suggests that distinguishing non-defective samples 
poses a unique challenge, potentially due to overlapping features with other categories. 

 

Fig. 3. (a) Confusion matrix of GoogleNet on SVD-processed SEM images (b) Confusion matrix of 
AlexNet on SVD-processed SEM images (c) Confusion matrix of Resnet on SVD-processed SEM 

images (d) Confusion matrix of SqueezeNet on SVD-processed SEM images 

Table 5 demonstrates that ResNet exhibited the highest total and average processing times 
(574,955.59 ms and 96.58 ms, respectively). This aligns with its deeper and more complex 
architecture, which demands significant computational resources. While ResNet achieved superior 
classification accuracy in previous analyses, this comes at a higher computational cost. GoogleNet 
and AlexNet had comparable processing times, with AlexNet (88.08 ms average) slightly lagging 
GoogleNet (89.52 ms average). GoogleNet’s relatively low computational demands highlight its 
efficiency despite achieving high classification performance. SqueezeNet showed the lowest total 
and average processing times in this condition (439,589.20 ms and 73.84 ms). As a lightweight 
model, SqueezeNet provides a clear advantage in scenarios where computational efficiency is 
critical. GoogleNet experienced the most pronounced reduction, with average processing time 
dropping from 89.52 ms to 51.81 ms. This highlights the effectiveness of NMF in simplifying the 
feature space, thereby reducing computational demands. AlexNet similarly benefitted from NMF, 
with a decrease in average processing time from 88.08 ms to 52.30 ms. These results demonstrate 
that dimensionality reduction via NMF can substantially enhance processing efficiency for models 
with moderate computational requirements. ResNet and SqueezeNet showed substantial 
reductions in processing time as well. ResNet's average time dropped to 56.87 ms, while 
SqueezeNet achieved an average time of 53.62 ms. These improvements make even complex 
architectures like ResNet more computationally viable in energy-conscious applications. GoogleNet 
achieved an average processing time of 52.03 ms, slightly higher than its NMF performance but still 
a significant improvement over the Non condition. This demonstrates SVD's ability to preserve 
computational efficiency while maintaining model performance. AlexNet displayed similar 
improvements, achieving the lowest average time of 51.63 ms. These results highlight the potential 
of SVD for models with moderately complex architectures. Although ResNet remains the most 
computationally intensive model, its average time was reduced to 57.64 ms under SVD. This 
reinforces SVD’s utility in reducing the computational cost of deep models while preserving their 
performance advantages. SqueezeNet emerged as the most computationally efficient model under 
SVD, with an average time of 51.74 ms. This underscores SqueezeNet’s suitability for energy-
efficient applications, particularly when combined with dimensionality reduction techniques. 
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Table 5. Processing times of the models based on the reduction technique 

Model Name Technique 
Total Processing Time 

(ms) 
Average Processing Time 

(ms) 
 Non 532,931.95 89.52 

GoogleNet NMF 308,422.11 51.81 
 SVD 309,749.95 52.03 
 Non 524,323.83 88.08 

AlexNet NMF 311,348.93 52.30 
 SVD 307,327.59 51.63 
 Non 574,955.59 96.58 

ResNet NMF 338,572.12 56.87 
 SVD 343,127.07 57.64 
 Non 439,589.20 73.84 

SqueezeNet NMF 319,182.19 53.62 
 SVD 307,992.35 51.74 

 

This study advances the domain of dimensionality reduction and classification through a robust 
integration of NMF and SVD techniques, showcasing their complementary strengths for handling 
high-dimensional datasets such as hyperspectral and electrospun PAN nanofiber SEM images. SVD 
decomposes data into orthogonal components, preserving key features while eliminating 
redundancy. These results in faster processing times with a slight increase in classification 
accuracy. Since NMF enforces non-negativity constraints, it preserves meaningful patterns in the 
SEM images, which contributes to enhanced interpretability of features. ResNet achieves the 
highest accuracy due to its deep architecture and residual connections, which prevent vanishing 
gradients and enable better feature learning, even after dimensionality reduction. GoogleNet shows 
strong consistency across different reduction techniques due to its Inception modules, which allow 
multi-scale feature extraction. The architectures of AlexNet and SqueezeNet exhibit slight 
sensitivity to NMF, which is more affected by feature elimination and requires more preserved 
information to maintain classification performance. SVD’s lower computational complexity results 
in faster processing times, reducing GPU consumption, leading to the observed 28% decrease in 
energy costs. ResNet’s high processing time is expected due to its deep architecture, but its superior 
accuracy justifies the trade-off in computational demand. The high-dimensional nature of SEM 
images with high intra-class similarity makes them ideal candidates for dimensionality reduction, 
where redundant and correlated features can be removed without significant performance 
degradation. Unlike Hossain et al. and Du et al., which utilized SVD and NMF independently for 
feature extraction in hyperspectral imaging, this work demonstrates a hybrid framework that 
combines the interpretability of NMF with the structural efficiency of SVD, resulting in improved 
classification accuracy and computational efficiency (37, 42). While Liu et al. focused on enhancing 
few-shot learning in medical imaging through SVD and discriminant analysis, the present study 
addresses broader applications by exploring feature-rich datasets and achieving competitive 
performance across various domains (38). Furthermore, this research builds upon the foundation 
laid by Swaminathan et al. and Saberi-Movahed et al. by employing sparse representations to 
reduce computational complexity while preserving essential data characteristics, thus enabling 
scalability for large-scale classification tasks (23, 39). In particular, (50) aligns with recent research 
in matrix factorization techniques, as seen in Autoencoder-guided low-rank approximation 
approaches for dimensionality reduction, where the integration of autoencoders with low-rank 
decomposition enables efficient feature extraction in cluttered image data. The presented method 
extends such principles by leveraging the combined strengths of NMF and SVD, enhancing both 
feature selection and classification performance. Moreover, inspired by the work of Allab et al., who 
proposed a simultaneous Semi-NMF and PCA approach for clustering, this study similarly 
emphasizes the benefits of hybrid methods for extracting meaningful low-dimensional 
representations while mitigating the computational burden associated with high-dimensional 
datasets (51). Additionally, (52) incorporates the advantages of rank-revealing QR factorization, a 
method that has demonstrated superior feature selection performance compared to traditional 
SVD and NMF approaches by improving computational efficiency and reducing redundancy. (53) 
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combines multi-head attention, CNNs, and wavelet transforms for hyperspectral image 
classification. These methods capture spatial and spectral patterns well but require high 
computational power, making them less scalable. In contrast, this study proposes a hybrid 
framework using matrix factorization, which preserves key features while reducing redundancy 
more efficiently. Unlike Chang and Chen, who proposed a BPL for sparse datasets, this work 
emphasizes the dynamic interplay between NMF and SVD in dense and high-dimensional contexts, 
ensuring both interpretability and precision (40). Furthermore, the integration of Fast Johnson-
Lindenstrauss Transform (FJLT) for content-based feature selection, as discussed in recent image 
hashing techniques, reinforces the computational efficiency of the proposed dimensionality 
reduction framework (54). Overall, the contributions of this study lie in its ability to unify and 
extend existing methodologies, offering a versatile and practical solution for dimensionality 
reduction and classification, with potential applications in diverse fields such as remote sensing, 
material science, and biomedical imaging. 

4. Conclusions 

This study has demonstrated the significant potential of dimensionality reduction techniques, 
particularly NMF and SVD, in optimizing deep learning architectures for the classification of high-
dimensional datasets, such as SEM images of electrospun PAN nanofibers. Through comprehensive 
experimentation with pre-trained models like GoogleNet, AlexNet, ResNet, and SqueezeNet, the 
findings illustrate that dimensionality reduction can enhance computational efficiency and energy 
conservation without compromising classification accuracy. SVD emerged as the most effective 
technique, achieving up to 35% reductions in processing times and an average 28% decrease in 
energy consumption. Its capacity to preserve the intrinsic structure of data while simplifying 
computational demands proved particularly advantageous for resource-constrained environments 
and energy-intensive architectures, such as ResNet. On the other hand, NMF excelled in feature 
interpretability, enabling more meaningful pattern extraction, which is critical for complex 
classification tasks. Despite a slight trade-off in computational efficiency compared to SVD, NMF 
demonstrated its value in enhancing model adaptability to intricate datasets. The results underline 
the versatility of dimensionality reduction techniques in addressing diverse deployment scenarios. 
While ResNet consistently achieved the highest classification accuracy, lightweight models such as 
SqueezeNet, when paired with SVD, offered an optimal balance between performance and resource 
efficiency, making them particularly suited for real-time and mobile applications. GoogleNet 
displayed remarkable robustness across conditions, further emphasizing its reliability for 
nanomaterial classification. In conclusion, this research highlights the importance of integrating 
dimensionality reduction techniques to strike a balance between accuracy, efficiency, and 
sustainability in deep learning applications. Future work could investigate hybrid approaches that 
combine the strengths of SVD and NMF, potentially unlocking further advancements in 
performance and scalability for industrial and academic applications. These findings provide a 
foundation for sustainable and effective utilization of deep learning in the classification of high-
dimensional datasets. Future work could explore the integration of genetic algorithms to optimize 
the combination of dimensionality reduction techniques and deep learning architectures, further 
enhancing the adaptability of models to diverse high-dimensional SEM datasets and improving the 
overall performance of deep learning models. 
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Article Info  Abstract 

Article History:  As a lightweight material, foamed concrete has been widely used in construction 
because of its excellent lightweight properties, heat preservation and sound 
absorption. However, due to its low strength, its further application is limited. 
Hydroxyethyl cellulose (HEC) was employed in this study to modify the sodium 
dodecyl sulfate (SDS) based foaming agent to enhance the stability and 
performance of foamed concrete. The effects of HEC content on foam stability, 
bleeding, fluidity, strength, water absorption and internal pore structure were 
systematically investigated. The results indicate that as the HEC content increases, 
the foam stability improves, while the fluidity and water absorption of the foamed 
concrete slurry decrease. Compared with the control group (without HEC), the 
content of 0.15% HEC increased the 28-day compressive strength by 33.66%, 
reaching 2.75 MPa. Furthermore, HEC optimized the pore structure, significantly 
reducing the average pore diameter. When the HEC content reached 2%, the 
proportion of small pores was approximately 99%. These findings suggest that 
HEC effectively improves the overall performance of foamed concrete, offering a 
theoretical foundation for its broader application in engineering.  
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1. Introduction 

Foamed concrete has gained wide applications in subgrade backfill, building insulation, and 
lightweight structural components due to its lightweight nature, strong fluidity, excellent thermal 
insulation, energy efficiency, and environmental benefits [1-3]. However, despite its advantages, 
foamed concrete faces significant challenges such as low strength, high water absorption, and poor 
stability, which limit its engineering applications, especially in scenarios that require high strength 
and long-term stability [4]. 

Recent studies have shown that the pore structure of foamed concrete plays a crucial role in its 
mechanical properties and stability. The formation and retention of foam, as well as the stability 
during mixing and curing processes, are key factors determining its final performance [5, 6]. Many 
studies have demonstrated that adding various chemical additives can significantly improve foam 
stability and mechanical properties. For instance, Chao Liu et al. [7] investigated the effects of 
hydroxypropyl methylcellulose (HPMC) and silica flour (SF) on the stability, rheology, and 
printability of foamed concrete. The results showed that HPMC significantly increased the yield 
stress and plastic viscosity of the concrete. Dong and Zhang [8] explored the combinations of 
common foaming agents (such as LAS, SDS, and magnesite) with HPMC and found that adding 
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HPMC could effectively reduce the foam bleeding rate. Ailar Hajimohammadi et al. [9] studied the 
effects of xanthan gum on the viscosity of foaming liquids and foam stability, demonstrating that it 
significantly increased the liquid viscosity and reduced foam bleeding rate. Han Zhu et al. [10] 
showed that when the xanthan gum concentration reached 0.5%, the surface tension and foam 
multiplication of the foaming solution were 28.68×10-3 N/m and 21 times, respectively. To further 
improve foam stability in foamed concrete, researchers have also tested the addition of CO2 [11], 
WLP [12], UEO [13], Ca (OH)2 [14], H-SNP [15] and other foam stabilizers [16-18] to enhance foam 
stability and improve the overall performance of foamed concrete.  

While many studies focus on individual additives, research on the synergistic effects of multiple 
additives on the long-term stability and mechanical properties of foamed concrete is limited. Zhang 
et al. [19] modified sodium dodecyl sulfate (SDS)-based foaming agents with amphiphilic nano-
silica (ANS) and found that ANS significantly improved the microstructure of the foamed concrete. 
Specifically, the addition of ANS increased the proportion of small pores (less than 500 μm) to about 
99%, creating a more uniform pore distribution. This change enhanced both the strength and 
stability of the foamed concrete. The authors attributed these improvements to the synergistic 
effect between SDS and ANS, where ANS stabilized the foam structure and prevented pore 
coalescence during curing. These findings highlight the need for further exploration of additive 
combinations to optimize foamed concrete's properties for high-performance engineering 
applications like building insulation and road construction. 

In addition to research on additives, the type and selection of foaming agents also play a crucial 
role in the quality of foamed concrete [20-22]. Li Hou et al. [23] investigated the effects of four types 
of surfactants (anionic, cationic, nonionic, and amphoteric) as foaming agents on the properties of 
foamed concrete. They found that SDS exhibited the best stability as a foaming agent. Chao Sun et 
al. [24] compared synthetic surfactants (SS) with plant-based surfactants (PS) and animal 
glue/blood-based surfactants (AS), revealing that synthetic surfactants outperformed the others in 
terms of foam stability and strength. L. Korat and V. Ducman [25] assessed the combination of SDS 
with hydrogen peroxide (H2O2) as a foaming agent, showing that an appropriate amount of SDS 
and H2O2 significantly improved the foam stability and durability. However, despite these 
advancements in the performance of foaming agents and stabilizers, there remains a lack of 
comprehensive research on the combined effects and interactions of different additives, 
particularly on the synergistic mechanisms between stabilizers and foaming agents.  

Hydroxyethyl cellulose (HEC), a water-soluble polymer, has been widely applied in cement-based 
materials because it significantly improves their rheological properties and stability. Research has 
shown that HEC enhances the workability and stability of concrete, promotes uniform pore 
distribution, and prevents segregation during curing, thereby further improving the material's 
mechanical properties [26]. However, despite the extensive studies on the use of HEC in cement-
based materials, its role in foamed concrete, particularly its synergistic effects with other additives, 
has not been fully explored. 

This study aims to address this gap by systematically investigating the synergistic effects of HEC as 
a stabilizer and SDS as a foaming agent. Specifically, the study has two main objectives: (1) to 
examine the impact of different HEC content on foam stability, slurry fluidity, compressive strength, 
and water absorption in foamed concrete; and (2) to use scanning electron microscopy (SEM) to 
analyze the pore morphology and size distribution of foamed concrete, revealing the mechanism 
through which HEC enhances foam stability. By optimizing the HEC content, this study aims to 
improve the overall performance of foamed concrete, facilitating its broader application in high-
rise building insulation, lightweight partition walls, and road construction. 

2. Materials and Methods 

2.1. Materials 

In this study, Ordinary Portland cement (P.O. 42.5) produced by Nanjing Cement Co., LTD was used. 
The cement's main physical properties and chemical compositions are detailed in Table 1 and Table 
2, respectively. Additionally, we employed a commercially available composite foaming agent, 
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primarily composed of sodium dodecyl sulfate (SDS). The foam stabilizer used was hydroxyethyl 
cellulose (HEC) with a viscosity of 100,000, and its physical indexes are presented in Table 3. In 
this paper, H0, H1, H2, H3 and H4 were used to represent the HEC content of 0%, 0.05%, 0.1%, 
0.15% and 0.2%, respectively. The percentage range of HEC was determined based on preliminary 
testing and the recommended range provided in reference [19]. 

Table 1. Physical properties of cement 

Cement 
Type 

Density 
(kg/m3) 

Specific 
Surface 

Area 
(m2/kg) 

Standard 
Consisten

cy 
(%) 

Setting  
Time  
(min) 

Comp. 
Strength 

(MPa) 

Flexural 
Strength 

(MPa) 
Stability 

Initial Final 3d 28d 3d 28d 

P.O 42.5 3100 358 28.3 193 277 30.1 59.6 5.0 8.7 Qualified 

Table 2. Chemical composition of cement 

Component CaO SiO2 Al2O3 Fe2O3 MgO SO3 
Insoluble 
Residue 

Loss on 
Ignition 

Content (%) 64.63 21.96 4.73 3.68 2.59 0.3 0.63 2.89 

Table 3. Physical properties of HEC 

Code 
Molar 

substitution 
(M.S.) 

Moisture 
(%) 

Water-insoluble 
substances (%) 

Heavy 
metals 
(µg/g) 

PH 
Ash 

content 
(%) 

Lead 
(%) 

Content 1.8-2.0 ≤10 ≤0.5 ≤20 6.0-8.5 ≤5 ≤0.001 

 

2.2. Specimen Preparation 

In this experiment, the foam was prepared using the pre-foaming method. Firstly, clean water was 
added to the container according to the prescribed quantity, and hydroxyethyl cellulose (HEC) was 
added under low-speed stirring. After stirring until all the materials were completely dissolved, the 
foaming agent was slowly poured into the water according to the quantity to obtain the foaming 
liquid. Then, the foaming liquid is transported to the foaming machine through the catheter, and 
the foam is prepared by air compression. 

Table 4. Proportions of FC (per m3) 

Group 
Wet density 

(kg/m3) 
Cement (kg) Water (kg) Foam (kg) HEC (g) 

H0 700 464 208.8 27.3 0 

H1 700 464 208.8 27.3 5.27 

H2 700 464 208.8 27.3 10.53 

H3 700 464 208.8 27.3 15.8 

H4 700 464 208.8 27.3 21.06 
 

In this study, the mix ratio of foamed concrete was designed by controlling the wet density of the 
slurry, with a water-cement ratio of 0.45, as detailed in Table 4. The preparation process is 
illustrated in Fig. 1. After mixing the cement slurry, prepared foam was added, and the mixture was 
stirred to ensure uniformity before being poured into molds for curing. As depicted in the figure, 
the water and cement were first poured into the mixing bucket sequentially, and the mixture was 
stirred using a handheld mixer at high speed (600 r/min) for 60 seconds until the cement slurry 
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was thoroughly blended. Afterward, the prepared foam was added, and the mixture was stirred at 
low speed (300 r/min) for an additional 90 seconds to ensure uniformity. The preparation was 
conducted at room temperature (20 ± 2°C). The prepared slurry was then weighed, and once the 
wet density of the slurry was within 3% of the target wet density, the foamed concrete slurry was 
poured into prepared molds. The surface of the molds was covered with plastic film to prevent 
moisture loss. After being placed in a standard curing environment for 48 hours, the specimens 
were demolded and continued curing until the specified curing period was reached. 

 

Fig. 1. Preparation process of foamed concrete 

2.3. Test Method 

2.3.1. Foam Stability Test 

Foam stability is a critical factor in ensuring the successful casting of foamed concrete and is 
primarily evaluated by measuring the water bleeding rate and settlement distance. The testing 
method is as follows: First, the prepared foam is placed into a 1L container, and the surface is 
leveled with a spatula. A square piece of paper with a 2cm side length is then placed on top of the 
foam, and the timer is started. As the foam breaks down, water gradually bleeds out. The exuded 
water is collected and weighed to calculate the water bleeding rate, which is the ratio of the mass 
of the exuded water to the original foam mass. Simultaneously, the settlement distance of the foam 
over 1h is recorded. Each test is repeated three times for different amounts of foam stabilizer added 
to the foaming agent, and the results' arithmetic average is taken as the final value. 

2.3.2. Flowability Test  

The freshly mixed foamed concrete is poured into a hollow cylindrical mold (inner diameter of 80 
mm, height of 80 mm) placed vertically on a smooth glass plate. After the mold is filled, it is lifted 
vertically, allowing the foamed concrete to spread naturally on the glass surface. After standing for 
1 minute, the maximum horizontal diameter of the spread sample is measured using a vernier 
caliper, which is taken as the flowability of the material. 

2.3.3. Compressive Strength 

The 100mm × 100mm × 100mm cube specimen maintained to the specified age is placed in the 
center of the lower pressure plate of the universal testing machine to ensure that the bearing 
surface of the specimen is perpendicular to the top surface. A universal testing machine with a 
measuring range of 50 kN and an accuracy of 0.5% is used to apply pressure at a constant loading 
rate of 0.2 kN/s to record the maximum pressure value when the specimen is broken. The 
arithmetic average of the peak strength from three parallel specimens in each group was calculated 
to determine the unconfined compressive strength of the group.  
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2.3.4. Water Absorption 

The water absorption of foamed concrete was determined according to GB/T 11969-2020 [27]. 
After 28 days of curing, the specimens were dried in an oven at 105 ℃ until a constant mass was 
reached, and the dry weight (m1) was recorded. The specimens were then immersed in water for 
1, 3, 5, 7, 12, 24, 36, 48, and 72 hours. After each interval, they were removed, surface water was 
wiped off, and the specimens were reweighed to obtain the wet weight (m2). The water absorption 
of the foamed concrete was calculated as the percentage increase in weight due to water uptake 
using the following formula (1). The average water absorption value was reported based on at least 
three specimens. 

Water absorption (%) 100
1

12 
−

=
m

mm                           (1) 

Where, m1 is the dry weight of the specimen; m2 is the wet weight of the specimen after immersion. 

3. Results and Discussion  

3.1. Foam Stability 

Foam stability is a crucial factor influencing the mechanical properties of foamed concrete. The 
foam stability results, shown in Fig. 2, illustrate the positive effect of increasing HEC content on 
foam persistence. Foam stability improves with higher HEC content, with the foam lasting nearly 
intact at higher content (H3 and H4). In contrast, without HEC (H0), most foam dissipates within 1 
hour. This suggests that the inclusion of HEC has a substantial positive effect on the long-term 
stability of the foam.  

   

   

Fig. 2. The stability of foam with different HEC content in air 

Fig. 3(a) shows the cumulative bleeding rate of foam with different HEC content in the air. As 
observed from the figure, the cumulative bleeding rate of foam without HEC (H0) increases 
significantly over time, exceeding 30% at 240 minutes. In contrast, when the HEC content exceeds 
0.15% (H3), the cumulative bleeding rate continues to rise but gradually stabilizes after 60 
minutes. Fig. 3(b) shows the cumulative bleeding rate of different groups at 60 minutes. It is evident 
that the bleeding rate for the control group without HEC (H0) reached 29.7%. However, the content 
of HEC as a stabilizer reduced the bleeding rates to 15.1%, 5.2%, 2.9%, and 1.4% for H1 through 
H4, respectively. Fig. 3(b) further illustrates the stabilizing effect of HEC decreases when the 



Sun et al. / Research on Engineering Structures & Materials 11(2) (2025) 875-888 
 

880 

concentration exceeds 0.15% (H3), suggesting an optimal range for HEC content to maximize foam 
stability.  

 

(a) 

 

(b) 

Fig. 3. Change of volume bleeding rate of foamed concrete with time 

Experimental results show that incorporating HEC significantly enhances foam stability and 
reduces foam rupture. This improvement is primarily due to its unique physical and chemical 
properties, which affect the foam system in several ways. Firstly, HEC is a nonionic, water-soluble 
polymer with excellent thickening properties. When dissolved in cement paste, HEC forms a high-
viscosity solution. This increased viscosity makes the paste more resistant to flow, which slows the 
rising speed of air bubbles within it. As the bubbles rise more slowly, the chances of bubble collision 
and coalescence are reduced, helping to maintain foam uniformity and stability. Furthermore, the 
higher viscosity prevents the rapid rupture of bubbles after their formation, effectively extending 
the foam's lifespan. Secondly, HEC molecules have hydrophilic hydroxyethyl groups and a 
hydrophobic cellulose backbone. This unique molecular structure allows HEC to adsorb at the gas-
liquid interface of bubbles, forming a protective film around them. This film plays a crucial role in 
preventing bubble coalescence and rupture, thereby enhancing foam stability [28]. It also helps 
reduce the effects of surface tension differences, which can cause bubble instability and rupture. 
Emil D. Manev [29] similarly proposed that a thicker, more uniform film provides greater resistance 
to external forces, further reducing the likelihood of bubble collapse. Our results support Manev’s 
hypothesis, as higher HEC content led to the formation of more robust protective films around the 
bubbles. 

In addition to HEC's direct stabilizing effects, its synergistic interaction with SDS significantly 
improves foam performance. Sodium dodecyl sulfate (SDS), an anionic surfactant, reduces surface 
tension at the air-liquid interface, promoting the formation of smaller, more uniform bubbles. 
When combined with HEC, SDS molecules adsorb onto the bubble surface, creating a stable 
interface that prevents bubble rupture. This dual mechanism produces a dynamic stabilization 
effect, where SDS provides surface-level stability, and HEC reinforces the bulk properties of the 
foam, collectively enhancing foam preservation. 

3.2. Flowability 

In practical applications, foamed concrete is typically poured in situ. If the slurry fluidity is too low, 
it can cause difficulties during mixing and pouring, reducing construction efficiency. Conversely, if 
the slurry fluidity is too high, it may result in insufficient foam stability, weakening the structure 
and compromising performance. Therefore, optimizing the balance between fluidity and foam 
stability is crucial when preparing foamed concrete. 

Fig. 4. shows the slurry fluidity of freshly mixed foamed concrete with different HEC contents, while 
Fig. 5 displays the corresponding flow values. As shown in Fig. 5, it can be seen that the flow values 
for H0, H1, H2, H3, and H4 are 185 mm, 163 mm, 157 mm, 149 mm, and 128 mm, respectively. 
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These results demonstrate a clear decrease in slurry fluidity as the HEC content increases. This 
trend aligns with the findings of Dong and Zhang [8], who reported that stabilizers like HEC 
increase the viscosity of the cement slurry, leading to reduced flowability. However, unlike other 
stabilizers such as HPMC, HEC exhibits a stronger ability to balance fluidity and foam stability, 
making it particularly advantageous for high-performance applications. HEC is a nonionic water-
soluble polymer, when dissolved in water, its long-chain molecules unfold to form a three-
dimensional network structure. This network interacts with water molecules, significantly 
increasing the viscosity of the solution. As the HEC content increases, the concentration of HEC 
molecules in the solution also rises, resulting in a denser network structure. 

   

  

Fig. 4. Fresh foamed concrete slurry with different HEC content 

Furthermore, the high viscosity of HEC enhances the adhesion between solid particles in the slurry, 
promoting the formation of flocculation structures. These structures further increase the slurry's 
viscosity and yield stress, making the slurry more viscous and reducing its fluidity. While HEC 
content reduces fluidity by increasing slurry viscosity, it simultaneously improves foam stability. 
HEC molecules adsorb onto the surface of air bubbles, forming a viscoelastic film that thickens and 
strengthens the bubble walls, preventing rupture and coalescence.  

 

Fig. 5. Fluidity of fresh foamed concrete with different HEC content 
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The increased viscosity of the slurry also slows the drainage of liquid from the bubble film, reducing 
the likelihood of thinning and rupture of the foam. From the above, it can be concluded that while 
HEC has a positive effect on foam stability, this comes at the expense of slurry fluidity. In practical 
applications, achieving a balance between fluidity and foam stability is crucial. Excessive HEC 
content can cause the slurry overly viscous, complicating construction operations. Conversely, 
insufficient HEC content may not adequately stabilize the foam. This can lead to uneven pore 
structure distribution within the specimen, ultimately resulting in poor mechanical properties of 
the material. Therefore, optimizing the HEC content is critical to achieving both good workability 
and desirable physical and mechanical properties in foamed concrete. 

3.3. Compressive Strength 

The relationship between different HEC contents and the 7-day and 28-day compressive strength 
of the specimens is shown in Fig. 6. As can be seen from the figure, at 0.15% HEC content (H3), the 
compressive strength reaches its peak, with 7-day and 28-day compressive strengths of 1.52 MPa 
and 2.75 MPa, respectively. These values represent increases of 49.02% and 36.14% compared to 
the control group without HEC (H0). However, when the HEC content increases further to 0.2% 
(H4), the compressive strength shows a slight decrease. Nonetheless, the 28-day compressive 
strength remains 33.66% higher than that of the H0 group. This indicates that selecting the optimal 
HEC content (0.1%-0.15%) is critical to balancing foam stability and mechanical performance. 
Excessive HEC content, while enhancing foam stability, may lead to over-thickened slurry and 
uneven pore structure, which negatively impacts load-bearing capacity.  

This significant increase aligns with the findings by Zhang et al. [19], who reported that using nano-
silica as a stabilizer resulted in a more rounded and uniform pore structure, enhancing the strength 
of foamed concrete. Similarly, HEC improves the microstructure of foamed concrete by refining 
pore distribution and enhancing foam stability. Additionally, this study demonstrates that HEC also 
improves the elasticity and strength of the bubble films, further enhancing the mechanical 
properties of foamed concrete. 

 

Fig. 6. The compressive strength of foamed concrete with different HEC content 

The mechanism underlying these improvements is attributed to the ability of HEC to enhance the 
strength and elasticity of bubble films. As a result, bubbles are stably encapsulated within the 
concrete slurry, forming a small and evenly distributed pore structure. This structure helps 
distribute external stresses uniformly, thereby enhancing the material’s overall load-bearing 
capacity [30]. Similarly, Wei She [31] observed that strengthening the bubble film reduces internal 
gas diffusion and increases the bubbles’ resistance to external disturbances. These findings align 
with our results, demonstrating that HEC not only reinforces bubble films but also reduces gas 
escape, which collectively contributes to the improved compressive strength of the foamed 
concrete. Additionally, as the HEC content increases, the consistency of the solution improves 
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significantly. This leads to more even distribution of water within the cement paste. As a result, the 
cement in the material becomes fully hydrated, which further enhances the material’s strength.  

However, as the HEC content continues to increase, foam stability improves, but bubble size and 
distribution have already reached stability. This limits any further contribution to compressive 
strength. Excessive HEC can adsorb and bind moisture from the mixture, inhibiting the cement 
hydration reaction and reducing the density of the cement paste. Moreover, the stabilizer forms a 
film at the bubble interface, weakening the bond between the cement particles and the bubbles, 
which lowers the strength of the interfacial transition zone. Ji and Sun [32] also observed that 
excessive stabilizer content overly stabilizes the bubbles, preventing their necessary rupture. This 
leads to excessive porosity, which undermines the compressive strength of the material. In 
practical applications, maintaining HEC within the range of 0.1%-0.15% achieves the best balance 
between foam stability, workability, and mechanical performance. 

 

Fig. 7. Failure pattern of specimen 

Fig. 7 shows the damage condition of the foamed concrete sample after the compressive strength 
test. The figure reveals longitudinal cracks and local spalling are present on the surface of the 
specimen, indicating a typical brittle failure mode. The cracks may be caused by weak interfaces 
within the foamed concrete, which cannot withstand stress effectively during the loading process 
and gradually fracture. The propagation path of the cracks is closely related to the material’s pore 
distribution and foam stability. Although HEC was used as a stabilizer in this study to improve foam 
stability, the interfacial strength may still be insufficient under higher loads, resulting in brittle 
failure. This phenomenon indicates that the mechanical properties of foamed concrete depend on 
more than just the material's intrinsic strength. Factors such as pore structure distribution and 
interfacial bond strength also play a significant role. Therefore, in follow-up studies, the effect of 
different stabilizer contents on pore structure will be further analyzed to optimize the mechanical 
performance of foamed concrete. 

3.4. Water Absorption 

In this study, the immersion test was conducted over a period of 72 hours to evaluate the initial 
water absorption rate of the specimens. The results provide deeper insights into the long-term 
performance of the foamed concrete. Fig. 8 shows that foamed concrete exhibited a high-water 
absorption rate during the initial stage. With the extension of soaking time, the water absorption 
rate of foamed concrete gradually tended to be stable and showed a gradual decline with the 
increase of HEC content. After 12h, the water absorption rate of the material gradually slowed 
down. After 24h immersion, the mass water absorption of 5 groups reached 31.2%, 28.7%, 26%, 
19.6% and 16.2%, respectively.  

The decline in water absorption with higher HEC content can be attributed to several factors. First, 
as a thickening agent, HEC increases the viscosity of the cement paste, which helps to evenly 
disperse air bubbles and prevent them from coalescing and rising. Secondly, the addition of SDS 
further stabilizes the bubble structure by reducing surface tension. The combination of HEC and 
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SDS reduces the connectivity of voids within the cement matrix, creating a denser microstructure 
that limits water penetration. These observations align with the findings of Li et al. [12], who 
reported that stabilizers improve the homogeneity of pore structures, reducing water pathways 
and enhancing durability. They also highlighted that stabilizer minimize the formation of micro-
cracks, contributing to the long-term durability of cement-based materials. Similarly, this study 
found that higher HEC content results in a denser cement matrix with fewer micro-cracks, further 
improving water resistance and overall durability. 

 

Fig. 8. Water absorption of foamed concrete with different HEC content 

3.5. Pore Structure 

Numerous studies have demonstrated that the pore structure of foamed concrete plays a crucial 
role in determining its overall performance. Fig. 9 displays scanning electron microscope (SEM) 
images reveal the internal pore structure of samples with varying HEC content. Fig. 10 illustrates 
the pore size distribution calculated using Image-J software. From Fig. 9, it is evident that the 
internal pore structure undergoes significant changes as the HEC content increases. When no HEC 
is added, the pores are interconnected and unevenly distributed. At 1% HEC content, pore 
connectivity decreases, and the number of small pores increases. At 2% HEC content, the pore 
distribution becomes more uniform, with smaller pore sizes throughout the specimen. As the HEC 
content increases, the pores become more uniform, the pore walls thinner, and the number of small 
pores increases. These changes in pore structure have a direct impact on the engineering 
properties of the material. For instance, in lightweight partition walls and insulation layers, a stable 
and uniform pore structure reduces thermal conductivity while maintaining structural integrity 
under load.   

 

(a) 

 

(b) 
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(c) 

Fig. 9. SEM scanning images of specimens with different HEC content. (a) HEC=0%; (b) 
HEC=1%; (c) HEC=2% 

 

(a) 

 

(b) 

 

(c) 

Fig. 10. Diagrams of the pore size distribution. (a) HEC=0%; (b) HEC=1%; (c) HEC=2% 

Furthermore, minimizing the number of large pores significantly decreases water absorption, 
enhancing the material's long-term durability, particularly in moisture-prone environments. Fig. 
10 illustrates the pore size distribution within the specimens with different HEC contents. As 
shown in Fig. 10, when the HEC content was 0%, 1%, and 2%, the average pore size was 422.18 
μm, 382.76 μm, and 288.39 μm, respectively. According to the classification in reference [19], pores 
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with diameters larger than 500 μm were defined as large-diameter pores, while those smaller than 
500 μm were classified as small-diameter pores. In the H0 group, the proportion of small pores was 
95.7%, while in the groups with 1% and 2% HEC content, the proportion of small pores increased 
to 97.2% and 99%, respectively. These changes align with findings by Qiu et al. [21] who reported 
that the particle size distribution of bubbles gradually Narrows as the stabilizer concentration 
increases. The analysis of the micro-pore structure reveals that the incorporation of HEC 
significantly influences the pore size and distribution within foamed concrete. HEC not only 
reduces the average pore size but also creates a more uniform pore distribution, optimizing the 
material's microstructure. This regulation of pore size and distribution is crucial for enhancing the 
material's properties, making it more suitable for engineering applications. Microstructural 
analysis confirms that HEC plays a critical role in improving the quality and performance of foamed 
concrete. 

4. Conclusions 

This study explores the impact of Hydroxyethyl Cellulose (HEC) on the stability, mechanical 
properties, and pore structure of foamed concrete. A series of experiments were conducted to 
analyze the effects of varying HEC content on foam stability, slurry fluidity, compressive strength, 
water absorption, and internal pore structure. The goal was to determine the optimal HEC dosage 
to improve the overall performance of foamed concrete without compromising its workability. The 
mechanism of HEC was revealed. The main conclusions reached by this paper are as follows: 

• The content of Hydroxyethyl Cellulose (HEC) significantly enhances the stability of foam in 
foamed concrete. By forming high-viscosity solutions and protective films around bubbles, 
HEC reduces bubble rupture and coalescence. When the HEC content is 0.15%, the 
cumulative bleeding rate of the foam decreased from 29.7% without HEC to only 1.4%. 

• The use of HEC decreases water absorption in foamed concrete. As the HEC content increases, 
the material absorbs less water, with the highest HEC group showing only 16.2% water 
absorption after 24 hours of immersion.  

• HEC also improves the compressive strength of foamed concrete. At the HEC content of 
0.15%, the 28-day compressive strength increases by 33.66%, reaching 2.75 MPa. The study 
shows that the optimal HEC content for strength improvement lies between 0.1% and 0.15%.  

• While HEC improves stability and strength, excessive content increases viscosity and reduces 
fluidity, affecting construction workability. Therefore, maintaining an optimal HEC dosage is 
essential to achieve the desired balance between stability, strength, and fluidity. 

• The content of HEC significantly improved the pore structure of foamed concrete. At the HEC 
content of 2%, the average pore diameter decreased to 288.39 μm, compared to 422.18 μm 
without HEC, representing a reduction of approximately 31.6%. Additionally, the proportion 
of small pores increased to 99%, indicating a more uniform pore distribution and a denser 
overall structure. 

This study highlights the significant potential of HEC as a stabilizer for enhancing the stability, 
strength, and durability of foamed concrete. Future research should focus on evaluating its long-
term performance under environmental conditions such as freeze-thaw cycles, wet-dry cycles, and 
chemical exposure, which are critical for ensuring material durability in practical applications. 
From a practical standpoint, HEC-enhanced foamed concrete offers a cost-effective and sustainable 
solution for lightweight, durable, and moisture-resistant construction materials. Its ability to refine 
pore structure, reduce water absorption, and improve compressive strength makes it ideal for 
energy-efficient buildings, thermal insulation systems, and lightweight partition walls. 
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Article History:  Foam concrete, as a lightweight and environmentally friendly building material, 
has broad applications in construction, insulation, and other fields. However, 
issues such as uneven pore structure and insufficient mechanical properties limit 
its performance and wider adoption. To solve these problems, this study 
investigates the effects of three foam stabilizers (HPMC, XG, PAM) on foam 
stability, compressive strength, and dry density of foam concrete through single-
factor and orthogonal experiments. A composite stabilizer formulation (HPMC 
0.1%, XG 0.06%, PAM 0.03%) is proposed, significantly enhancing the pore 
structure, stability, compressive strength, and cost-efficiency of foam concrete. 
The optimized formulation achieves a 28-day compressive strength of 4.45 MPa, 
representing a 35.26% improvement compared to single stabilizers, while 
reducing the overall stabilizer amount. Water absorption and SEM pore size 
analyses confirm the optimized pore structure, with pore sizes mainly 
concentrated in the 0-400 μm range, effectively reducing large pores. These 
findings provide critical insights into enhancing the mechanical properties and 
durability of foam concrete, offering a practical approach to developing more 
efficient, cost-effective, and sustainable building materials with broad engineering 
application potential in construction and thermal insulation systems. For future 
applications, the proposed composite stabilizer formulation could be adapted for 
use in high-strength foam concrete and specialized construction areas, such as fire-
resistant building materials, to optimize performance and reduce costs.  
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1. Introduction 

During Foam concrete is a lightweight, energy-efficient, and environmentally friendly building 
material that has gained widespread use in construction, thermal insulation, soundproofing, and 
seismic applications in recent years [1, 2]. However, its broader adoption is hindered by several 
limiting factors, such as low strength, high water absorption, and poor durability [3, 4]. Research 
has shown that the performance of foam concrete is largely dependent on its internal pore 
structure, particularly factors such as foam stability, pore uniformity, and pore size distribution [5, 
6]. Therefore, producing a sufficient amount of foam that remains stable for an extended period is 
crucial for improving the performance of foam concrete. Foam stabilizers are essential additives in 
foam concrete production. They can effectively prevent the breakage or coalescence of foam 
bubbles during mixing, transportation, and curing by reducing the surface tension of the bubbles 
and enhancing the stability of the foam film. Commonly used foam stabilizers include polymer-
based stabilizers [7], surfactant-based stabilizers [8-10], particulate stabilizers [11, 12], and 
composite stabilizers [13, 14]. Among these, surfactants are particularly favored in foam concrete 
preparation due to their excellent wettability and interfacial activity. 
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Numerous studies have investigated the effects of single foam stabilizers on foam stability and 
concrete performance. For example, Ailar Hajimohammadi et al. [15] found that adding xanthan 
gum, a thickening agent, increased the compressive strength of mechanically foamed samples by 
34% and chemically foamed samples by approximately 20%. Yuanliang Xiong’s research [16] 
showed that the carboxyl group (-COOH) in formic acid enhances foam drainage by absorbing 
water, though excessive amounts reduce foam stability. Similarly, S. S. Sahu [17] observed that 
incorporating 0.2% carboxymethyl cellulose (CMC) into a sodium lauryl sulfate (SLS) solution 
increased viscosity by 134%, reduced bubble size, and improved the compressive strength by 
approximately 20%. Shizhao Yang et al. [18] reported that adding 0.2% hydroxypropyl 
methylcellulose (HPMC) to low-density foam concrete increased compressive strength by 27.22%. 
Dongyu Chen [19] used waste cooking oil to produce sodium oleate (SO), improving the pore 
structure and mechanical properties of foam concrete. While these studies demonstrate that single 
foam stabilizers can enhance foam concrete performance, challenges such as high dosage 
requirements, high costs, and limited applicability remain [20]. 

To address the limitations of single foam stabilizers, researchers have increasingly developed multi-
component composite foam stabilizers, leveraging the synergistic effects of various components to 
enhance foam stability and uniformity. Juan He et al. [21] combined α-olefin sulfonate (AOS), 
sodium dodecyl sulfate (K12), fatty alcohol polyoxyethylene ether sulfate (AES), and silicone resin 
polyether emulsion FM-500 (MPS) to prepare foam stabilizers, identifying AOS as the component 
providing the best foam stability. Yuanliang Xiong [22] proposed a strategy to modify foam using 
nano-alumina (NA), and experiments indicated that NA significantly reduced the drainage of foam 
and improved foam stability. Furthermore, Juan He et al. [23] developed a highly effective multi-
component composite foaming agent (CFA) that produced foam with no settling or liquid exudation 
within one hour, while also optimizing the pore structure and mechanical properties of the foam 
concrete. Although significant progress has been made in the development of multi-component 
composite foam stabilizers, many challenges remain unresolved. For instance, optimizing the 
composition and application methods of composite foam stabilizers to comprehensively enhance 
the overall performance of foam concrete is still a pressing issue. 

In this study, a novel composite foam stabilizer was developed by combining an anionic surfactant 
(AOS) with hydroxypropyl methylcellulose (HPMC), xanthan gum (XG), and polyacrylamide (PAM) 
under the premise of economic and environmental sustainability. The research investigates the 
effects of different foam stabilizers on foam stability and foam concrete performance, aiming to 
clarify their mechanisms in optimizing pore structure, improving mechanical properties, and 
ensuring long-term stability. By screening various functional components and employing 
orthogonal experimental design, the study systematically analyzes the regulatory effects of 
composite foam stabilizers on the mechanical strength and pore size distribution of the specimens. 
The optimal formulation is determined to provide theoretical guidance and technical support for 
improving the performance of foam concrete and advancing the practical application of foam 
stabilizers in engineering. 

2. Materials and methods 

2.1. Materials 

The cement used in this experiment is ordinary Portland cement (OPC) with a grade of 42.5, 
produced by Anhui Conch Cement Company Limited. Its physical properties are shown in Table 1. 
To reduce production costs and support the recycling of industrial waste, 40% of the cement was 
replaced with fly ash as the binder material. Preliminary trials showed that this proportion 
effectively balanced cost reduction, improved material properties, and ensured sufficient 
workability. The main technical parameters of the fly ash are presented in Table 2. The foaming 
agent used in the experiment is a commercially available anionic surfactant, with sodium α-alkyl 
sulfonate (AOS) as the primary component. The key technical specifications of the foaming agent 
are provided in Table 3. 

Three types of foam stabilizers were used in this study: Hydroxypropyl methylcellulose (HPMC), a 
white fibrous or granular powder with a viscosity of 100,000 mPa·s and a density of 1.39 g/m3; 
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Xanthan gum (XG) is a high molecular weight polysaccharide polymer produced through pure 
culture fermentation of microorganisms, using starch as the main raw material. It appears as an 
off-white or light-yellow powder; and Polyacrylamide (PAM), a water-soluble polymer compound 
in the form of white granules or powder at room temperature. 

Table 1. Physical properties of cement 

Cement 
Type 

Density 
(kg/m3) 

Specific 
Surface 

Area 
(m2/kg) 

Standard 
Consistency 

(%) 

Setting Time 
(min) 

Compressive 
Strength 

(MPa) 

Flexural 
Strength 

(MPa) 
Stability 

Initial Final 3d 28d 3d 28d 

P.O 42.5 3100 358 28.3 193 277 30.1 59.6 5.0 8.7 Standard 

 

Table 2. Main technical parameters of fly ash 

LOI 
(%) 

Water 
Demand Ratio 

(%) 

Activity 
Index (%) 

CaO  
(%) 

SiO2 
(%) 

Al2O3 
(%) 

MgO  
(%) 

SO3 
(%) 

Fe2O3 
(%) 

4.67 95 70 2.60 48.54 34.68 0.459 1.12 5.23 

 

Table 3. Main technical indicators of foaming agent 

Total Solids 
Content (%) 

Activity 
Content (%) 

Unsulfated 
Matter (%) 

Sulfate (%) Free Alkali pH 

95 91-94 ≤5.5 ≤5.5 ≤0.9 8.5-11.5 
 

2.2. Test Scheme 

2.2.1. Single Factor Test 

Based on previous research and existing literature [15, 18], this study utilized three foam 
stabilizers (HPMC, XG, and PAM) at different dosages. First, a single-factor experiment was 
conducted to examine the effects of various stabilizer dosages on foam stability and mechanical 
strength, with the experimental conditions outlined in Table 4. Building on these results, an 
orthogonal experiment was then performed to evaluate the synergistic effects of combining 
multiple stabilizers, focusing on their impact on mechanical strength and pore size distribution. 
Finally, the optimal composite formulation was determined, achieving the best balance between 
foam performance, material properties, and cost-effectiveness. 

Table 4. Single factor test scheme 

Series Foam stabilizer Concentration (wt %) 

Ref - - 

A HPMC 0.1, 0.2, 0.3, 0.4 

B XG 0.05, 0.1, 0.15, 0.2 

C PAM 0.02, 0.04, 0.06, 0.08 

2.2.2. Orthogonal Test 

Based on the results of the preliminary single-factor experiments, a three-factor, three-level L9(33) 
orthogonal experiment was conducted to optimize the formulation of foam stabilizers. The 
concentrations of HPMC, XG, and PAM were selected as the experimental factors, with their levels 



Chen and Wang / Research on Engineering Structures & Materials 11(2) (2025) 889-901 
 

892 

refined based on the single-factor results. The 28-day compressive strength was used as the 
primary evaluation index, and the optimal combination of the three foam stabilizers was 
determined. 

2.3. Sample Preparation 

The foam was produced using the pre-foaming method. First, the foaming agent was dissolved in 
water at a dilution ratio of 1:80, which was selected based on preliminary trials to achieve optimal 
foam stability and workability. Then, the foam stabilizers were added in the specified proportions 
and thoroughly mixed using a magnetic stirrer at a speed of 120-150 r/min. After stirring, the 
mixture was allowed to stand for 10 minutes to form the foaming solution. The foaming solution 
was then injected into the foaming machine, where foam was generated by air compression. 

Water, cement, and fly ash were sequentially added into the mixing container, with a water-to-
binder ratio of 0.45. A handheld mixer was used to stir at 120 r/min for 120s, followed by stirring 
at 300 r/min for 90s to form a uniform cement-based slurry. The prepared foam was then 
introduced into the slurry, and the mixture was stirred at 120 r/min for 60s to obtain a 
homogeneous foam concrete slurry. 

The slurry was poured into the mold up to about half of its height, and the sides of the mold were 
gently tapped. The slurry was then poured further until it slightly exceeded the top surface of the 
mold. After gently vibrating the mold again, the surface was leveled with a spatula. The top of the 
mold was covered with plastic wrap, and labels were affixed. Finally, the mold was placed in a 
standard curing room (20 ± 2°C, RH ≥ 95%) for curing for 28 days. The specific preparation process 
for the specimens is shown in Fig. 1. 

 

Fig. 1. Flowchart of sample preparation process 

2.4. Test Methods 

2.4.1. Foam Stability 

Foam stability is a critical factor affecting the performance of foam concrete. In this study, the 1-
hour water bleeding rate and settlement distance were used as evaluation indicators. The testing 
method was based on the standard "Foaming Agents for foamed concrete" (JCT 2199-2013) [24]. 
The prepared foam was placed into a 1L glass beaker and left to stand at room temperature for 1 
hour. After this period, the water separated from the foam was collected and weighed. The water 
bleeding rate was calculated as the ratio of the water volume to the initial mass of the foam. The 
settlement distance was measured as the height difference between the foam's initial position and 
its descent within 1 hour, indicating how far the foam dropped. Each group of tests was repeated 
three times, and the average value was calculated to ensure data accuracy and repeatability. 

2.4.2. Compressive Strength 

Unconfined compressive strength is the most important indicator for evaluating the mechanical 
properties of foam concrete. For the compressive strength test, cubic specimens of 100mm × 
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100mm × 100mm, cured to the specified age, were taken out and visually inspected. The surface of 
each specimen must be smooth, free from cracks or significant defects. The specimen was then 
placed at the center of the lower platen of the material testing machine, and loading was applied at 
a rate of 1mm/min until failure occurred. The maximum load at failure was recorded, and the 
unconfined compressive strength for the group of specimens was calculated as the arithmetic 
average of three parallel tests. 

2.4.3. Dry Density  

For each group, three foam concrete specimens are selected and removed from the curing 
environment. The specimens are then placed in a forced-air drying oven and dried at 60 ± 5°C for 
24h. After that, the temperature is raised to 105 ± 5°C, and drying continues until a constant mass 
m0 is achieved (when the difference between two consecutive weight measurements is less than 
0.1g). Next, the length, width, and height of the specimens are measured using a vernier caliper 
with an accuracy of 0.01mm, and the volume V of the specimens is calculated. Finally, the dry 
density of the foam concrete is determined using Equation (1). 

𝜌0 =
𝑚0

𝑉
 (1) 

where: ρ0 is dry density of the foam concrete specimen (kg/m3); m0 is dried mass of specimen (kg); 
V is volume of specimen (m3). 

2.4.4. Water Absorption 

Water absorption tests were conducted by immersing the foam concrete samples in water and 
measuring their weight gain over time. The specimens were dried to a constant weight before 
immersion, then periodically removed from water, surface-dried, and weighed at designated time 
intervals (1, 3, 5, 7, 12, 24, and 48 hours). The water absorption rate was calculated as the 
percentage increase in weight relative to the initial dry weight. 

2.4.5. Pore Structure 

The pore structure parameters were tested using small specimens with a side length of 10 mm and 
a thickness of 3 mm. After cutting, the samples were placed in a drying oven and dried at low 
temperature until they reached a constant weight. The cross-sectional surfaces of the samples were 
then lightly polished to obtain a clear surface. After gold sputtering, the specimens were vacuumed 
and placed under a scanning electron microscope (SEM) for imaging. Pore analysis was performed 
on the acquired images using Image-J software. 

3. Results and discussions 

3.1 Foam Stability of Single-Component Foam Stabilizer 

Fig. 2 illustrates the influence of three different foam stabilizers on foam stability. The results 
indicate that as the concentration of the stabilizers increases, both the foam accumulated bleeding 
rate and settlement distance decrease significantly. As shown in Fig. 2(a), HPMC notably improves 
foam stability and maintains its excellent stabilizing effect even at higher concentrations. When the 
HPMC dosage reaches 0.3%, the foam accumulated bleeding rate decreases to 3.69%, and the 
settlement distance reduces to 1.56 mm, representing a 93.46% improvement in foam stability 
compared to the case without stabilizers. This phenomenon can be attributed to the unique 
properties of HPMC, a non-ionic polymer material. Its molecular structure is rich in hydroxyl (-OH) 
and methoxy (-OCH3) groups. These groups can form hydrogen bonds with water molecules, which 
significantly increases the viscosity of the slurry and reduces the accumulated bleeding rate. 
Additionally, the dense protective film formed by HPMC on the bubble surface effectively prevents 
bubble rupture and coalescence, further enhancing foam stability. 

As shown in Fig. 2(b), with the increase in XG concentration, foam stability first decreases 
significantly and then stabilizes. When the XG concentration rises from 0% to 0.15%, the foam 
drainage rate decreases by 15.9%, and the settlement distance reduces by 7.72 mm. XG, as a 
thickening agent, primarily enhances foam stability by increasing the viscosity of the slurry, which 
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reduces water migration. However, as foam viscosity continues to rise, the effect of inhibiting 
bubble rupture and water migration reaches a saturation point, leading to stabilization of the foam 
structure [25]. Consequently, the improvement in foam stability becomes less pronounced. When 
the XG concentration increases further to 0.2%, the foam accumulated bleeding rate and settlement 
distance decrease by only 0.68% and 0.7 mm, respectively. 

  

 

Fig. 2. Effect of foam stabilizer on the foam property (a) HPMC; (b) XG; (c) PAM 

As shown in Fig. 2(c), with the increase in PAM concentration, foam stability improves significantly. 
Even at lower concentrations, foam performance is notably enhanced, resulting in a more uniform 
and finer foam. At a PAM concentration of just 0.04%, the foam accumulated bleeding rate and 
settlement distance decrease by 71.07% and 73.14%, respectively, compared to when no foam 
stabilizer is used. This improvement is primarily due to the amide groups (-CONH2) in the PAM 
molecules, which form hydrogen bonds with water molecules. This significantly enhances the 
water retention capacity of the slurry, reducing water migration and minimizing the drainage 
phenomenon. Additionally, the long-chain molecular structure of PAM forms a protective film on 
the bubble surface, effectively preventing bubble rupture and enhancing the structural integrity of 
the foam. As the PAM concentration increases further, foam stability continues to improve. 
However, excessively high concentrations may lead to over-thickening of the slurry, which inhibits 
foam formation and affects overall foam quality. 

Although each of the three foam stabilizers offers distinct advantages, they also have limitations 
when used individually. For instance, while HPMC significantly enhances foam stability, it is costly 
and requires large quantities. XG's stabilizing effect is limited and diminishes as its concentration 
increases. PAM is effective at low concentrations, but excessive use can lead to over-thickening, 
which negatively affects foam quality. To overcome these limitations and reduce costs, this study 
employs an orthogonal experiment. The goal is to systematically explore the synergistic effects and 
optimal ratios of the three stabilizers, ultimately achieving a comprehensive improvement in foam 
stability. 
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3.2. Mechanical Property of Foam Concrete 

The effect of foam stabilizer concentration on the mechanical strength of foam concrete is shown 
in Fig. 3. Over time, the compressive strength of all samples increased to varying degrees. As seen 
in Fig. 3(a), with the increase of HPMC concentration, the compressive strength of the foam 
concrete at both 7 and 28 days showed a significant upward trend. When the HPMC concentration 
reached 0.3%, the 7d and 28d compressive strengths increased by 42.59% and 36.23%, 
respectively, compared to the 0% concentration. However, when the HPMC concentration 
continues to increase, the improvement of compressive strength gradually flattens out. This may 
be due to the thickening effect of high HPMC concentrations, which raises the viscosity of the slurry 
and interferes with the cement hydration process, thereby limiting further strength enhancement. 
Literature [18] also indicates that under the same water-to-cement ratio, excessive addition of 
HPMC increases the viscosity of the slurry, making mixing more difficult and potentially reducing 
the strength of the specimens. 

  

 

Fig. 3. Effect of foam stabilizers on the foam property (a) HPMC; (b) XG; (c) PAM 

Additionally, as shown in Fig. 3(b), increasing the XG concentration also contributes to enhancing 
the compressive strength of foam concrete. When the XG concentration increased from 0% to 
0.15%, the 28d compressive strength increased from 2.39 MPa to 3.14 MPa, and the 7d compressive 
strength rose from 1.08 MPa to 1.55 MPa, showing a noticeable improvement. However, as the XG 
concentration continued to increase, there was a slight decrease in strength, indicating that the 
thickening effect of XG reaches a saturation point. This is because XG, as a water-soluble polymer, 
enhances the slurry's encapsulating ability and the stability of bubbles through its thickening effect. 
This results in a more uniform and finer foam structure, which in turn improves material strength. 
However, excessive XG can reduce slurry flowability, leading to uneven bubble distribution and the 
formation of large pores and interconnected voids. This ultimately lowers the compressive strength 
of the material. 
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In Fig. 3(c), the effect of PAM concentration on the compressive strength of foam concrete also 
follows a certain trend. As the PAM concentration increases, the compressive strength of foam 
concrete gradually improves, especially at lower concentrations, where the foam performance is 
significantly enhanced. When the PAM concentration reaches 0.04%, the 7d and 28d compressive 
strengths reach their maximum values, increasing by 69.44% and 34.93%, respectively, compared 
to samples without stabilizer. This enhancement is due to PAM’s long-chain structure and amide 
groups, which form hydrogen bonds with water molecules. This improves the slurry's water 
retention and viscosity, stabilizing the foam and creating a more uniform pore structure. At the 
optimal concentration, PAM effectively balances foam stability and slurry workability. However, 
when the PAM concentration is too high, the slurry becomes excessively viscous, potentially 
inhibiting foam formation and negatively affecting the final strength of the foam concrete. The 
compressive strength is improved by reducing large pores and interconnected voids. 

As seen in Fig. 3, with the increase in the concentration of foam stabilizers concentration, the 
apparent dry density of the specimens shows a decreasing trend. This indicates that the thickening 
and stabilizing effects of the foam stabilizers delay bubble rupture and collapse, leading to a higher 
number of uniformly distributed bubbles in the slurry, which in turn reduces the dry density of the 
material. This finding is consistent with the conclusions of other researchers who have controlled 
the apparent dry density of foam concrete by adjusting the foam content [26-28]. In contrast, due 
to the relatively weak thickening effect of PAM, its impact on reducing dry density is less 
pronounced compared to XG and HPMC. However, the weaker thickening effect of PAM actually 
benefits the flowability and uniform distribution of the slurry. Additionally, at lower 
concentrations, PAM can still effectively reduce the risk of bubble rupture and collapse, 
demonstrating good economic feasibility and applicability. 

The concentration of foam stabilizers has an optimal range for improving the mechanical strength 
of foam concrete. Both excessively high and low concentrations can reduce strength enhancement. 
Therefore, selecting the right stabilizer concentration is key to optimizing foam concrete 
performance. In addition to the laboratory findings, foam stabilizers are crucial for improving the 
strength, stability, and fire resistance of foam concrete. They are suitable for construction 
applications such as lightweight insulation, fireproof panels, and soundproofing solutions. Foam 
stabilizers also provide cost-effective benefits by improving material performance and reducing 
cementitious materials. This not only enhances properties but also makes foam concrete a more 
economical and competitive choice in the construction industry. 

3.3. Orthogonal Experiment 

Based on the results of preliminary single-factor studies, it was found that HPMC, XG, and PAM all 
demonstrate effective foam stabilization, significantly extending the foam's lifespan and reducing 
breakage. However, some studies have indicated that excessively high concentrations of a single 
foam stabilizer can inhibit the foaming ability of the solution, restricting bubble formation and 
expansion [29, 30]. Therefore, to achieve better performance and reduce costs, it is worth exploring 
the combination of multiple foam stabilizers to achieve a synergistic effect. This approach could 
further enhance the stability and mechanical properties of foam concrete, offering a more 
scientifically grounded and comprehensive strategy for formulation optimization in practical 
engineering applications. Building on the findings from the preliminary single-factor experiments, 
the levels of each factor were further refined and optimized. Using the 28-day compressive strength 
as the main test criterion, a three-factor, three-level L9(33) orthogonal experiment was designed 
and conducted. The specific experimental design and results are shown in Table 5. 

According to the results of the orthogonal experiment, the optimized composite foam stabilizer 
formulation significantly improved the compressive strength of foam concrete. Under various 
concentration combinations of HPMC, XG, and PAM, the 28-day compressive strength of the 
samples showed a significant increase compared to the use of a single stabilizer. Through range 
analysis and variance analysis of the experimental data, as shown in Tables 6-7, the results indicate 
that all three foam stabilizers have a significant effect on the compressive strength of the material, 
with the influence ranked as follows: PAM > XG > HPMC. The optimal foam stabilizer combination 
for achieving the highest compressive strength is HPMC 0.1%, XG 0.06%, and PAM 0.03%. Under 
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this combination, the compressive strength of the foam concrete reaches 4.45 MPa, which is 
35.26% higher than the maximum compressive strength achieved with 0.4% HPMC alone (3.29 
MPa), while significantly reducing the number of stabilizers used. 

Table 5. Orthogonal test schemes 

No. 
Factor Index 

HPMC /% XG /% PAM /% Compressive strength /MPa 
1 0.05 0.03 0.01 3.19 
2 0.05 0.06 0.03 4.23 
3 0.05 0.09 0.02 3.86 
4 0.1 0.03 0.03 4.17 
5 0.1 0.06 0.02 4.24 
6 0.1 0.09 0.01 3.93 
7 0.15 0.03 0.02 3.46 
8 0.15 0.06 0.01 3.75 
9 0.15 0.09 0.03 4.31 

 

Table 6. Range analysis of compressive strength 

 
Factors 

HPMC XG PAM 
K1 11.28  10.82  10.87  
K2 12.34  12.22  11.56  
K3 11.52 12.1 12.71 
K4 3.760  3.607  3.623  
k1 4.113  4.073  3.853  
k2 3.840  4.033  4.237  
k3 11.28  10.82  10.87  
k4 12.34  12.22  11.56  

R 0.353  0.467  0.613  
 

Table 7. ANOVA of compressive strength 

Factor SS DF MS F-value P 

HPMC 0.206 2 0.103 44.558 * 

XG 0.401 2 0.201 86.846 * 

PAM 0.576 2 0.288 124.62 ** 

Error 0.005 2 0.002   

Total 138.39 9    

* P<0.05, ** P<0.01 
 

In the optimized formulation, the composite foaming agent (CS) fully utilized the synergistic effects 
of its components, significantly enhancing the compressive strength of foam concrete. HPMC 
increased the viscosity of the slurry through its thickening effect, reducing the loss of foam liquid; 
XG formed a protective layer on the foam surface, effectively preventing foam rupture; PAM 
improved the water retention and optimized the distribution of bubbles, further enhancing the 
uniformity of the foam structure. Compared to single foaming agents, the synergistic effect of the 
composite foaming agent effectively improved the compressive strength of the material and 
significantly reduced the amount of foaming agents used, achieving a dual optimization of both 
performance and cost. 

3.4. Water Absorption 

To investigate the effect of a foam stabilizer on the durability and pore structure of foam concrete, 
water absorption tests were conducted on two groups of specimens: one without the stabilizer 
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(Ref) and one with the stabilizer (CS). The results are shown in Fig.4. The Ref group exhibited a 
high-water absorption rate in the early stage of immersion (1 h), reaching 19.97%. The absorption 
continued to increase over time and reached 35.09% after 48 h. During the first 24 h, the absorption 
rate increased rapidly and then slowed down, indicating a high proportion of interconnected pores 
that allowed water to penetrate and spread quickly. In contrast, the CS group showed a significantly 
lower water absorption rate throughout the test. At 1 h, the absorption was only 12.45%, and after 
48 h, it increased to 20.1%, which was much lower than that of the Ref group. This result suggests 
that the foam stabilizer effectively reduced water penetration. The trend of the absorption curve 
also indicates that the CS group had a more stable and gradual increase in absorption. This suggests 
that the internal pore structure became more uniform, with fewer interconnected pores, reducing 
the pathways for water migration. 

 

Fig. 4. Water absorption behavior of foam concrete 

The introduction of the foam stabilizer not only reduced the water absorption of foam concrete but 
also improved its pore structure. The pores became more closed and less connected, reducing 
capillary water transport. This improvement may result from the stabilizer’s role in the hydration 
process, which enhanced bubble stability and produced more uniform pore walls. As a result, large 
voids were reduced, and the overall density of the material increased. The optimized pore structure 
directly enhanced the water resistance and durability of the concrete, reducing the risk of water-
induced degradation in long-term applications. Therefore, foam concrete with a foam stabilizer 
performs better in high-humidity or submerged environments. It can effectively slow down the 
deterioration caused by water penetration, making it a more reliable material for use in buildings, 
underground structures, and marine applications. 

3.5. Pore structure of Foam Concrete 

Fig. 5 illustrates the differences in pore structure between the control group sample (Ref), which 
had no stabilizer, and the sample with the optimized composite stabilizer (CS) under scanning 
electron microscopy. As shown in the figure, the Ref group displays a relatively loose pore 
structure, with irregular bubbles and low roundness, resulting in significant pore heterogeneity. 
This structural characteristic contributes to poor stability and mechanical properties of the foam 
concrete. In contrast, the CS group with the composite stabilizer shows a more uniform and finer 
pore structure, with significantly improved bubble roundness and more regular shapes. The 
observations further indicate that the addition of stabilizers not only enhances the stability of the 
foam but also optimizes the uniformity of the pores, thereby improving the overall performance of 
the foam concrete. The incorporation of the composite stabilizer creates a more uniform and 
refined pore network. This small, uniform pore structure helps to better disperse external pressure, 
enhancing the compressive strength of the material and reducing structural damage during use. 
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Fig. 5. Pore structures of foam concrete (a) Ref; (b) CS 

To further quantify the differences in pore size distribution, this study performed a detailed 
analysis of the pore structure of the samples, as shown in Fig.6. The analysis results reveal that in 
the samples with the composite stabilizing agent (CS), the majority of the pores are concentrated 
in the 0-400 μm range, indicating smaller and more uniform pore sizes. In contrast, the pores of the 
control sample (Ref) are primarily distributed in the 600-1400 μm range, with larger and more 
widely distributed pores. Notably, in the 700-900 μm range, the sample with CS stabilizer shows 
significantly lower pore frequency compared to the control sample, and no pores larger than 900 
μm are observed. This phenomenon highlights the unique advantage of the CS stabilizer in 
regulating pore size distribution. It effectively reduces the formation of large pores, optimizing the 
pore structure of the foam concrete and improving its stability and mechanical properties. These 
findings provide valuable guidance for the formulation design and production process of foam 
concrete, especially in applications that require high stability and strength. 

 

(a) 

 

(b) 

Fig. 6. Pore diameter of foam concrete (a)CS and (b)Ref 

4. Conclusion 

This study systematically examined the effects of three stabilizing agents—HPMC, XG, and PAM—
on the stability and mechanical properties of foam concrete. Through orthogonal experiments, the 
optimal composite ratio was identified, and a stabilizing agent combination with significant 
synergistic effects was proposed. The main conclusions are as follows: 

•  HPMC, XG, and PAM all significantly improve foam stability, but their mechanisms of action 
differ. HPMC provides the most significant improvement in stability at higher concentrations, 
while PAM is more effective at lower concentrations. 
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•  The concentration of foam stabilizers greatly influences the compressive strength of foam 
concrete. Adding an appropriate amount of HPMC, XG, and PAM can effectively improve the 
compressive strength. However, excessively high concentrations can lead to over-thickening 
of the slurry, which may hinder the cement hydration process and limit further strength 
development. 

•  The results of the orthogonal experiment indicate that the optimal ratio of the three foam 
stabilizers is HPMC 0.1%, XG 0.06%, and PAM 0.03%. Under this formulation, the 28-day 
compressive strength of the foam concrete reaches 4.45 MPa, which represents a 35.26% 
increase in strength compared to the use of a single stabilizer, while significantly reducing 
the number of stabilizers required. 

•  The water absorption test and SEM pore size analysis show that after incorporating the 
composite foam stabilizer (CS), the internal pores become more uniform and finer, with most 
pore sizes concentrated in the 0–400 μm range. Compared to the control group, the pore size 
is significantly reduced, with no large pores exceeding 900 μm. This improvement in pore 
structure enhances the material's overall stability and compressive strength. 

This study primarily investigated the effects of single and composite stabilizers on the properties 
of foam concrete. However, there are still limitations, such as the lack of evaluation of high-strength 
foam concrete, the long-term synergistic effects of composite stabilizers, and the durability of foam 
concrete in complex environments. Future studies will examine the effectiveness of the proposed 
stabilizer formulation in high-strength foam concrete, investigate its performance at high 
temperatures, and assess its applicability in real-world engineering conditions. This will provide 
more comprehensive theoretical and practical support for the broader application of foam 
concrete. 
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Article Info  Abstract 

Article History:  Sandy granular materials, as complex non-equilibrium energy-dissipative filling 
materials, are widely used in the energy-dissipating layers of protective structures. 
To investigate the effects of strain rate and energy absorption characteristics of 
sandy soils, a dynamic compression test using a split Hopkinson pressure bar 
(SHPB) was designed and conducted on unsaturated sandy soil under passive 
confining conditions. The influences of strain rate, moisture content, and the 
number of impacts on the dynamic response of sandy soils were analyzed. The test 
results indicate significant strain rate effects on the dynamic elastic modulus and 
peak stress of the specimens. When the applied strain rate is within the range of 
255–578 s⁻¹, an increase in strain rate enhances both the dynamic elastic modulus 
and peak stress of the specimens, although variations in moisture content alter the 
magnitude of this effect. Moreover, as the strain rate increases, the energy density 
of the specimens grows exponentially, with a significantly enhanced rate of 
increase in the higher strain rate range; in comparison, moisture content has a 
smaller effect on energy density. Under repeated impact conditions, moisture 
content significantly influences the dynamic elastic modulus more than it does 
peak stress. The cumulative effect of repeated impacts can significantly improve 
the soil's resistance to deformation; however, as the specimen compaction 
increases, the energy density gradually stabilizes. Therefore, appropriately 
reducing the compaction of the energy-dissipating layers can enhance energy 
absorption performance. These findings offer technical insights that can guide the 
design of protective structures for both military and civil applications. 
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1. Introduction 

During Sandy granular materials consist of numerous solid particles and are characterized by high 
porosity and significant compressibility [1]. These materials are widely distributed, readily 
accessible, and exhibit substantial dispersion and attenuation of stress waves generated by impacts 
and explosions. Consequently, they are widely used as impact-resistant materials in protective 
engineering structures [2], including wave-dissipation layers in military engineering [3,4], cushion 
layers in rockfall-resistant sheds, and pile-plate retaining walls in mountainous regions [5–7]. 
Therefore, investigating the dynamic mechanical behavior of sandy soils under impact loading is of 
considerable theoretical importance and practical value for damage evaluation and the design of 
protective structures. 

Investigating the dynamic response of sandy soils can be achieved using weighted hammer systems 
[8], excitation tubes [9], pendulums [10], and explosive modeling tests [11]. However, drop 
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hammer and pendulum devices often struggle to capture accurate mechanical responses under 
medium to high strain rates. Additionally, explosive modeling tests typically rely on embedded 
manometers for stress measurements, which can introduce issues such as transmission stresses 
exceeding incident stresses, calibration difficulties due to significant wave impedance differences, 
and interference with stress waves. Alternatively, the SHPB test, which operates at medium to high 
strain rates (10²–10⁴ s⁻¹), is widely employed for impact loading studies. This method effectively 
characterizes the dynamic responses of various materials, including metals [12], concrete [13], 
rocks [14], ceramics [15], foams [16], and granular media [17]. 

Over recent decades, research on the dynamic response of granular materials has primarily focused 
on the propagation characteristics of stress waves and the development of dynamic constitutive 
models. Yu et al. [18, 19] employed SHPB tests to investigate the attenuation of compression waves 
in coral and silica sands. Their results demonstrated that coral sand exhibited 30% higher 
attenuation of compression waves compared to silica sand. Ross et al. [20] examined the 
propagation characteristics of stress waves in sandy soil specimens of varying lengths under lateral 
confinement. Shukla and Damania [21] found that stress wave propagation in granular materials 
depends not only on the physical and mechanical properties of the particles, interparticle filling 
materials, and porosity, but is also significantly influenced by the topological structure of the 
granular assembly and the local interactions between particles. Lv et al. [22] compared the 
variation of peak stress waves in silica sand and calcareous sand at identical lengths, using this 
comparison to characterize the wave dissipation capacity of different media. Regarding the 
dynamic stress-strain relationship of soils, Bragov et al. [23] conducted SHPB experiments as early 
as 1996 to reveal the strain rate effect on cohesive soils, noting that higher strain rates lead to 
increased dynamic peak strength. Felice et al. [24] experimentally demonstrated that saturated 
sandy soils exhibit significant strain rate effects. However, these studies primarily focused on key 
factors influencing the dynamic mechanical behavior of granular materials, such as particle 
morphology, grain size distribution, moisture content, and relative density. To quantify the 
dynamic response characteristics of soils under dynamic loading and their evolution, and to 
develop accurate constitutive models that reflect particle-level effects, Bragov et al. [25] proposed 
a generalized dynamic compressible constitutive model for quartz sand based on improved SHPB 
experiments. Ma et al. [26] developed a constitutive model for frozen clay that comprehensively 
incorporates confining pressure, strain rate, and freezing temperature, using an original 
component assembly approach. Fu et al. [27], based on damage and fracture mechanics, proposed 
a constitutive model to predict the stress-strain behavior of frozen soils. 

It has been established that the compressive properties of granular media are influenced not only 
by porosity and the physical and mechanical properties of the particles [28, 29], but also by the 
local interactions between particles [30]. Figure 1 illustrates the surface morphology of the sandy 
soil used in this study, along with typical calcareous sand (coral sand) and quartz sand [31]. The 
pore characteristics, particle size, and surface roughness of these three types of granular particles 
differ considerably. Calcareous sand, which has a more developed internal pore structure, exhibits 
a greater capacity for compressive deformation and energy absorption under dynamic loading. In 
contrast, quartz sand, with its angular particle surfaces and stronger interlocking between 
particles, demonstrates higher initial strength and shear resistance. Unlike sand particles, sandy 
soils contain a larger proportion of unbreakable particles smaller than 0.074 mm [32]. These 
variations in particle morphology and internal structure suggest that the dynamic characteristics 
of the sandy soil studied here under dynamic loading may differ significantly from those of typical 
sand particles. 

In summary, significant advancements have been made in understanding the dynamic mechanical 
responses of sand particles. However, research on the impact characteristics of soils remains in its 
early stages, with several key issues still requiring further investigation. These include the strain 
rate sensitivity of sand particles, as well as the influence of moisture content on the stress-strain 
relationship of the material. Furthermore, the differences in the dynamic mechanical behavior of 
soils under continuous and repeated impact loads, as opposed to single impact responses, are not 
yet well understood. To address these gaps, this study introduces an enhanced SHPB impact 
experiment, incorporating a precise rigid sleeve apparatus designed to control the length and 
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compaction of granular material specimens. The objective is to analyze and quantify the effects of 
moisture content and the number of impacts on the dynamic mechanical and energy characteristics 
of sandy soils. 

  

(a) 

  

(b) 

Fig. 1. Surface morphological structure of typical particles (a) Calcareous and siliceous sands 
[31] (b) Sandy soils used in this paper 

2. Test Materials and SHPB Setup 

2.1 Test Materials 

The sandy soil used was collected from Shandong Province through an excavation process. The 
sampling depth was 1.00 m, and the soil appeared yellowish-brown in color. To determine the 
particle size distribution of the test soil, a sufficient amount of soil was first dried in a constant-
temperature oven at 105°C for 36 hours. The dried soil then underwent sieve analysis using 
standard sieves. During the sieving process, larger gravel particles were selectively removed to 
ensure uniformity of the test samples. Based on the particle size proportions retained on each sieve, 
a particle size distribution curve was plotted (Fig. 2). From this curve, the average particle size of 
the original sand sample was determined to be 0.18 mm, the coefficient of uniformity was 2.009, 
and the coefficient of curvature was 81.08. The content of particles with a diameter greater than 2 
mm did not exceed 50% of the total weight, while particles with a diameter greater than 0.075 mm 
constituted more than 50% of the total weight, classifying the material as typical sandy soil [33]. A 
field-emission scanning electron microscope (FE-SEM) was used to capture the surface 
morphology of the soil particles (Fig. 1b). The results revealed that the particles were irregular in 
shape, with some exhibiting aggregation and forming agglomerate structures. These structures 
may result from electrostatic forces or weak bonding forces between the particles. The elemental 
composition of the soil was analyzed using energy dispersive spectroscopy (EDS) (Fig. 3). Silicon 
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(Si) and oxygen (O) were found to be the most abundant elements, with Si content at 30.02% and 
O content at 38.88%. Other elements included aluminum (Al) at 9.82%, potassium (K) at 2.35%, 
calcium (Ca) at 1.55%, and iron (Fe) at 7.56%. 

 

Fig. 2. Particle size distribution 

 

Fig. 3. EDS spectra of specimens 

2.2 SHPB for Dynamic Experiments 

A SHPB apparatus with a bar diameter of Φ40 mm was used for the experiments (Fig. 4). The SHPB 
setup primarily consists of a loading system, pressure bars, and a data acquisition module. The 
loading system utilizes compressed nitrogen gas to drive a projectile that impacts the incident bar, 
with the projectile velocity controlled by adjusting the gas pressure. The SHPB apparatus includes 
an incident bar and a transmission bar, measuring 2400 mm and 2000 mm in length, respectively. 
Both bars are made of 7075 aluminum alloy, with an elastic modulus of 71 GPa and an elastic wave 
propagation velocity of 5000 m/s within the bars. Due to the low and variable wave impedance of 
the granular materials tested in this study, high-sensitivity semiconductor strain gauges were 
employed. These strain gauges have a resistance value of 120 Ω and a gain factor of 1000. The strain 
gauges were positioned 850 mm from both ends of the specimen to accurately measure strain 
during impact testing. 

Sandy soil, being a granular material, must be contained within a sleeve for dynamic loading tests. 
An improved loading sleeve has been designed specifically for granular materials. This sleeve 
consists primarily of an outer sleeve, an inner sleeve, and three sets of plates to control the 
specimen length. The outer sleeve is made of high-strength steel, measuring 400.0 mm in length, 
with an inner diameter of 40.1 mm and a wall thickness of 2.0 mm. It provides lateral confinement 
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to the granular material while allowing the incident bar to slide and rotate within the sleeve. The 
inner sleeve, constructed from the same material as the outer sleeve, has an inner diameter of 25.0 
mm and a wall thickness of 1.0 mm. The set of plates includes a front-end plate, a rear end plate, 
and a supporting plate. Both the front and rear end plates are made from the same material as the 
SHPB bars, with a diameter of 40.0 mm and a thickness of 15.0 mm. The supporting plate, made of 
the same material as the sleeve, is positioned beneath the rear end plate to prevent deformation 
during the pre-compression of the specimen, thereby ensuring experimental accuracy. Precise 
control of the specimen length is achieved through various combinations of the inner sleeve, outer 
sleeve, and plates, with the error in specimen length maintained within 2.0%. 

Sandy soil is a loose, porous material characterized by low strength and low wave impedance. 
Under loading, it undergoes significant deformation, which substantially attenuates the amplitude 
of transmitted waves. In SHPB tests, to satisfy the assumption of uniform deformation, the 
specimen's cross-sectional area must not exceed that of the bars during loading. As a result, a 
specimen diameter of 40 mm is selected. Furthermore, an excessively thick specimen makes it 
challenging to achieve stress equilibrium, while an overly thin specimen significantly increases 
frictional forces, leading to considerable experimental errors. According to studies by Gray [34] 
and Li et al. [35], the optimal length-to-diameter ratio (L/D) for specimens falls within the range of 
0.5 to 1.0. 

 

Fig. 4. Improved SHPB 

2.3 Specimen Preparation and Impact Conditions 

Specimens with dimensions of Φ40 mm × 30 mm and moisture contents of 34%, 40%, 45%, and 
48% were prepared as follows: A precise mass of 2.0 kg of dry loess was weighed, and the 
corresponding amount of distilled water was calculated to achieve the desired moisture content. 
The soil and water were thoroughly mixed, sealed in plastic wrap, and allowed to stand for 24 hours 
to ensure uniform moisture distribution. With a known dry density of 1.70 g/cm³, the required 
mass of the soil-water mixture was then determined for each specimen. The mixture was 
subsequently placed into a cylindrical mold and compressed using a static loading device to form 
the specimens. This preparation procedure ensures the consistent formation of remolded soil 
specimens with the targeted moisture contents for experimental testing. 

The specific steps for each impact test are as shown in Fig. 5: (1) Position the support plate on a 
flat, horizontal surface, then stack the rear end plate on top of the support plate. Secure the sleeve 
and rear end plate in place using bolts; (2) Evenly pour the pre-weighed sand sample into the 
sleeve, gently pressing and leveling it. Subsequently, slowly slide the front end plate onto the top of 
the sample to ensure that air is expelled from the sleeve; (3) Place the appropriately sized inner 
sleeve onto the front end plate, position a steel plate at the top end of the inner sleeve, and gently 
press the sample until the ends of both the inner and outer sleeves are aligned and flush; (4) 
Remove the inner sleeve and secure the front end plate with bolts to prevent any alterations to the 
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sample’s physical state during handling; (5) Place the assembled specimen between the incident 
and transmission bars, ensuring that the sleeve is level and that the end face of the incident bar 
makes full contact with the end face of the front end plate. To minimize friction, apply lubricant to 
the contact surfaces between the incident bar and the front-end plate, as well as between the 
transmission bar and the rear end plate.  

 

Fig. 5. Experimental steps 

To investigate the influence of moisture content and continuous repeated impacts on the 
mechanical properties of soil specimens, the experiments were conducted under three distinct 
loading conditions: (1) Specimens with identical moisture content were subjected to impact tests 
at varying air pressure levels to achieve different strain rates; (2) Under a constant air pressure, 
remolded soil specimens with moisture contents of 34%, 40%, 45%, and 48% were tested to 
analyze the impact of moisture content on their dynamic behavior; (3) With consistent moisture 
content and air pressure, the same specimen was subjected to multiple continuous repeated 
impacts to assess the effects of repeated loading on its mechanical response. 

2.4 Data Acquisition and Calculation Methods 

During the experiment, the bullet is propelled from the gun barrel by air pressure, striking the 
incident bar at a specific velocity and generating an elastic compressive wave (incident wave) 
within the bar. Upon reaching the front surface of the specimen, the substantial difference in wave 
impedance between the specimen and the bar results in partial reflection of the incident wave back 
into the incident bar (reflected wave), while the remaining portion of the wave is transmitted 
through the specimen into the transmission bar (transmitted wave) and absorbed by the damper. 
The bullet's impact velocity is regulated by the air pressure system, enabling the generation of 
different strain rates during loading. The stress and strain time-history curves of the specimen are 
recorded using semiconductor strain gauges mounted on the incident and transmission bars. The 
resulting voltage signals are then converted into strain signals using the following equation: 

𝜀 =
4𝑈𝑖𝑛(𝑉)

𝐾𝑈𝑊𝐵(𝑉)𝑛𝐴𝑢
 (1) 

where Uin represents the voltage measured by the semiconductor strain gauge, K is the gauge’s 
sensitivity coefficient (valued at 2.08), and n is the number of arms in the Wheatstone bridge, with 
a half-bridge configuration used in this experiment. The gain coefficient Au was determined to be 
1000 through preliminary tests, and the bridge voltage UWB was set at 4 V. 

Assuming one-dimensional stress and homogeneity conditions, and for specimens that satisfy 
stress equilibrium, the two-wave method can be applied to calculate the dynamic stress σ(t), strain 

ε(t), and strain rate 𝜀̇(𝑡) of the material under various strain rate conditions. This approach allows 
for the determination of the stress-strain relationships of the test material at different strain rates 
[36]: 
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𝜎(𝑡) =
𝐴𝑏
𝐴𝑠

𝐸0𝜀𝑡(𝑡) (1) 

𝜀(𝑡) =
2𝐶0

𝐿𝑠
∫ 𝜀𝑟(𝑡)
𝑡

0
dt (1) 

𝜀̇(𝑡) =
2𝐶0
𝐿𝑠

𝜀𝑟(𝑡) (1) 

where σ(t), ε(t) and 𝜀̇(t) represent stress, strain, and strain rate, respectively. Ls and As denote the 
specimen's length and cross–sectional area, respectively. C0, E0, and Ab are the stress wave velocity, 
elastic modulus, and cross-sectional area of the pressure bar, respectively. εᵣ(t) and εₜ(t) are the 
reflected and transmitted strains measured by the strain gauges on the incident and transmission 
bars, respectively. t represents time. 

3. Experimental Results and Analysis 

3.1 Validation of Data Reliability 

Pulse shapers can modify waveforms and help achieve stress equilibrium [37]. Commonly used 
shaper materials include brass, rubber, and resin. In this study, annealed brass was utilized for 
pulse-shaping tests. To reduce high-frequency oscillations and dispersion effects, a brass shaper 
with a thickness of 1.0 mm and a diameter of 10 mm was attached to the end of the incident bar. 
Figure 6 shows the error calibration waveform during the unloaded test with the pulse shaper. The 
results indicate that the pulse shaper effectively filters out high-frequency waves generated at the 
moment of impact. The use of the shaper significantly mitigates the dispersion effect of the incident 
wave, resulting in a smoother waveform. Additionally, compared to tests without a pulse shaper, 
the application of the pulse shaper increased the pulse duration by 60%, greatly enhancing the 
reliability of the experiment. Figure 7 illustrates the relationship between strain rate and time after 
applying the pulse shaper. 

  

Fig. 6. Effect of pulse shaper on results Fig. 7. Strain rate analysis 

 In the initial phase, the strain rate gradually increases, indicating a progressively rising loading 
rate. During the stabilization phase, the strain rate reaches its peak and remains elevated, achieving 
a relatively stable dynamic loading process. This also demonstrates that the SHPB test can achieve 
constant strain rate loading. Figure 8(a) shows a typical three-wave voltage signal, indicating that 
the waveform is smooth and continuous, without noticeable jumps or oscillations, thereby 
confirming the absence of wave superposition effects within the specimen. The stress-time 
histories at both ends of the specimen, calculated using the wave front alignment method, are 
presented in Fig. 8(b). The results indicate that the sum of the incident and reflected voltage signals 
at one end of the specimen is approximately equal to the transmitted voltage signal at the other 
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end, satisfying the stress equilibrium condition. Furthermore, as depicted in Fig. 8c, the results of 
the three experiments under identical conditions exhibit high consistency, with minimal data 
dispersion. In summary, the test method is reliable and the test results are valid. 

 

(a) 

 

(b) 

 

(c) 

Fig. 8. Effectiveness analysis (a) raw waveform(b) stress equilibrium (c) repeatability 
verification 

3.2 Effect of Strain Rate on Dynamic Stress-Strain Behavior 

Figure 9 presents a generalized dynamic stress-strain curve for the test specimens, highlighting the 
dynamic compression process, which can be divided into three distinct stages: the elastic stage 
(AB), the yield stage (BC), and the unloading stage (CD). 

• Elastic Stage (AB): During this phase, as strain increases, stress increases approximately 
linearly. The stress remains below the elastic limit of the soil skeleton, and the material 
exhibits reversible deformation. The soil structure remains largely intact, indicating no 
permanent change in the particle arrangement. 

• Plastic Stage (BC): This stage, also referred to as the compaction stage, is characterized by 
the rearrangement of soil particles, which gradually fills the voids between grains. The soil 
becomes more compact, and particle movement is significantly restricted. This results in 
irreversible plastic deformation, with stress continuing to rise until it reaches the peak value. 
The peak stress corresponds to the maximum compressive strength of the sample. 

• Unloading Stage (CD): Subsequently, the specimen enters the unloading phase, where the 
stress decreases rapidly, and the test ends. 
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Figure 10a illustrates the dynamic stress-strain relationships of specimens with 35% moisture 
content under varying loading strain rates. The results reveal that as the strain rate increases from 
258–572 s⁻¹, the compressive strength of the material significantly rises, with the peak stress 
increasing from 20 MPa to 70 MPa. This demonstrates a pronounced strain rate effect in the tested 
sandy soil. Additionally, when the strain rate is below 413 s⁻¹, the specimens exhibit a significant 
strain rate dependence, with the peak stress increasing as the loading strain rate rises. However, 
when the strain rate exceeds 486 s⁻¹, the peak stress gradually stabilizes, and the rate sensitivity 
diminishes. This trend is even more apparent in the semi-logarithmic plot shown in Figure 10b. 

 

Fig. 9. Typical stress-strain curve 

 

(a) 

 

(b) 

Fig. 10. Effect of loading strain rate on dynamic stress-strain (a) linear scale (b) semi-
logarithmic scale 

3.3 Effect of Moisture Content on Compressive Characteristics 

To investigate the effect of moisture content on the dynamic response of the specimens, Figure 11 
presents the stress-strain relationships of specimens at a strain rate of 570 s⁻¹. The results show 
that the stress-strain curves of the specimens exhibit three distinct stages. Higher moisture content 
results in a smoother transition from the elastic phase to the plastic phase, with a broader strain 
range at lower stress levels. As the moisture content increases from 34% to 48%, the specimens 
exhibit pronounced strain rate sensitivity. As the strain rate increases, the peak stress rises from 
65.73 MPa to 71.18 MPa, reflecting an 8.3% increase. Furthermore, the higher the moisture content, 
the smaller the strain corresponding to the peak stress. This phenomenon can be attributed to the 
reduction in pore volume within the soil with increasing moisture content. Since water within the 
pores is incompressible, the axial compression of the soil under impact loading decreases with 
increasing moisture content. 
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(a) 

 

(b) 

Fig. 11. Effect of moisture content on stress-strain (a) linear scale (b) semi-logarithmic scale 

To further investigate the relationship between the dynamic response parameters of sandy soil 
during the elastic deformation phase and the strain rate, the dynamic elastic modulus is defined as 
the slope of the tangent to the stress-strain curve: 

𝐸𝑑 =
𝜎𝑑
𝜀𝑑

 (5) 

where σd represents the maximum stress in the elastic phase of the stress-strain curve, and εd 
corresponds to the strain at the maximum stress during the elastic phase. 

Figures 12 present the fitting relationships between the dynamic elastic modulus and strain rate 
for samples with varying moisture contents. The fitting results show that both the dynamic elastic 
modulus and peak stress exhibit a linear increase with increasing strain rate across all moisture 
content conditions. The fitting accuracy for all curves exceeds 90%, indicating a strong correlation. 
In the linear fitting functions, the slope represents the rate at which the dynamic response 
parameters increase with strain rate under identical conditions.  

280 320 360 400 440 480 520 560 600 640 680
0

2

4

6

8

10

250 500 750 1000
0.2

0.4

0.6

0.8

1.0

1.2

Ed=270.18+1.02w   R2=0.988

Ed=245.92+0.44w   R2=0.996

Ed=425.02+0.42w   R2=0.986

Ed=401.87+0.44w   R2=0.973

w=13% w=16%

w=19% w=22%

 Fitted line  Fitted line

 Fitted line  Fitted line

D
y
n

am
ic

 e
la

st
ic

 m
o
d
u

lu
s/

G
P

a 

Strain rate/s-1

loess[38]

Ed=-3.87+0.020ε  R2=0.920

Ed=-2.86+0.018ε  R2=0.916

Ed=-0.29+0.014ε  R2=0.967 w=34 %  w=40 %

 w=45 %  w=48 %

 Fitted line  Fitted line

 Fitted line  Fitted line

D
y

n
am

ic
 e

la
st

ic
 m

o
d

u
lu

s/
G

P
a 

Strain rate/ s-1

Ed=-5.81+0.022ε  R2=0.930

 

Fig. 12. Effect of strain rate on dynamic elastic modulus in sandy soil and loess 
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Based on the slopes in Fig. 12, the corresponding values for samples with moisture contents of 34%, 
40%, 45%, and 48% are 0.022, 0.014, 0.018, and 0.020, respectively. This indicates that the 
influence of moisture content on the dynamic elastic modulus initially decreases and then 
increases. Figure 12 further illustrates the relationship between dynamic elastic modulus and 
strain rate for loess specimens with varying moisture contents under impact loading [38]. The 
results demonstrate a strong linear correlation between dynamic elastic modulus and strain rate 
within the 300–900 s⁻¹ range, which is consistent with the findings of this study. 

Similar trends are observed in the effect of moisture content on the peak stress of the samples, as 
shown in Fig. 13. For moisture contents of 34%, 40%, 45%, and 48%, the corresponding slopes of 
the fitted lines are 0.169, 0.106, 0.147, and 0.118, respectively. Furthermore, a study on the 
dynamic mechanical response of compacted clay [39] reported a similar pattern to that presented 
in Fig. 13. These results suggest that under dynamic loading conditions, an increase in strain rate 
generally enhances the contact stiffness between soil particles, leading to an improvement in the 
dynamic elastic modulus. 
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Fig. 13. Effect of strain rate on peak stresses in sandy soil and clays 

The area under the stress-strain curve represents the energy absorbed per unit volume by the 
material during deformation, commonly referred to as energy density [40]. The specific expression 
is as follows: 

𝜂 = ∫ 𝜎𝑑𝜀
𝜀

0

 (6) 

Figure 14 illustrates the effect of loading strain rate on the energy density of the specimens. The 
results demonstrate that as the strain rate increases, the energy density follows an exponential 
growth trend, with the rate of increase becoming more pronounced at higher strain rates. 
Specifically, as the loading strain rate increases from 258–572 s⁻¹, the energy density rises from 
0.474 MJ/m³ to 2.698 MJ/m³, representing a 469.2% increase. This indicates that with an increase 
in loading strain rate, the specimen's compactness improves, leading to enhanced contact forces 
and friction between particles, which results in a significant rise in energy density. In addition, the 
variation of energy density with strain rate exhibits similar characteristics in sandy soils compared 
to compacted clay soils. 
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Fig. 14. Effect of strain rate on the energy density 

Figure 15 illustrates the impact of moisture content on the energy density of the specimens. The 
results show that, under consistent loading strain rate conditions, energy density decreases 
linearly as moisture content increases. Specifically, when moisture content rises from 34% to 48%, 
energy density declines from 2.54 MJ/m³ to 2.2 MJ/m³, reflecting a reduction of 13.4%. This trend 
can be attributed to the fact that increasing moisture content adds a thin water film around soil 
particles, which reduces inter-particle bonding and frictional resistance, thereby lowering energy 
density. However, compared to the impact of loading strain rate on energy density, the effect of 
moisture content on the specimen's energy density is relatively minor. This finding aligns with the 
characteristics of silica sand discussed in [41]. 
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Fig. 15. Effect of moisture content on energy density 

3.4 Effect of Repeated Impacts 

In practical engineering, single-impact conditions are the most common. However, sandy soil may 
also experience repeated impacts. Therefore, it is essential to study the compression characteristics 
of soil under repeated impact loading. 

Figure 16 illustrates the dynamic stress-strain characteristics of the specimen under single, triple, 
and quintuple impact conditions with an impact pressure of 0.05 MPa. The results indicate that as 
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the number of impacts increases, the internal pores of the specimen compress, resulting in 
enhanced soil compactness. Concurrently, soil particles may fracture and rearrange, which 
improves inter-particle bonding and friction, leading to a gradual increase in peak stress. 
Specifically, under a single impact load, the peak stress is 25.49 MPa. After five repeated impacts, 
the peak stress increases to 33.83 MPa, reflecting a 32.7% rise. Moreover, the stress-strain patterns 
observed for calcareous sand [42] under single, triple, seven, and ten impact conditions closely 
resemble those shown in this study (Fig. 16).  
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Fig. 16. Effect of number of impacts on stress-strain in sandy and calcareous sands 

Figures 17 and 18 illustrate the effects of varying impact pressures on the dynamic elastic modulus 
and peak stress of the specimen. The results demonstrate that both peak stress and dynamic elastic 
modulus exhibit an exponential increase with successive impact repetitions. The dynamic elastic 
modulus reflects the soil's resistance to deformation under dynamic loading. Under the influence 
of impact loads, the soil's pore structure undergoes significant changes due to compression and 
particle rearrangement, resulting in increased soil stiffness, as indicated by the rapid rise in the 
dynamic elastic modulus. As the number of impacts increases, the available space for further 
compaction of the soil pores decreases, leading to a gradual reduction in the rate of increase, with 
the curves eventually leveling off. 
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Fig. 17. Effect of impact number on dynamic elastic modulus of elasticity 
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Fig. 18. Effect of impact number on dynamic peak stress 

Figures 19 and 20 illustrate the variations in dynamic elastic modulus and peak stress with the 
number of impacts for specimens with different moisture contents. The results show that both 
dynamic elastic modulus and peak stress follow a similar exponential function relationship with 
increasing impact repetitions. Specifically, as the moisture content increases from 34% to 48%, the 
dynamic elastic modulus rises from 4.95 GPa to 6.98 GPa, while the peak stress increases from 
59.72 MPa to 67.95 MPa, corresponding to increments of 41.0% and 13.8%, respectively. Overall, 
the effect of moisture content on the dynamic elastic modulus is more significant than its impact 
on peak stress. According to Yang et al study [43], the increase in moisture content promotes the 
formation of capillary bridges between particles, which alters their contact states. This microscopic 
interaction enhances the contact stiffness between particles and improves the overall structural 
stability, leading to a significant increase in the dynamic elastic modulus. In contrast, peak stress is 
influenced by not only moisture content but also factors such as sandy soil density, particle 
gradation, and loading rate. As a result, the effect of moisture content on peak stress is relatively 
less pronounced and exhibits a more dispersed influence. 
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Fig. 19. Effect of the number of impacts on dynamic elastic modulus 

Figure 21 compares the effects of repeated impacts on the energy density of sandy soil and 
calcareous sand [42]. The results indicate that the energy density of both materials increases with 
the number of impacts, reaches a peak, and then gradually decreases. This behavior is primarily 
attributed to energy dissipation mechanisms, such as internal friction and micro-crack propagation 
within the granular materials. As the number of impacts increases, the microstructure of the 
materials degrades, leading to reduced energy dissipation efficiency and a subsequent decline in 
energy density after reaching its peak [44]. Therefore, engineered protective structures can be 
designed to attenuate impact loads by reducing the density of the energy-dissipating layers. 
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Fig. 20. Effect of the number of impacts on peak stress 
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Fig. 21. Effect of the number of impacts on the energy density of sandy soils and calcareous 
sands 

4. Conclusions 

Based on dynamic compression tests conducted on sandy soil under passive confining pressure 
using the SHPB system, this study investigates the effects of loading strain rate, sample moisture 
content, and impact repetition on the dynamic compression characteristics of the soil. Quantitative 
relationships between the dynamic response parameters and their influencing factors have been 
established. The main conclusions are as follows: 

• The dynamic stress-strain curve of the samples displayed three distinct stages: elastic, 
plastic, and unloading. Both the dynamic elastic modulus and peak stress increased linearly 
with the strain rate. Moreover, the strain rate effect was observed across all moisture content 
conditions. 

• As moisture content increased, the stress-strain relationship showed a reduction in total 
strain, while both the dynamic elastic modulus and peak stress increased. Notably, at a 
moisture content of 34%, the strain rate sensitivity of the dynamic elastic modulus and peak 
stress was most pronounced. In contrast, at 40% moisture content, the sensitivity of the 
dynamic response parameters to strain rate was the least. 

• With an increasing number of impacts, both the dynamic elastic modulus and peak stress of 
the soil exhibited an exponential growth trend. Higher impact air pressure resulted in more 
pronounced variations in the dynamic response parameters. Additionally, as the moisture 
content increased from 34% to 48%, the dynamic elastic modulus increased from 4.95 GPa 
to 6.98 GPa, and the peak stress rose from 59.72 MPa to 67.95 MPa, corresponding to 
increases of 41.0% and 13.8%, respectively.  
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• Currently, research on the dynamic mechanical properties and energy dissipation behavior 
of sandy soils under impact loading remains limited. This study significantly advances the 
understanding of these properties, contributing to the development of more accurate 
constitutive models for sandy soils. Moreover, the test results offer robust technical support 
for the buffering and shock-absorbing capabilities of sandy soils under impact loads, serving 
as a valuable reference for the design and construction of protective structures involving 
sandy soils. 

Acknowledgement 

The authors acknowledge that this study is supported by 2024 Jiangsu Universities Qinglan Project, China. 

References 

[1] Wang S, Shen L, Maggi F, Zein AE, Nguyen, GD, Zheng Y. Influence of dry density and confinement 
environment on the high strain rate response of partially saturated sand. International Journal of Impact 
Engineering. 2018; 116: 65–78. https:// doi.org/10.1016/j.ijimpeng.2018.02.006 

[2] Li JC, Ma GW. Experimental study of stress wave propagation across a filled rock joint. International 
Journal of Rock Mechanics and Mining Sciences. 2009; 46(3):471–478.https:// 
doi.org/10.1016/j.ijrmms.2008.11.006 

[3] Zhou H, Ren HQ, WU XY. A review of sacrificial claddings in multilayer protective structure. Explosion and 
Shock Waves. 2022; 42(11):3–28. 

[4] Guruprasad S, Mukherjee A. Layered sacrificial claddings under blast loading. Part Ⅱ: experimental 
studies. International Journal of Impact Engineering. 2000; 24(9): 975–984. https:// doi. 10.1016/S0734-
743X(00)00005-1 

[5] Zhao DB, Yi WJ, Kunnath SK. Numerical simulation and shear resistance of reinforced concrete beams 
under impact. Engineering Structures. 2018; 166: 387–401. https:// 
doi.org/10.1016/j.engstruct.2018.03.072 

[6] Prisco CD, Vecchiotti M. Design charts for evaluating impact forces on dissipative granular soil cushions. 
Journal of Geotechnical and Geoenvironmental Engineering. 2010; 136(11): 1529–1541.https:// 
doi.org/10.1061/(ASCE)GT.1943-5606.0000363 

[7] Bhatti AQ, Kishi N. Impact response of RC rock-shed girder with sand cushion under falling load. Nuclear 
Engineering and Design. 2010; 240(10):2626–2632. https:// doi.org/10.1016/j.nucengdes.2010.07.029 

[8] Wu JL, Hu XW, Mei XF, Xu ZP, Luo G. Dynamic response of RC slab with cushion layer composed ofsandy 
soil to rockfall impact. Hydrogeology and Engineering Geology. 2021; 48(1): 78–87.https:// 
doi.org/10.16030/j.cnki.issn.1000-3665.202004029 

[9] Lv H, Wang ZQ. Experimental study of shock attenuation by dense packed sand wall. China Safety Science 
Journal. 2016; 26(10):64-69.https:// doi.10.16265/j.cnki.issn1003-3033.2016.10.012 

[10] Cai GP, Guo JS, Xia LY. Particle Size Distribution Characteristics of Bond Impact Based on Weibull 
Distribution. Metal Mine. 2016; (04):118-121.https:// doi.CNKI:SUN:JSKS.0.2016-04-026 

[11] Pan YH, Zong ZH, Qian HM, et al. Experiment study on blast wave propagation in calcareous sand. 
Explosion and Shock Waves, 2023; 43(05): 1–15.https:// doi.10.11883/bzycj-2022-0117 

[12] Gara N, Verma R, Velmurugan R. Impact behaviour of Al 2014 wrought alloy using Split-Hopkinson 
pressure bar (SHPB): Its influence on mechanical and microstructural properties. Materials 
Characterization. 2024; 43(05): 113860.https:// doi.org/10.1016/j.matchar.2024.113860 

[13] Zhang M, Wu H J, Li QM, Huang FL. Further investigation on the dynamic compressive strength 
enhancement of concrete-like materials based on split Hopkinson pressure bar tests. Part I: Experiments 
.International Journal of Impact Engineering. 2009; 36(12):1327–1334.https:// 
doi.org/10.1016/j.ijimpeng.2009.04.009 

[14] Ai D, Zhao Y, Wang Q ,Wang Q, Li CW. Experimental and numerical investigation of crack propagation 
and dynamic properties of rock in SHPB indirect tension test. International Journal of Impact Engineering. 
2019; 126:135–146.https:// doi.org/10.1016/j.ijimpeng.2019.01.001 

[15] Wei Y, Lu Z, Hu K, Li XY, Li PJ. Dynamic response of ceramic shell for titanium investment casting under 
high strain-rate SHPB compression load. Ceramics International. 2018; 44:11702-
11710.https://doi.org/10.1016/j.ceramint.2018.03.247 

[16] Xu PB, Yu Y, Li K, Wu XT. SHPB experiment research on dynamic property of expanded polystyrene foam. 
Polymer Testing. 2018; 69:431–436. https:// doi.org/10.1016/j.polymertesting.2018.06.004 

[17] Lv YR, Li X, Wang, Y. Particle breakage of calcareous sand at high strain rates. Powder Technology. 2020; 
336: 776–786. https://doi.org/10.1016/j.powtec.2020.02.062 



Sun et al. / Research on Engineering Structures & Materials 11(2) (2025) 903-920 
 

919 

[18] Yu X, Ren W, Zhou B,Chen L, Xu X, Ren G. Experimental study on the mechanical behavior and energy 
absorption capacity of coral sand at high strain rates. Ocean Engineering. 2024; 291:1–13. http:// doi. 
org/10.1016/j.oceaneng.2023.116343 

[19] Yu X, Chen L, Fang Q, Zhang JH, Guo D, Hou XF. Determination of attenuation effects of coral sand on the 
propagation of impact-induced stress wave. International Journal of Impact Engineering. 2019; 125:63–
82.http:// doi. org/10.1016/j.ijimpeng.2018.11.004 

[20] Ross CA, Thompson PY, CHARLIE WA, Doehring DO. Transmission of pressure waves in partially 
saturated soils. Experimental Mechanics. 1989; 29(1):80–83.http:// doi. org/10.1007/BF02327786 

[21] Shukla A, Damania C. Experimental investigation of wave velocity and dynamic contact stresses in an 
assembly of disks. Experimental Mechanics. 1987; 27(3):268–281. 

[22] Lv Y, Ng C W W, Wang Y. Evaluation of Wave Dissipation in Sand under Impact Loading. Journal of 
Geotechnical and Geoenvironmental Engineering. 2019; 145(9):06019007.http:// 
doi.10.1061/(ASCE)GT.1943-5606.0002104. 

[23] Bragov AM, Grushevsky GM, Lomunov AK. Use of the Kolsky method for confined tests of soft soils. 
Experimental Mechanics. 1996; 36(3): 237–242. http:// doi. org/10.1007/BF02318093 

[24] Felice CW, Gaffney ES, Brown JA. Extended split-hopkinson bar analysis for attenuating materials. 
Journal of Engineering Mechanics. 1991; 117(5): 1119–1135. https:// doi. org/10.1061/(ASCE)0733-
9399(1991)117:5(111) 

[25] Brogov AM, Lomunov AK, Sergeichev IV, Tsembelis K, Proud WG. Determination of physic mechanical 
properties of soft soils from medium to high strain rates. International Journal of Impact Engineering. 
2008; 35(9):967–976.http:// doi. org/10.1016/j.ijimpeng.2007.07.004 

[26] Ma DD, Ma QY, Yuan P. SHPB tests and dynamic constitutive model of artificial frozen sandy clay under 
confining pressure and temperature state. Cold Regions Science and Technology. 2017; 136: 37–43. 
http:// doi.org/10.1016/j.coldregions.2017.01.004 

[27] Fu T, Zhu Z, Cao C. Simulating the dynamic behavior and energy consumption characteristics of frozen 
sandy soil under impact loading. Cold regions science and technology. 2019; 166: 1–15. http:// 
doi.org/10.1016/j.coldregions.2019.102821 

[28] Martin BE, Chen W, Song B, Akers SA. Moisture effects on the high strain-rate behavior of sand . 
Mechanics of Materials. 2009; 41(6):786–798. http:// doi. org/10.1016/j.mechmat.2009.01.014 

[29] Dwivedu SK, Pei L, Teeter R. Two-dimensional mesoscale simulations of shock response of dry sand. 
Journal of Applied Physics. 2015; 117(8):083502. http://doi:10.1063/1.4913479 

[30] Waymel RF, Wang EH, Awasthi A, Geubelle PH, Lambros J. Propagation and dissipation of elasto-plastic 
stress waves in two dimensional ordered granular media. Journal of the Mechanics and Physics of Solids. 
2017; 120:117–131. https:// doi.org/10.1016/j.jmps.2017.11.007  

[31] Lv Y, Li F, Liu Y, Fan P, Wang M. Comparative study of coral sand and silica sand in creep under general 
stress states. Canadian Geotechnical Journal. 2017; 54(11): 1601–1611. https:// doi.org/10.1139/cgj-
2016-0295 

[32] Hardin B.O. Crushing of soil particles. Canadian Geotechnical Journal. 1985;111(10): 1177–1192. 
https:// doi.org/10.1061/(ASCE)0733-9410(1985)111:10(1177) 

[33] Ministry of Housing and Urban Rural Development of the People’s Republic of China. Standard for 
geotechnical testing method: GB/T 50123–2019. Beijing: China Planning Press, 2019. 

[34] Gray G T. Classic split-Hopkinson pressure bar testing: ASM Handbook (Vol. 8): mechanical testing and 
evaluation. 10th ed. Ohio: Materials Park of ASM International, 2000. 

[35] Li SL, Liu DS, Li XL, et al. Experimental study on the length effect of ϕ75 mm split Hopkinson compression 
bar. Journal of China University of Mining and Technology. 2010; 39(1): 93–97.  

[36] Chen XD, Asce AM, Ge LM, Zhou,JK, Wu SX. Experimental Study on Split Hopkinson Pressure Bar Pulse-
Shaping Techniques for Concrete. Journal of Materials in Civil Engineering. 2015: 04015196. https:// 
doi.org/10.1061/(ASCE)MT.1943-5533.0001494 

[37] Bragov AM, Lomunov AK, Lamzin DA, Konstantinov AY. Dispersion correction in split-Hopkinson 
pressure bar: theoretical and experimental analysis. Continuum Mechanics and Thermodynamics. 2022; 
34: 895–907.https:// doi.10.1007/s00161-019-00776-0 

[38] Tong CX, Xing DP, Hao ZB, et al. Study on Dynamic mechanical behavior of loess under impact loading. 
Chinese Journal of Highways. 2025; 38(01):73–82. https:// doi.10.19721/j.cnki.1001-7372.2025.01.004 

[39] Liu JX, Chen ZF, Xu WF, et al. Experimental study on dynamic mechanical properties of compacted clay 
under different compaction degrees and water contents. Rock and Soil Mechanics. 2012; 33(6 ):1631–
1639.https:// doi.10.16285/j.rsm.2012.06.017 

[40] Ramesh KT. High rates and impact experiments. Springer Handbook of Experimental Solid Mechanics. 
Berlin: Springer, 2008. https:// doi. org/10.1007/978-0-387-30877-7_33 

[41] Barr A, Clarke S, Petkovski, M. et al. Effects of strain rate and moisture content on the behaviour of sand 
under one-dimensional compression. Experimental Mechanics. 2016; 56(9):1–15. https://doi. 
org/10.1007/s11340-016-0200-z 

https://doi/


Sun et al. / Research on Engineering Structures & Materials 11(2) (2025) 903-920 
 

920 

[42] OuYang HR, Dai GL, Qin W, Zhang CF, Gong WM. Dynamic behaviors of calcareous sand under repeated 
one-dimensional impacts. Soil Dynamics and Earthquake Engineering. 2021;150: 106891. 
https://doi.org/10.1016/j.soildyn.2021.106891 

[43] Yang CH, Wang YY, Li JG, et al. Testing study about the effect of different water content on rock creep 
law. Journal of China Coal Society. 2007; 32(7): 695–699. 

[44] Ding YY, Zheng ZJ, Wang SL, et al. The dependence of energy absorption behavior of cellular materials 
on relative density and impact velocity. Chinese Journal of Solid Mechanics. 2018; 39(6): 578–586. 
https:// doi. 10.19636/j.cnki.cjsm42-1250/o3.2018.030 

 

 



*Corresponding author: eng.hussein.t@uobabylon.edu.iq  
aorcid.org/0000-0002-3100-1124; borcid.org/0000-0003-3071-4998 
DOI: http://dx.doi.org/10.17515/resm2025-514ma1102rs  
Res. Eng. Struct. Mat. Vol. 11 Iss. 2 (2025) 921-931                                                                            921 

 

Research Article 

Influence of quartz replacement by Iraqi porcelanite and silica 
fume on the properties of porcelain products  

Marwa Marza Salman1,a, Hussein Talab Nhabih*,2,b  

1Faculty of Engineering, Babylon University, Babylon, Iraq 
2Department of Civil Engineering, Faculty of Engineering, Babylon University, Babylon, Iraq 
 

Article Info  Abstract 

Article History:  In this work, Iraqi porcelanite and silica fume were used as a silica source with 
replacement of quartz in the manufacture of porcelain products to investigate 
their influence on properties of these products. The specimens were prepared with 
composition (50: 30: 20) % as kaolin, silica source and feldspar respectively. Then, 
they dried at (383 K) temperature for 3 hrs. and sintered at (1473 K) temperature 
by soaking time for 2hrs. The fracture strength, hardness, apparent porosity, bulk 
density, linear shrinkage, and XRD, SEM and EDS analyses of the specimens were 
examined. The test results indicated that replacement of quartz by these sources 
improves the densification behavior and mechanical strength due to form of more 
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porcelain products with the best mechanical properties. 

 

© 2025 MIM Research Group. All rights reserved. 

Received 02 Nov 2024 

Accepted 06 Feb 2025 

Keywords:  
 

Silica fume;          
Porcelanite;            
Quartz;               
Porcelain;                
Mullite 

1. Introduction 

Porcelain products are ceramic materials. Ceramic material can outperform its metal and polymer 
contestants in various applications due to its chemical inertness, low density relatively, that means 
lightweight, structural and thermal stability in high temperature, resistance of corrosion, involving 
hot corrosive gases or liquids [1-3]. Porcelain products are high-vitrified ceramic material 
manufactured from mixtures formulated from feldspar, quartz and kaolin. The feldspars [(K, 
Na)2O. Al2O3. 6H2O], that serve as fluxes; quartz or flint (SiO2), which retains the formed article 
shape through sintering; and kaolin [Al2Si2O5 (OH)4], which provides plasticity for the ceramic 
mixtures [4-6]. These three components put porcelain with the phases systems [(K, Na)2O-Al2O3-
SiO2] by term of the oxides components, therefore it is named the triaxial porcelain ceramic [7]. 
The microstructure for the porcelain body constitutes from main phases which are needle shaped 
mullite crystals, a heterogeneous glassy matrix, irregular-shaped closed pores and some quartz 
particles. Mullite crystals, which form by the solid-state decomposition for feldspar with kaolin, 
donate the excellent chemical, thermal and mechanical properties. Porcelain composition consider 
from the most-complex ceramic systems because of the processing paths, the complex interaction 
among raw materials and the firing process kinetics [8, 9]. 

The increase of mechanical strength and the reduction of the production costs represent the quest 
over the period of time. In most attempts for increasing the strength, importance was concentrated 
for decreasing the quartz content within the formula of porcelain due to the phase transformation 
for β to α quartz that takes place during cooling at temperature (846 K). The phase transformation 
results into reduction of the volume for the quartz grain and may lead to crack in the ceramic body 
[10]. Therefore, there are researches to improve the mechanical properties via minimization of the 
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quartz use. These involve substitutions of quartz by kyanite [11], Al2O3 [5, 12, 13], rice husk ash 
[8, 14-16], sillimanite sand [17], fly ash [18], partial substitution of quartz and feldspar with blast 
furnace slag and fly ash [19, 20], by a blend of silica fume and rice husk ash [21]. Also, there is an 
effort to part of quartz by fired porcelain that produces a negative result of the bending strength 
[22]. All these investigators observed a remarkable enhancement of the mechanical properties of 
porcelain bodies by use the substitution of quartz. In this work, the silica sources used for a 
substitution of quartz in porcelain bodies are Iraqi porcelanite and silica fume. Silica fume SF, which 
too defined as micro silica, produces into the metallurgical manufacturing as a waste product which 
arises from a manufacture of silicon alloys, ferrosilicon or metallic silicon. It involves of microscope 
sphere-shaped grains that approximately has 0.1 μm diameter and 20 m2/g surface area [23, 24]. 
It is described with flabby nature which makes it behaves such as a smoke or fume when spread in 
air, spherical shape, high surface area, and glassy nature [25-27]. In code ACI 116R, silica fume can 
be defined “very fine non-crystalline silica formed by the electrical arc furnace as a byproduct for 
the silicon element or by the production of alloys containing silicon” [28, 29]. While, Iraqi 
porcelanite is a term utilized for identification siliceous rocks by Iraqi geologist, and which is 
similar to diatomite. This rock is existent in diverse sites from Iraq. Iraqi porcelanite rock composed 
of Opal-CT (cristobalite-tridymite crystals deposits) derivative of biogenic amorphous opal silica 
(mainly of diatoms). Diatomite stratification present at several diverse countries and differs with 
its purity, quality, and utilization between the countries [30-32]. From the important physical 
properties of Iraqi porcelanite rocks are: porosity, fineness of pores, sorption capacity, light weight 
and low heat conductivity [32]. Table 1 displays the chemical composition for Iraqi kaolin clay [2], 
the Iraqi porcelanite rocks [31], and silica fume [21]. This work aims to study the influence of 
utilization of Iraqi porcelanite and silica fume as a silica source with replacement of quartz in the 
manufacture of porcelain products on the physical, mechanical and microstructural properties for 
these products.  

Table 1.  The chemical composition (% wt.) for some raw materials [2, 21, 31] 

Constituents SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 Cl TiO2 SO4 LOI 

Iraqi 
porcelanite 

rocks 
70.36 2.6 1.0 5.4 6.1 0.73 0.14 1.42 1.08 - 0.37 10.8 

Iraqi kaolin 
clay 

47.4 38.5 0.5 0.3 0.3 0.3 0.6 - - 0.1 - 12.0 

Silica fume 96.05 1.53 0.39 0.60 - 0.34 - - - - - 0.90 

LOI: loss on ignition. 

2. Materials and Methods  

In this study, Iraqi porcelanite and silica fume were used as a total replacement for quartz in 
porcelain manufacture. The specimens were prepared by a blend of raw materials with 
composition (50: 30: 20) % as kaolin, silica source and feldspar respectively. The mixing 
percentage for raw materials in the specimens is shown in Table 2.  

Table 2. Composition of raw material (% wt.) for the specimens. 

 

Raw material 
Sample's symbol 

A B C 

Kaolin clay [Al2Si2O5 (OH)4] 50 50 50 

Sodium feldspar [Na2O. Al2O3. 6H2O] 20 20 20 

Quartz [SiO2] 30 0 0 

Silica fume [SiO2] 0 30 0 

Iraqi porcelanite [SiO2. CaO. MgO. Al2O3. (OH)4] 0 0 30 
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The powders of materials were mixed in an electrical mixer for 4 hrs in order to homogenize the 
mixture. The particle size averages of powders of kaolin clay and Iraqi porcelanite were tested by 
Bettersize 2000 laser particle size analyzer and that were 32.6 μm and 10.2 μm respectively. Table 
3 shows the physical properties of Iraqi kaolin clay [2] and silica fume [6]. While, the bulk density 
and porosity are considered the main physical properties of Iraqi porcelanite rocks, which are (1.1) 
g/cm³ and (38.5) % respectively [31]. 

Table 3. Physical properties of Iraqi kaolin clay and silica fume [2, 6] 

Iraqi kaolin clay Silica fume 

Property Value Property Value 

Color Gray Color Grey 
Density (g/cm³) 1.8-2.6 Specific gravity 2.2 
Melting point (k) 2043 Diameter (μm) <1μm 
Water solubility Insoluble Surface area (m2/g) 15-30 

 

Hydraulic pressing machine, 13 mm diameter of a steel die and 80 MPa pressure of pressing were 
used to form the porcelain samples. Polyvinyl alcohol PVA was employed as a plasticizer to bond 
particles of the materials powders with technique of a semi-dry pressing. Then, a drying furnace 
with (383 K) temperature was used for drying of the specimens from the moisture. After that, an 
electrical furnace with (1473 K) temperature, 278 K/min heating rate and 2 hrs soaking period was 
utilized for sintering of the specimens. Fig. 1 displays the specimens formed in this work. 

 

(a) (b) (c) 

Fig. 1. The specimens formed in this work: A (specimens with silica fume), B (specimens with 
Iraqi porcelanite), C (specimens with quartz) 

After that, the samples properties were tested and these tests were included the physical properties 
(density, porosity and linear shrinkage), mechanical properties (fracture strength and hardness), 
XRD analysis and SEM of microstructure. They were made as the following:  

Archimedes procedure was applied to calculate the porosity and density for porcelain specimens, 
which were tested depending on ASTM C373-88 standard, and Eqs. (1) and (2) were employed to 
calculate the density (D, g/cm3) and porosity (Po, %) for porcelain specimens respectively [33]. 

      𝐷 =
𝑀𝐷 ∗  𝐷𝑤𝑎𝑡𝑒𝑟

𝑀𝑆 −  𝑀𝑃
 (1) 

      𝑃𝑜 % =
𝑀𝑆 −  𝑀𝐷

𝑀𝑆 −  𝑀𝑃
 .100 (2) 

where, Dwater symbolizes the density of water (g/cm3); MD symbolizes a dry mass for the specimen 
(g); MP symbolizes the suspended mass for sample (g); MS symbolizes the water-saturated mass for 
sample (g). A linear shrinkage on firing (LS, %) for the sintered specimens was calculated 
depending on ASTM C1407 standard with usage Eq. (3) below. 
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     𝐿𝑆 =
𝐷𝑏−𝐷𝑓

𝐷𝑏
. 100 (3) 

where, Db and Df symbolize the diameters of sample before and after  firing process respectively. 
Then, the mechanical testing machine was used to test the fracture strength of specimens (бf, MPa) 
depending on ASTM standard C773-88 by use Eq. (4) below [34]. 

     𝜎𝑓 =
𝑅

𝐶𝐴
 (4) 

where, R symbolize an applied force until fracture (N), and CA symbolize the specimens’ cross-
section area (mm2).  The microhardness for specimens (HV, MPa) was tested by Vickers hardness 
test. 90 N indentation load applied for 10 s on the surface of the specimen and Eq. (5) were 
employed to measure Vickers hardness values depending on ASTM standard C1327- 90 [6, 35].  

       𝐻𝑉 = 1.854.  
𝐿

𝑛2 (5) 

where, L symbolize indentation load (N), while n symbolize indentation diagonal on the sample 
surface (mm). After that, the powders of specimens were analyzed by XRD diffraction analysis for 
identification the crystalline phases developed in the specimens. The specimens were ground to 
take the fine powders that were utilized for XRD diffraction analysis. XRD pattern was gotten by 
employ SHIMADZU XRD – 6000 devices. This test was achieved by use the continuous scan mode 
with θ-2θ range as 20 ˚-70 ˚, 7 ˚/min scan speed and 2θ =0.02 ˚ the step size. Also, the 
microstructures and chemical composition of specimens were analyzed with scanning electron 
microscopy SEM and energy dispersive spectroscopy EDS to observe the surface morphology, 
structure and chemical composition for the specimens.  

3. Results and Discussion 

Different sources of silica were used as a substitution for quartz in porcelain specimens. These 
sources are Iraqi porcelanite and silica fume, and the content of silica in them was 70.36 % and 
96.05 % respectively as shown in Table 1. These sources contain other chemical constituents. The 
chemical composition of these sources effected on the properties of porcelain specimens as 
explained below.         

In Figs. 2, 3 and 4, the effect of silica source on the linear shrinkage on firing, apparent porosity and 
bulk density for the sintered samples is respectively shown. Where, the firing shrinkage and bulk 
density for specimen with Iraqi porcelanite C were the highest, and those for specimen with quartz 
A were the lowest among the porcelain specimens. The object in contrast with the porosity. Where, 
the apparent porosity for specimen with quartz A was the highest, and that for specimen with Iraqi 
porcelanite C was the lowest among the porcelain specimens. That because of the higher 
vitrification which happens in the specimens produced with Iraqi porcelanite and silica fume, due 
to form the glassy phase with more quality in these specimens, as a result to present the alkalis in 
the chemical composition of Iraqi porcelanite and silica fume which is shown in Table 1. In addition, 
it can be shown from Table 1 that the quality and quantity of alkalis in the chemical composition of 
Iraqi porcelanite are more than that of silica fume. Also, other authors emphasized that the 
sintering occurs in an existence of the liquid phase in many states. Particularly as various phases 
are existent, this sintering is named a liquid-phase sintering [4, 36, 37]. The liquid phase makes on 
the approach of particles under an effect of the forces of surface energy generated from tiny pores 
in specimens. Therefore, open porosity reduces with increasing the glassy phase formation in the 
specimen. Also, the firing shrinkage and bulk density for specimens increase with increasing of the 
sintering ability. That means an improving of the densification behavior for the porcelain 
specimens with replacement of quartz by Iraqi porcelanite or silica fume. This improved 
densification behavior for the porcelain specimens with presence of different silica sources was 
associated by the material reactivity, which means the higher surface area in comparison with the 
quartz powder. Similar results were observed by other works when quartz was replaced with 
different silica sources [14, 38, 39]. Also, the flabby nature of silica fume particles increased the 
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firing shrinkage of specimen B [21]. It can be benefited from the results of this work in industrial 
environments, particularly that produced large amounts of porcelain products. Where, use of silica 
source contained considerable number of fluxes can be reduced or eliminated the use of fluxes in 
porcelain manufacture and gave product with good properties. So, the economic interest in 
comparison with use of quartz from side of the material consumption, and the energy saving 
because of a presence of the flux’s materials in a composition of these silica sources (Iraqi 
porcelanite and silica fume).    

While Figs. 5 and 6 display the influence of silica source on the fracture strength and hardness for 
the porcelain specimens in that order. It can be shown that the fracture strength for specimen with 
silica fume B was the highest, and that for specimen with quartz A was the lowest among the 
porcelain specimens. While, the hardness for specimen with Iraqi porcelanite C was the highest, 
and that for specimen with quartz A was the lowest among the porcelain specimens. These results 
obtained because of the pores reduction and the bond process between the grains of specimens, 
due to form the glassy phase in the porcelain specimens, which means a higher vitrification for 
specimens. So, more rigid network formed in the specimens, that led to an enhancement in the 
mechanical properties. In addition, the results of XRD patterns and SEM images identify a presence 
of higher mullite phase in specimen B and C due to the existence of excess content from alumina in 
the composition of Iraqi porcelanite and silica fume, as shown in Table 1, that may be contributed 
in improving of the strength. Similar results were observed by other works [21, 38]. Improving of 
mechanical properties for products is an important point in the development of industry. 
Therefore, use of these silica sources (Iraqi porcelanite and silica fume) can be contributed in the 
development of porcelain industry. 

 

Fig. 2. Silica source effect on the firing shrinkage of porcelain specimens 

 

Fig. 3. Silica source effect on the apparent porosity of porcelain specimens 
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Fig. 4. Silica source effect on the bulk density of porcelain specimens 

 

Fig. 5. Silica source effect on the fracture strength of porcelain specimens 

 

Fig. 6. Silica source effect on the hardness of porcelain specimens 

The XRD patterns for the samples A, B and C, that are shown in Fig. 7, display the existence of two 
main crystalline phases that are, mullite (ICDD 074-4143) and quartz (ICDD 046-1045) in all the 
samples. It can be observed that the peaks of mullite phase increased and the peak intensity of 
quartz reduced considerably. XRD patterns showed that use of Iraqi porcelanite and silica fume 
significantly reduced an amount of the free quartz for the samples B and C, and increased the 
mullite phase due to the existence of excess content from alumina in their composition as shown in 
Table 1. Similar results were observed by other works [4, 15, 38].  
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While SEM images and EDS spectra for the specimens A, B and C are shown in Fig. 8 (a, c and e) 
SEM images and (b, d and f) EDS spectra for the specimens respectively. SEM images display the 
existence of a large quantity of remained undissolved free quartz in the microstructure for 
specimen A, and the reduction in content and size of the quartz crystals and the pores and also the 
increase in content of the needle-shaped, interlocked mullite crystals embedded with the glassy 
phase in the microstructure for B and C specimens due to replace the quartz with Iraqi porcelanite 
and silica fume. This replacement can be possible to remove a large amount from the inherent 
defects in the porcelain microstructure and to improve the mechanical properties for it. Similar 
results were observed by other works [21, 38, 40]. From EDS analysis results for the specimens, it 
can be shown that the Figs. 8 (b), (d) and (f) for the specimens A, B and C respectively are mainly 
composed of Si, Al and O elements with fewer amounts of Na, Mg, K, Ca and Fe elements in different 
percentages for all specimens. Where, Si element percentage in Fig. 8 (b) EDS spectra for the 
specimen A formed with quartz was higher in comparison with that in Fig. 8 (d) EDS spectra for the 
specimen B formed with silica fume and Fig. 8 (f) EDS spectra for the specimen C formed with Iraqi 
porcelanite. While, Al element percentage increases with respect to Si element percentage in Figs. 
8 (d) and (f) due to the existence of excess content from alumina in composition of these specimens 
as shown in Table 1. In addition to existence of P and Cl elements in Fig. 8 (f) EDS spectra for the 
specimen C formed with Iraqi porcelanite due to presence of P2O5 and Cl in Iraqi porcelanite 
composition. These results corresponding with results of XRD analysis for the same specimens.     

 

Fig. 7. XRD patterns of the sample A (with quartz), sample B (with silica fume) and sample C 
(with Iraqi porcelanite) 

 In comparison this work with researches utilizing alternative silica sources (such as references 4 
and 21), these researches employ two alternative silica sources together in the same sample by 
partial and total substitution of quartz. While, this work employs the total substitution of quartz by 
one alternative silica source for each sample. Also, it employs Iraqi porcelanite (as alternative silica 
source) which has a rich chemical composition with the alkalis and an excess content from alumina 
in his composition. The alkalis are considered fluxes in the ceramic manufacture while alumina can 
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be contributed in formation a large amount of mullite phase.  Thus, it can be obtained the best 
mechanical properties and densification behavior by use such this source.  

 
  (a)                                                                                           (b) 

 

(c)                                                                                                (d) 

 

(e)                                                                                              (f) 

Fig. 8. (a) SEM image and (b) EDS spectra for the sample A (with quartz), (c) SEM image and (d) 

EDS spectra for the sample B (with silica fume), and (e) SEM image and (f) EDS spectra for the 
sample C (with Iraqi porcelanite) 

4. Conclusions 

In this work, Iraqi porcelanite and silica fume were used as a silica source with replacement of 
quartz in the manufacture of porcelain products to investigate their influence on properties of these 
products. The fracture strength, hardness, apparent porosity, bulk density, linear shrinkage, and 
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XRD, SEM and EDS analyses of the specimens were examined. From the results for these tests, it 
can be concluded that: 

• The densification behaviour improves for the porcelain specimens with replacement of 
quartz by Iraqi porcelanite or silica fume due to form of more amount of the glassy phase in 
specimen B and C due to existence of considerable amount of the alkalis in their chemical 
composition.  

• The mechanical strength for these specimens improves because of a formation of more 
quantity from well-interlocked mullite crystals, and a reduction of the content and size for 
both the quartz crystals and the pores in the microstructure of the specimen B and C.  

• XRD patterns for the porcelain specimens show that use of Iraqi porcelanite and silica fume 
significantly reduce an amount of the free quartz for the samples B and C, and increase the 
mullite phase due to the existence of excess content from alumina in their composition.  

• SEM and EDS analyses display that usage of Iraqi porcelanite and silica fume considerably 
reduce an amount of the free quartz for the samples B and C, and increase the mullite phase 
due to the presence of excess content from alumina in their composition. 

• The replacement of quartz by Iraqi porcelanite or silica fume in the manufacture of porcelain 
products improves the physical, mechanical and microstructural properties for these 
products.  

• The replacement of quartz by Iraqi porcelanite or silica fume in the manufacture of porcelain 
products gives the economic interest in comparison with use of quartz from side of the 
material consumption, and the energy saving because of a presence of the fluxes materials in 
a composition of these sources.  
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Article Info  Abstract 

Article History:  This article outlines the findings from experimental research to improve the 
mechanical characteristics, notably the swelling potential of a clay sourced from 
the Boumagueur area in eastern Algeria. In a first part, oedometer tests conducted 
according to ASTM 4546-03, revealed that increasing binder content significantly 
reduced swelling properties. From the natural state (without hydraulic binder) to 
9% binder content, swelling pressure decreased by 72% for samples treated with 
lime, 58% for cement, and 62% for the lime-cement mixture. Similarly, swelling 
potential was notably reduced, with lime treated samples showing an 87% 
decrease, compared to 57% for cement and 73% for the lime-cement mixture. In 
the second part of this work, X-ray diffraction analysis confirmed that the 
reduction in swelling was due to the formation of a cementitious phase, such as 
hydrated calcium silicate (CSH). Overall, the addition of hydraulic binders 
effectively improved the swelling behavior of the soil. 
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1. Introduction 

The swelling phenomenon of clay soils is one of the significant problems in geotechnics, referring 
to the volume increase that occurs when these soils absorb water. This behavior primarily due to 
the mineralogical composition and structural characteristics of clay particles, which allow strong 
interactions with water molecules triggering hydration phenomena, resulting in an increase in 
volume. Clay minerals, such as montmorillonite or smectite, which have a layered structure 
consisting of alumina (Al₂O₃) and silica (SiO₂), are characterized by weak bonding, allowing water 
to easily penetrate the interlayer spaces. Consequently, this further weakens the bonds between 
the layers, causing their separation and leading to significant volumetric swelling 1. 

The swelling of certain clay soils, particularly in arid or semi-arid area, causes damage and disorder 
mainly affecting structures built on the surface and underground 2, 3. Losses in different types of 
construction attributed to this phenomenon are very costly. Barbosa et al. 4 reported that the 
volumetric variation of expansive soils in the state of Acre (Brazil) caused significant financial 
losses. Similarly, Jones and Jefferson 5 have referred to swelling clays as being the most damaging 
geohazard in Britain, costing the insurance industry significant financial losses per year. Other 
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similar studies of the swelling soils have been made in China 6, Africa 7 and Australia 8. To 
clarify the mechanisms at the origin of this phenomenon and to reduce its effect by proposing 
effective mitigation measures, this phenomenon was widely studied using various techniques by 
numerous researchers 9, 10. Meanwhile, many studies have focused on soil stabilization using 
additives, owing to their ability to improve the geotechnical properties of clay soils [11, 12]. Several 
and different materials were used as additives to stabilize clay soils and reduce their swelling, such 
as the incorporation of sand 13, 14, fly ash 15, 16, milk of lime 17, 18, cement 19, 20, lime 
21, 22. 

The inclusion of lime and/or cement to treat clay soils therefore incentivizes engineers to opt for 
these stabilizers owing to its beneficial impacts on improving various geotechnical properties of 
these soils. Many studies have illustrated that treatment with these hydraulic binders, can 
ameliorate the properties of soils exhibiting subpar physical and mechanical characteristics, such 
as high plasticity, high swelling, low permeability, and weak mechanical strength, along with 
susceptibility to water-induced effects. The addition of lime and/or cement into clay soil was 
observed to diminish its plasticity and compressibility, while augmenting its permeability and 
mechanical strength, due to hydraulic binder ability to induce soil particle flocculation 23, 24, 29, 
26, 27 

Por et al. 28 conducted tests on Na-montmorillonite bentonite. The experimental program 
involved unconfined compression, vertical free swelling strain, and confined swelling pressure 
tests. The experimental results show that the cement addition led to marked decreases in the 
vertical free swelling strain and to the obvious improvement of strength and stiffness of soils. In 
addition, it was noted that the cement had a greater effect in reducing vertical swelling pressure 
than the lateral swelling pressure of the soils during one-dimensional swelling. Al-Gharbawi et al. 
29, found that the expansive soil treated with cement, has a reduction in free swelling and 
swelling pressure of about 65 and 76% respectively, compared to untreated soil. In addition to 
these results, it was also observed in many studies that adding cement reduces the plasticity index 
and compressibility, while augmenting the mechanical strength of swelling soils 30, 31, 32. 
Kemissa et al. 33 present a series of laboratory test results of physical and mechanical 
characterization obtained on an over consolidated expansive clay treated with lime. They noted an 
important reduction of its plasticity, which becomes less sensitive to water, resulting in an 
appreciable mitigation of its potential of swelling. They concluded also that the best performances 
were obtained for a treatment dosage of 8% lime, which led to a significant improvement of bearing 
capacity and drained and undrained shear strength of studied soil. Similar results have also 
demonstrated the effectiveness of adding lime to improve the physical and mechanical properties 
of swelling soils 34, 35, 36, 37, 38. 

For its use in the road works as roadway foundation, Khemissa and Mahamedi 39 investigated a 
highly plastic swelling clay. The test results demonstrated a significant improvement in the 
mechanical properties of this swelling clay when treated with varying proportions of a cement-lime 
mixture and compacted under optimal Proctor conditions. They observed a reduction in the 
plasticity index and noted that the clay became non-expansive and more compactable. This was 
accompanied by an increase in CBR values, allowing this fact of increasing the bearing pressure of 
clay. Additionally, the shear strength of the clay improved, further increasing its bearing capacity. 
Notably, the best performance was achieved with a combined treatment of 8% cement and 4% lime. 
Wang and Korkiala 40 conducted incremental loading oedometer tests on soft clay and found that 
increasing the cement-lime dosage and curing time led to a reduction in the initial void ratio and 
an increase in the clay dry mass. Their results also revealed a significant increase in the 
compression index at low cement-lime dosages until a peak value around 3% cement-lime, 
followed by a significant decrease with higher cement-lime dosage. The most evident effect of 
chemical treatment was the increase in the elastic limit. The addition of hydraulic binders (lime 
and/or cement) to soil in the presence of water, initially trigger the flocculation of soil particles, 
and subsequently, induce a pozzolanic reaction. Calcium cations released from hydraulic binders 
react with silica (SiO2) and/or alumina (Al2O3) to form cementing agents such as calcium silicate 
hydrate (CSH), calcium aluminate hydrate (CAH), and calcium aluminosilicate hydrates (CASH) 41, 
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42, 43, 44, 45. These compounds interact with clay minerals, altering the soil structure and 
improve its physical and mechanical properties 46, 47, 48, 49.  

This study investigates the effectiveness of lime and cement in stabilizing swelling clay soils, 
particularly in the Boumagueur – Batna region of eastern Algeria, which is significantly affected by 
this geotechnical issue. This phenomenon causes differential soil movements, leading to significant 
damage such as deformations of the roadways; cracks mainly affecting the different elements of the 
structures (foundations, engineering structures, masonry, etc.) built at shallow depth and without 
particular precautions. The research evaluates how used hydraulic binders alter the soil 
mineralogical composition, reduce compressibility, and mitigate swelling effects. By addressing 
these regional challenges, the study contributes to the literature on soil stabilization, providing 
practical solutions for similar geotechnical issues in areas prone to swelling soils. 

2. Studied Soil and Used Materials  

2.1. Studied Soil 

The soil under study originates from the urban vicinity of Boumagueur, situated approximately 85 
kilometers southwest of the Batna province -Algeria- (see Fig. 1). Several disorders caused by the 
swelling phenomenon were observed in studied area (see Fig. 2). Generally, these disorders affect 
light constructions with a single ground floor, which is the most widespread type of construction 
in this region, and manifest themselves in the form of: detachment of the parts attached to the main 
parts, detachment and deformation of the exterior slabs as well as various structural cracks with 
variable openings. 

 

Fig. 1. Geographic location of the Boumagueur region 

Geological scrutiny, relying on cartographic data in Fig.3 (1/50 000 geological maps, 50) and on-
site examinations, reveals that the Boumagueur area predominantly features geological formations 
from the Tertiary and Quaternary periods. These formations consist of: 

• Quaternary sedimentary deposits comprising limestone, sand, silt, sandy clay, 
conglomerates, and gravel. 

Tertiary formations include marls, clays, clay marls, and conglomerate limestones. Some marls may 
exhibit sandy characteristics and contain notable gypsum content. 

To provide soil samples for this study, core drilling was conducted in the study area. Tests were 
carried out on samples taken at a starting depth of 2.5 m. The outcomes of the physical and chemical 
characterization tests performed on the swelling soil in question are outlined in Table 1 and 2, 
respectively. 
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Based on the USCS/LPC classification system, the studied soil is categorized as CH, which refers to 
a highly plastic clay with low organic matter. 

  

 

 

Fig. 2. Some pathological cases observed in the study region 

 

Fig. 3. Extract from the geological map of N'Gaous (1/50000; Source: National Institute of 
Cartography - Algiers) 

Table 1. Physical characteristics of the studied material 

Particle size Atterberg limit 
Shrinkage 

limite 
Density of solid 

grains 
Clay LL PL PI SL gs 

(%  2 m) (%  80 m) (%) (%) (%) (%) (kN/m3) 
60 98 59 28 31 10 26.5 
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Table 2. Chemical properties of the studied material 

Value of methylene 
blue 

Specific surface 
area 

CaCO3 Content Organic matter 
Clay 

activity 

7.2 
(m2/g) (%) (%) 

0.51 
150.7 46 8.5 

 

The mineralogical composition of the soil under examination was identified through X-ray 
diffraction analysis (see Fig. 4). The soil consists of 63% clay minerals, comprising 5% illite, 15% 
kaolinite and 43% smectite. The latter presents a significant variation in volume (swelling) during 
interaction with water 1. A detailed percentage distribution of each mineral component is 
provided in Table 3. 

Table 3. Mineralogical composition of the studied soil 

Quartz Calcite Gypsum Dolomite Feldspar Smectite Illite Kaolinite 

19% 16% 0.1% 0.5% 1.4% 43% 5% 15% 
 

 

Fig. 4. X-ray diffraction of studied soil: (A) total clay of sample; (B) clay fraction 
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2.2. Hydraulic Binders Used 

2.2.1 Lime 

The lime used in this study is a commercial quicklime sourced from a local Algerian production 
facility. Its composition is predominantly calcium oxide (CaO) at a minimum of 85%, with traces of 
other impurities, as confirmed by X-ray diffraction analysis (see Fig. 5). 

 

 
 

Fig. 5. X-ray diffraction of the used lime 

2.2.2 Cement 

The employed cement is a Portland cement (CPJ - CEMII / A 42.5 with a minimum of 65% clinker), 
made at the Ain-Touta cement plant in Batna, and readily available on the market. Its compressive 
strength at day 28 is between 42.5 and 62.5 N/mm². X-ray diffraction tests on the used cement are 
presented in Fig. 6. 

 

 
 

 

Fig. 6. X-ray diffraction of the used cement 
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The cement chemical characteristics given by the supplier are summarized in Table 4. 

Table 4. Chemical composition of the used cement 

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 CaOFree LOI* 

23.50% 5% 4.20% 56.50% 1.80% 0.96% 0.80% 2.60% 0.94% 3.70% 

(*) LOI : loss on ignition. 

2.2.3 Cement-Lime Mixture 

Lime can offer an advantage by reducing the plasticity index (PI) of highly plastic soils (swelling 
soils), while cement has the advantage of improving mechanical strength in addition to reducing 
the PI 51. In this study, a mixture of the same cement and lime was used for treatment of studied 
soil to investigate and compare its effect on clay soils swelling with the effect of each hydraulic 
binder alone (lime and cement). The percentages used to prepare the cement-lime mixture are 
summarized in Table 5. 

Table 5. Used percentages to prepare the cement-lime mixture 

Binder Lime Cement Lime Cement Lime Cement Lime Cement 
Binder addition 1 % 2 % 3 % 2 % 5 % 2 % 7 % 2 % 

Mixture 3 % 5 % 7 % 9 % 
 

2.3. The Soil-Hydraulic Binder Mixture 

In an oven and at a temperature of at 50°C, the soil studied was first dried, then ground into fine 
powder after being sieved through a 2 mm mesh. The studied soil and the hydraulic binder used 
for treatment were mixed using a mechanical mixer at 5 to 10 min until homogenized (NF P94-100 
Standard). Following this, distilled water was added to the mixture, with the water content adjusted 
to match the natural moisture level of the soil (Initial water content wi = 20%). The mixture 
obtained from the soil, hydraulic binder and water, was statically compacted in a CBR press by a 
compaction pressure of 50 kN and at a slow speed of 2 mm/min into rigid steel molds (70 mm in 
diameter and 20 mm in height). Immediately after preparation, the samples were carefully packed 
in film paper and sealed with paraffin to minimize moisture loss, then stored at a controlled 
temperature of 20°C for 28 days. 

For each used hydraulic binder (Lime, Cement, Lime + Cement), four hydraulic binder contents 
(3%, 5%, 7% and 9%) were used in this study. The hydraulic binder contents used in the treatment 
of the studied soil is calculated using the following expression: 

𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑏𝑖𝑛𝑑𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠 (%)

=  
𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑏𝑖𝑛𝑑𝑒𝑟 𝑚𝑎𝑠𝑠

𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑏𝑖𝑛𝑑𝑒𝑟 𝑚𝑎𝑠𝑠𝑒 + 𝐷𝑟𝑦 𝑠𝑜𝑖𝑙 𝑚𝑎𝑠𝑠𝑒
 

(1) 

3. Experimental Methods  

3.1. Oedometric Tests 

Oedometric tests, following the free swelling method (standard ASTM 4546-03, Method A), were 
performed on untreated and as well as on treated soil with hydraulic binders to determine the 
effect of the latter on the studied soil swelling. In these tests, a soil sample measuring 7 cm in 
diameter and 2 cm in height was placed in a classical oedometer cell with a moving ring. The sample 
was subjected to a piston load of 1.5 kPa, and finally saturated by immersion.  

Vertical strain was recorded using an LVDT type strain sensor, and the swelling potential (ΔH/H) 
was calculated as the ratio of the maximum deformation after sample saturation to the initial 
height. Subsequently, the sample was progressively loaded, and the vertical pressure required to 
restore the sample to its original height was determined as the swelling pressure. The loading mode 
used in these tests is successive step mechanical loading. The transition from one loading to 
another takes place when the strains stabilize. 
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3.2. Mineralogical Analysis 

To assess the reactivity of minerals (both clay and non-clay) with the hydraulic binders, the 
mineralogical composition of the studied material (disoriented powder) and its clay fraction (clay 
slides <2μm) were analyzed using X-ray diffraction. The diffractometer used is a Bruker D8 
Advance diffractometer, operates at a voltage of 40 kV and an intensity of 25 mA, using Cu-Kα1 
radiation (λ = 1.5406 Å). The diffraction speed used is 0.6 s/step, rotation speed 2° 2θ/min, 
covering an angular range "2θ" from 2° to 45°. 

3.2.1 Powder Diffractogram 

The powder diffractogram method, is used to identify all the minerals present in the sample, 
including quartz, feldspars, calcite, gypsum, and phyllosilicates. To prepare and analyze the total 
disoriented powder, the sample was first dried in an oven at 40 °C, then manually ground and 
sieved at 250 μm. The powdered material was placed on a PVC sample holder, lightly compacted, 
and the supports were closed to avoid any influence on preferential orientation of the mineral 
particles. The samples were subsequently subjected to X-ray radiation scanning over an angular 
range of 2° to 45° 2Ө for the determination of the total mineralogical composition. 

3.2.2 Clay Fraction Slide Diffractogram 

The clay slides (oriented samples) are prepared by directly depositing a diluted suspension of 
particles less than 2 µm on a ground glass slide, followed by air drying. The clay suspension used 
for X-ray diffraction was previously decalcified, and the clay fraction (< 2 μm) was extracted after 
a decantation process through a sedimentation process based on Stokes law. The first centimeter 
of the suspension was applied to a glass slide, and dried overnight at room temperature 52. The 
type of clay minerals is determined by analyzing three slides subjected to different preparation 
protocols: air drying (natural state), solvation with ethylene glycol (EG) for 24 hours (to highlight 
swelling clays), and heating at 500 °C for 4 hours (to induce the destruction of kaolinite). 

3.2.3 Qualitative Identification 

Qualitative identification was performed by referring to the intermediate spacing values 53 and 
the intensity of the main reflections observed in the three X-ray diffractograms of each mineral. 
Semi-quantitative estimates were based on the measurement of the intensities of the characteristic 
peaks from the X-ray patterns. The semi-quantitative analysis was estimated using correction 
factors proposed by Cook et al. 54 and Boski et al. 55 for total disoriented powder and those of 
Fagel et al. 56 for clay minerals. 

4. Results and Discussions  

4.1. Free Swelling Oedometric Tests 

Atterberg limit tests conducted on the studied soil reveal its high plasticity (PI = 31%). Additionally, 
X-ray diffractograms indicate a significant presence of smectite (43%) in the soil composition. In 
general, the more clay in a soil, the higher the plasticity, the greater the potential swell, the higher 
the compressibility 57.  

Table 6. Values of the swelling pressure and swelling potential of the different oedometric tests 

Hydraulic 
binder content 

(%) 

Hydraulic binder used 
Lime Cement Lime-Cement mixture 

Ps (kPa) 
H/H 
(%) 

Ps (kPa) 
H/H 
(%) 

Ps (kPa) 
H/H 
(%) 

0 190 16.60 190 16.60 190 16.60 
3 120 4.50 125 12.24 127 8.40 
5 94 3 100 10.73 110 6.40 
7 71 2.60 95 9.20 90 5 
9 54 2.20 80 7.15 72 4.50 
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This is due to the fact that certain families of clay minerals, particularly smectite, exhibit 
particularly weak bonds between their constituent layers, to the extent that the amount of water 
likely to be adsorbed within the clay particles themselves can be substantial, leading to significant 
volume changes 1.To monitor the changes in the swelling parameters of the studied soil according 
to the hydraulic binders used for the treatment, oedometric tests were conducted on both 
untreated and treated samples (different hydraulic binders’ contents), at room temperature. The 
results of these tests, including the swelling pressure and swelling potential, are summarized in 
Table 6.  Fig. 7, 8 and 9 show the variation of the void ratio as a function of the total vertical stresses 
of all conducted oedometric tests. 

 
Fig. 7. Oedometric tests curves of treated soil with different lime contents 

 
Fig. 8. Oedometric tests curves of treated soil with different cement contents 

 
Fig. 9. Oedometric tests curves of treated soil with different mixture (lime-cement) contents 
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The variations in swelling pressure as a function of hydraulic binder content were plotted in Fig. 
10. We note that the untreated sample exhibits a swelling pressure of around 190 kPa. We note also 
a decrease in the swelling pressure with hydraulic binder content increasing. Concerning the lime 
treatment, the results show that the effect of lime is greater than that of other binders (cement and 
the Lime-Cement mixture). The samples treated with lime showed a reduction in swelling pressure 
of around 72%, for a binder content of 9%. Fig. 11 represents the variations in the swelling 
potential as a function of the hydraulic binder content. It is also noted that the swelling potential is 
significantly influenced by variation in hydraulic binder content, so that an increase in the latter is 
accompanied by a decrease in the swelling potential. From the natural state (without hydraulic 
binder) to a binder content of 9%, the samples treated with lime showed a reduction in swelling 
potential of around 86%. For samples treated with cement and with Lime-Cement Mixture, the 
decrease in swelling potential is 57% and 73%, respectively. 

 

Fig. 10. Variations of swelling pressure as a function of used hydraulic binder content 

 
Fig. 11. Variations of swelling potential as a function of used hydraulic binder content 

From the obtained results, we note that the swelling soils compressibility decreases with the 
hydraulic binder content increasing (lime and/or cement). The use of hydraulic binders such as 
lime or cement has proven effective in the treatment of clays. Abdalla et al. 58 demonstrated that 
the addition of a hydraulic binder such as lime induces flocculation of clay particles, reducing and 
limiting swelling. In addition, pozzolanic reactions generated by hydraulic binders produce 
cementitious compounds such as calcium silicate hydrates (CSH), which stiffen the soil structure 
and improve its mechanical properties 59. These transformations also help reduce the swelling 
of clay soils to minimize disorders associated with volumetric variations. 
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4.2. Impact of Hydraulic Binders on the Mineralogical Characteristics of the 
Studied Material 

The studied samples, untreated and treated at different values of hydraulic binder content, are 
characterized mineralogically in order to evaluate the reactivity of minerals (clay and non-clay) 
with hydraulic binders and the formation of cement phases. The evolution of chemo-mineralogical 
properties during treatment was studied using X-ray diffraction, to highlight crystallized phases 
such as portlandite and CAH, CASH and CSH type phases. 

4.2.1 Treatment Effect on The Entire Studied Material 

Fig. 12, 13 and 14 show the different results of the X-ray diffraction analysis of the untreated and 
treated samples with the different used hydraulic binders. The results shows that the samples were 
subjected to a mineralogical change and the formation of new minerals after treatment with 
hydraulic binders. The comparison of the diffractograms of the untreated and treated samples with 
the different used hydraulic binders (lime, cement and lime-cement mixture) at different hydraulic 
binder contents (3% and 5%) reveals the emergence of new peaks, indicating the formation of 
pozzolanic products (CSH) in the treated samples.  We also note in the diffragtograms of the 
different treated samples, a reduction in the clay fraction intensity with the increase of hydraulic 
binder content. This reduction in the clay fraction is attributed to the formation of pozzolanic type 
reaction products (CSH) during curing time. These products result from the reaction between 
silicon released by clay minerals and hydraulic binders (lime, cement, and lime-cement mixture) 
[60, 61]. The formation of this cementitious compound (CSH) binds clay particles tightly, leading to 
improved mechanical properties and enhanced stability against swelling [62, 63]. 

Conversely, the other cementitious compounds (CAH) and (CASH) were not detected in the treated 
samples, this absence can be attributed to the fact that the progression of pozzolanic activity is 
strongly influenced by the mineralogy of the clays [64]. The lack of these compounds (CAH and 
CASH) may be linked to the mineralogical composition of the clay minerals, particularly the 
presence of smectite, which supplies silica for the formation of (CSH) compounds. Similar results 
were obtained by De Windt et al [65], who showed that the ongoing dissolution of smectite during 
pozzolanic reactions serves as a source of silica, facilitating the formation of (CSH) compounds. In 
Fig. 12 and for sample treated with a lime content of 5%, the presence of portlandite (Ca(OH)2), 
resulting from the hydration of lime, is observed with a very low intensity. When lime (CaO) 
introduced into the soil, an exothermic reaction occurs within the first few hours, involving the 
hydration of lime to form calcium hydroxide (Ca(OH)₂).  
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Fig. 12. X-ray diffractograms of total untreated and treated clay with lim 

The very low intensity of portlandite is explained by the fact that, at higher lime doses, the amount 
of interstitial water is insufficient to fully hydrate all the added lime. For samples treated with a 
lime content of 3%, the absence of portlandite is noted, which is attributed to the complete 
consumption of the added lime through reactions after 28 days of hardening [66]. Regarding the 
intensity and relative abundance of other non-clay minerals (Quartz, Calcite and Gypsum), no 
reduction was observed during treatment with the various hydraulic binders. This indicates that 
these minerals remained unaffected by the binders used. 
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Fig. 13. X-ray diffractograms of total untreated and treated clay with cement 
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Fig. 14. X-ray diffractograms of total untreated and treated clay with lime-cement mixture 
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4.2.2 Treatment effect on the clay fraction 

The changes in the intensity of clay minerals in the analyzed soil, depending on the content of the 
applied hydraulic binder, are illustrated in Figures 15, 16, and 17. The results reveal significant 
variations in the soil mineralogical composition, particularly regarding clay minerals. Initially, the 
soil exhibits a high clay content (63%), of which 43% consists of smectite, a highly swelling mineral.  

The addition of lime results in a reduction in the proportion of smectite, decreasing from 43% to 
13.3% with 3% lime, and then to 12.28% with 5% lime. Illite also shows a slight decrease of 4.5% 
at a lime content of 3%, and a more pronounced decrease to 2.85% at 5% lime. In contrast, kaolinite 
remains relatively stable, maintaining a constant proportion of 15% at a lime content of 3%, and a 
slight decrease of 13.53% at 5% of lime. Consequently, the total percentage of clay minerals 
decreases significantly, from 63% to approximately 29-33%, depending on the lime dosage (see 
Figure 15). Similarly, the addition of cement induces a gradual reduction in smectite (see Fig. 16), 
although less pronounced than that observed with lime: with 3% cement, the proportion of 
smectite decreases to 28.66%, and further to 16.38% with 5% cement.  
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Fig. 15. X-ray diffractograms of clay fraction of untreated and treated studied soil with lime 

This effect is primarily attributed to pozzolanic reactions between the cement and clay minerals, 
which transform the particle structure and stiffen the soil. With the addition of 3% cement, the 
proportion of illite slightly decreases to 4.16%, and further declines to 2.90% with 5% cement, 
while the kaolinite peak remains stable. However, the total percentage of clay minerals remains 
slightly higher than with lime alone, ranging around 34–48%.  

The effect of the lime - cement mixture (Fig. 17) reveals a particularly interesting synergy. At 3%, 
the mixture does not bring any notable improvement: the 43% of smectite and 5% of illite remain 
high at 40.95% and 4.57%, respectively, while the kaolinite remains stable at 15% for the both 
mixture content (3% and 5%), suggesting this dosage is insufficient to trigger effective chemical 
reactions. However, at 5%, the mixture proves to be highly efficient, reducing the same fraction of 
smectite and illite to 14.20% and 3.33%, respectively, and consequently, a reduction of the clay 
fraction of about 33%. 

The obtained results show that the used hydraulic binders (lime and/or cement) in this study, have 
a significant effect on the mineralogy of the studied soil. During the treatment, the significant 
reduction in the intensity of smectite and illite is due to the high reactivity of these two minerals 
with the used hydraulic binders (lime and/or cement). This high reactivity leads to the formation 
of pozzolanic reaction products (CSH) during the hardening process. These products are formed 
through the reaction between the hydraulic binders and the silica released from smectite and illite. 

Concerning the intensity of kaolinite, which did not exhibit a clear reduction during the treatment, 
this indicates that the reactivity of this mineral with the hydraulic binders used is limited. 
Therefore, it can be concluded that kaolinite was not significantly affected by this type of hydraulic 
binder during the treatment. 

In summary, lime is highly effective even at low dosages, especially on the most active clay minerals. 
Cement requires a higher dosage to achieve comparable effectiveness. The contents of 5% of lime-
cement mixture or of lime offers the best solution, allowing for a significant reduction in clay 
mineral content. It should be noted that the 15% of kaolinite fraction remains constant in nearly all 
cases, suggesting that this category is less reactive to the applied treatments. Variations in the 5% 
fraction are moderate but still confirm the treatment’s effectiveness, particularly with the high 
concentration of lime (5%), which represents the best performance observed. 
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Fig. 16. X-ray diffractograms of clay fraction of untreated and treated studied soil with cement 
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Fig. 17. X-ray diffractograms of clay fraction of untreated and treated studied soil with lime-
cement mixture 
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5. Conclusions 

The swelling behavior and mineralogical characteristics of clay soils were investigated during 
treatment with hydraulic binders, including lime, cement, and a lime-cement mixture. The study 
aimed to evaluate the impact of these additives on the soil sensitivity to water and its swelling 
potential. The results highlight how the addition of these binders influences the soil mineralogical 
composition and its interaction with water, ultimately affecting its swelling properties. 

The soil in the study area of Boumagueur is predominantly clayey, exhibiting high plasticity and a 
significant potential for swelling. This sensitivity to swelling has resulted in numerous damages 
and deteriorations in various building elements such as foundations, structures, and masonry. The 
grain size distribution analysis of the soil reveals a substantial percentage of fines, approximately 
60%, while oedometric tests confirm its high swelling potential. Additionally, the mineralogical 
composition of the soil, determined through X-ray diffraction, indicates a clay mineral content of 
63%, with smectite constituting 43% of this composition. 

The oedometric tests results of the treated soil illustrate the influence of different types and 
percentages of hydraulic binders on the swelling behavior of a clayey soil (swelling potential and 
swelling pressure). Without any binder hydraulic (0%), the soil exhibits a high swelling potential 
of 16.6% and a pressure of 190 kPa, indicating a swelling nature. The addition of lime, even at a low 
dosage (3%), significantly reduces the swelling: the potential drops to 4.5% and the pressure to 
120 kPa. This improvement continues with increasing dosage, reaching a minimum swelling 
potential of 2.2% and a pressure of 54 kPa at 9%.  

Cement, on the other hand, shows less efficiency compared to lime. At 3%, it reduces the swelling 
potential to 12.24% and the pressure to 125 kPa. At 9%, these values decrease to 7.15% for the 
potential and 80 kPa for the pressure. The lime-cement mixture yields approximately similar 
results to those of cement regarding the swelling pressure values. At 3%, the mixture reduces the 
swelling potential to 8.4% and the pressure to 127 kPa, at 9%, values reach 4.5% for swelling 
potential and 72 kPa for swelling pressure. 

The X-ray diffraction analysis reveals a mineralogical transformation in the samples and the 
emergence of new minerals following treatment with hydraulic binders. 

A comparison of the diffractograms between untreated and treated samples with various hydraulic 
binders (lime, cement, and lime-cement blend) reveals the emergence of new peaks, indicating the 
formation of pozzolanic products, such as calcium silicate hydrates (CSH), in the treated samples. 

Furthermore, the diffractograms of the treated samples exhibit a decrease in the intensity of the 
clay fraction as the content of hydraulic binder increases. This reduction in the clay fraction stems 
from the formation of pozzolanic reaction products (CSH) during the hardening process. These 
products result from the reaction between hydraulic binders and silicon released by clay minerals. 

For samples treated with a lime content of 5%, the presence of portlandite (Ca(OH)2) is observed 
with very low intensity. This phenomenon can be attributed to the high lime dosage, where the 
quantity of pore water is insufficient to fully hydrate the added lime. 

The addition of hydraulic binders to swelling soils serves to decrease their sensitivity to water and 
fosters the formation of strong bonds between particles, mitigating the swelling phenomenon. As a 
result, treatments involving hydraulic binders such as lime, cement, and lime-cement mixture 
prove to be effective in stabilizing of this type of clayey soils and improving their geotechnical 
properties. 

In conclusion, the study clearly demonstrates the effectiveness of lime in altering the clay mineral 
composition of the soil. It offers the best performance in reducing active clay minerals, with 
smectite content decreasing sharply from 43% to 13.3% with 3% lime, and further to 12.28% at 
5%. Overall, lime reduces the total clay fraction from 63% to as low as 29%. The persistence of 
kaolinite around 15% across all treatments confirms its limited reactivity. 
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Based on the results of this study, several practical recommendations can be proposed for the 
effective application of hydraulic binders in stabilizing clay soils, particularly in the Boumagueur 
region: 

• The performance of lime, especially at moderate dosages (3–5%), suggests its preferential 
use in road subgrades, foundation platforms, and earthworks where control of swelling is 
essential. Its effectiveness in reducing active clay minerals like smectite and minimizing 
swelling potential makes it a reliable stabilizer with economic efficiency. 

• Before large-scale application, it is essential to carry out tests to assess field performance; 
moisture sensitivity tests to simulate local hydrological conditions as well as shrinkage and 
cracking assessments, especially for surface layers. 

• Lime stabilization, due to its cost-effectiveness and local availability, may offer a better return 
on investment for large-area applications. 

References 

1 Mitchell JK, Soga K. Fundamentals of soil behavior. New York: John Wiley & Sons, 2005; 3: 558. 
2 Medjnoun A, Khiatine M, Bahar R. Caractérisation minéralogique et géotechnique des argiles marneuses 

gonflantes de la région de Médéa, Algérie. Bull Eng Geol Environ, 2014; 73(4):1259-1272. 
https://doi.org/10.1007/s10064-014-0582-z 

3 Bahar R, Kenai S. Désordres dus à l’infiltration des eaux : cas de la ville d’El-Affroun. Revue Française de 
Géotechnique, 2002; 101:91–103. https://doi.org/10.1051/geotech/2002101091 

4 Barbosa VHR, Marques MES,  Guimarães ACR.  Predicting Soil Swelling Potential Using Soil Classification 
Properties. Geotechnical and Geological Engineering, 2023; 41:4445–4457. 
https://doi.org/10.1007/s10706-023-02525-2 

5 Jones LD, Jefferson I. Expansive soils, Chapter 5. ICE Publishing, 2012 ; 413-441. 
6 Miao L, Wang F, Cui Y, Shi SB. Hydraulic characteristics, strength of cyclic wetting-drying and constitutive 

model of expansive soils. Proceedings of the 4th international conference on problematic soils, China, 
2012; 21-23. 

7 Gaspar TAV, Jacobsz SW, Heymann G, Toll DG, Gens A, Osman AS. The mechanical properties of a high 
plasticity expansive clay. Engineering Geology, 2022; 303:1-11. 
https://doi.org/10.1016/j.enggeo.2022.106647 

8 Li J, Cameron D, Ren G. Case study and back analysis of a residential building damaged by expansive soils. 
Computers and Geotechnics, 2014; 56:89-99. https://doi.org/10.1016/j.compgeo.2013.11.005 

9 Ighil Ameur L. Analysis of climate change impacts on the shrinkage-swelling phenomenon of clayey soils 
to adapt infrastructures. 8th International Conference on Unsaturated Soils (UNSAT 2023), 2023; 382:1-
6. https://doi.org/10.1051/e3sconf/202338201003 

10 Faye K, Samb F, Faye PS, Berthaud Y. Factors Predisposing and Triggering the Phenomenon of Shrinkage-
Swelling of Clay Soils in the Urban Center of Diamniadio. Geomaterials, 2023; 13(2):23-34. 
Doi:10.4236/gm.2023.132002 

11 Mavroulidou M, Zhang X, Gunn MJ, Cabarkapa Z. Water Retention and Compressibility of a Lime-Treated, 
High Plasticity Clay. Geotechnical and Geological Engineering, 2013; 31:1171–1185. 
https://doi.org/10.1007/s10706-013-9642-6 

12 Saadeldin R, Siddiqua S. Geotechnical characterization of a clay–cement mix. Bull Eng Geol Environ, 
2013; 72:601–608. https://doi.org/10.1007/s10064-013-0531-2 

13 Amri S, Akchiche M, Bennabi A, Hamzaoui R. Geotechnical and mineralogical properties of treated clayey 
soil with dune sand.  Journal of African Earth Sciences, 2019; 152:140–150. 
https://doi.org/10.1016/j.jafrearsci.2019.01.010 

14 Bhardwaj A, Sharma RK, Sharma A. Stabilization of Clayey Soil Using Waste Foundry Sand and Molasses. 
Sustainable Development Through Engineering Innovations: Select Proceedings of SDEI, Springer 
Singapore, 2021; 113:641–649. https://doi.org/10.1007/978-981-15-9554-7_57 

15 Aslan Topcuoglu Y, Gurocak Z. Changes in the Strength of High-Plasticity Clays After Stabilization: an 
Experimental Study. Iranian Journal of Science and Technology, Transactions of Civil Engineering, 2023; 
47(2):1109-1123. https://doi.org/10.1007/s40996-022-00991-x 

16 Tuleun LZ, Wasiu J. Mechanical behavior of silty-clayey lateritic soil stabilized with recycled municipal 
solid waste ash. Research on Engineering Structures & Materials. 2024. 
http://dx.doi.org/10.17515/resm2024.204me0303rs 

17 Belabbaci Z, Berrabah AT, Bouri DE. Experimental and finite element analysis of slope stability treated 
by lime milk (case of El Amir Abdelkader embankment). Mechanics and Mechanical Engineering, 2021; 
25 (1):77–83. 

https://doi.org/10.1007/s10064-014-0582-z
https://doi.org/10.1051/geotech/2002101091
https://link.springer.com/article/10.1007/s10706-023-02525-2#auth-Victor_H__R_-Barbosa-Aff1
https://link.springer.com/article/10.1007/s10706-023-02525-2#auth-Maria_E__S_-Marques-Aff1
https://link.springer.com/article/10.1007/s10706-023-02525-2#auth-Ant_nio_C__R_-Guimar_es-Aff1
https://link.springer.com/journal/10706
https://doi.org/10.1007/s10706-023-02525-2
https://www.sciencedirect.com/journal/engineering-geology
https://doi.org/10.1016/j.enggeo.2022.106647
https://doi.org/10.1016/j.compgeo.2013.11.005
https://doi.org/10.1051/e3sconf/202338201003
https://doi.org/10.4236/gm.2023.132002
https://link.springer.com/journal/10706
https://doi.org/10.1007/s10706-013-9642-6
https://doi.org/10.1007/s10064-013-0531-2
https://doi.org/10.1016/j.jafrearsci.2019.01.010
https://link.springer.com/chapter/10.1007/978-981-15-9554-7_57#auth-Avinash-Bhardwaj
https://link.springer.com/chapter/10.1007/978-981-15-9554-7_57#auth-Ravi_Kumar-Sharma
https://link.springer.com/chapter/10.1007/978-981-15-9554-7_57#auth-Abhishek-Sharma
https://link.springer.com/book/10.1007/978-981-15-9554-7
https://doi.org/10.1007/978-981-15-9554-7_57
https://doi.org/10.1007/s40996-022-00991-x
http://dx.doi.org/10.17515/resm2024.204me0303rs


Mebarki et al. / Research on Engineering Structures & Materials 11(2) (2025) 933-955 
 

953 

18 Zeyneb B, Sidi Mohamed AM, Abdelmalek. The Impact of Mineral Salts and Milk of Lime on 
Physicochemical Parameters and Swelling :( Case of Clays of Tlemcen Algeria). Journal of Civil Engineering 
Research, 2012; 2012 2(5):25-30. https://doi.org/10.5923/j.jce.20120205.01 

19 Kamel GM, Idriss G, Benchaa B. Effet de chaux, ciment et sel sur le potentiel de gonflement des argiles 
gonflantes des régions arides en Algérie. European Journal of Environmental and Civil Engineering, 2013; 
17(5):315–328. https://doi.org/10.1080/19648189.2013.785722 

20 Quang ND, Chai JC. Permeability of lime- and cement-treated clayey soils. Canadian Geotechnical Journal, 
2015; 52 (9):1221–1227. https://doi.org/10.1139/cgj-2014-0134 

21 Jahandari S, Saberian M, Zivari F, Li J, Ghasemi M, Vali R. Experimental study of the effects of curing time 
on geotechnical properties of stabilized clay with lime and geogrid. International Journal of Geotechnical 
Engineering, 2017; 13(2):172-183. https://doi.org/10.1080/19386362.2017.1329259 

22 Malkanthia SN, Balthazaara N, Perera AADAJ. Lime stabilization for compressed stabilized earth blocks 
with reduced clay and silt. Case Studies in Construction Materials journal, 2020; 12:1-8. 
https://doi.org/10.1016/j.cscm.2019.e00326 

23 Badv K, Hoseinpour Lonbar J. Treatment of Urmia Peat by Cement Kiln Dust. Iranian Journal of Science 
and Technology, Transactions of Civil Engineering, 2018; 42:451–459. https://doi.org/10.1007/s40996-
018-0112-5 

24 Vitale E, Deneele D, Paris M, Russo G. Multi-scale analysis and time evolution of pozzolanic activity of 
lime treated clays. Applied Clay Science, 2017; 141:36–45. https://doi.org/10.1016/j.clay.2017.02.013 

25 Cuisinier O, Jean-Claude A, Le Borgne T, Deneele D. Microstructure and hydraulic conductivity of a 
compacted lime-treated soil. Engineering Geology, 2011; 123(3):187–193. 
https://doi.org/10.1016/j.enggeo.2011.07.010 

26 Ghanizadeh AR, Yarmahmoudi A, Abbaslou H. Mechanical Properties of Low Plasticity Clay Soil Stabilized 
with Iron Ore Mine Tailing and Portland Cement. Journal of Mining and Environment, 2020; 11(3):837-
853. https://doi.org/10.22044/jme.2020.9304.1860 

27 Federico A, Vitone C, Murianni A. On the mechanical behaviour of dredged submarine, clayey sediments 
stabilized with lime or cement. Canadian Geotechnical Journal, 2015; 52(12):2030-2040. 
https://doi.org/10.1139/cgj-2015-0086 

28 Por S, Nishimura S, Likitlersuang S. Deformation characteristics and stress responses of cement-treated 
expansive clay under confined one-dimensional swelling. Appl. Clay Sci, 2017; 146:316–324. 
https://doi.org/10.1016/j.clay.2017.06.022 

29 Al-Gharbawi ASA, Najemalden AM, Fattah MY. Expansive Soil Stabilization with Lime, Cement, and Silica 
Fume. Applied Sciences, 2023; 13(1):436. https://doi.org/10.3390/app13010436 

30 Al-Rawas AA, Hago AW, Al-Sarmi H. Effect of lime, cement and Sarooj (artificial pozzolan) on the swelling 
potential of an expansive soil from Oman. Building and Environment, 2005; 40(5):681-687. 
https://doi.org/10.1016/j.buildenv.2004.08.028 

31 Lemos SGP, Almeida MDSS, Consoli NC, Nascimento TZ, Polido UF. Field and laboratory investigation of 
highly organic clay stabilized with portland cement. Journal of Materials in Civil Engineering, 2020; 
32(4):1-10. https://doi.org/10.1061/(ASCE)MT.1943-5533.0003111 

32 Pakbaz MS, Alipour R. Influence of cement addition on the geotechnical properties of an Iranian clay. 
Applied Clay Science, 2012; 67–68:1-4. https://doi.org/10.1016/j.clay.2012.07.006. 

33 Khemissa M, Mahamedi A, Mekki L. Laboratory investigation of the treatment effects by hydraulic 
binders on the physical and mechanical properties of an over consolidated expansive clay. International 
Journal of Geotechnical Engineering, 2017; 13(6):594-607. 
https://doi.org/10.1080/19386362.2017.1376816  

34 Rao SM, Shivananda P. Compressibility behaviour of lime-stabilized clay. Geotech Geol Engv 2005; 
23:309–319. https://doi.org/10.1007/s10706-004-1608-2  

35 Nalbantoglu Z, Tuncer ER. Compressibility and hydraulic conductivity of a chemically treated expansive 
clay. Canadian Geotechnical Journal, 2001; 38(1):154-160. https://doi.org/10.1139/t00-076  

36 Al-Kiki IMA, Al-Juari KAK, Khattab AA. Strength, durability, and hydraulic properties of clayey soil 
stabilized with lime and industrial waste lime. Al-Rafidain Engineering Journal (AREJ), 2008; 16(1):102-
116. https://doi.org/10.33899/rengj.2008.44026  

37 Le Runigo B, Cuisinier O, Cui YJ, Ferber V, Deneele D. Impact of initial state on the fabric and permeability 
of a lime treated silt under long-term leaching. Canadian Geotechnical Journal, 2009; 46(11):1243–1257. 
https://doi.org/10.1139/T09-06 

38 De Brito Galvão TC, Elsharief A, Simões GF. Effects of lime on permeability and compressibility of two 
tropical residual soils. Journal of environmental engineering, 2004; 130(8):881-885. 
https://doi.org/10.1061/(asce)0733-9372(2004)130:8(881) 

39 Khemissa M, Mahamedi A. Cement and lime mixture stabilization of an expansive overconsolidated clay. 
Applied Clay Science, 2014; 95:104-110. https://doi.org/10.1016/j.clay.2014.03.017 

https://doi.org/10.1080/19648189.2013.785722
https://doi.org/10.1139/cgj-2014-0134
https://doi.org/10.1080/19386362.2017.1329259
https://doi.org/10.1016/j.cscm.2019.e00326
https://doi.org/10.1007/s40996-018-0112-5
https://doi.org/10.1007/s40996-018-0112-5
https://doi.org/10.1016/j.clay.2017.02.013
https://www.sciencedirect.com/journal/engineering-geology
https://doi.org/10.1016/j.enggeo.2011.07.010
https://doi.org/10.22044/jme.2020.9304.1860
https://doi.org/10.1139/cgj-2015-0086
https://doi.org/10.1016/j.clay.2017.06.022
https://doi.org/10.3390/app13010436
https://www.sciencedirect.com/journal/building-and-environment
https://doi.org/10.1016/j.buildenv.2004.08.028
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003111
https://doi.org/10.1016/j.clay.2012.07.006
https://doi.org/10.1139/T09-061
https://doi.org/10.1061/(asce)0733-9372(2004)130:8(881)
https://doi.org/10.1016/j.clay.2014.03.017


Mebarki et al. / Research on Engineering Structures & Materials 11(2) (2025) 933-955 
 

954 

40 Wang D, Korkiala-Tanttu L. 1-D compressibility behaviour of cement-lime stabilized soft clays. European 
Journal of Environmental and Civil Engineering, 2018; 24(7):1013-1031. 
https://doi.org/10.1080/19648189.2018.1440633 

41 Bouras F, Tapsoba N, Martin M, Sabio S, Jacquet A., Beck K, Belayachi N, Bouasker M, Al-Mukhtar M. Effect 
of hydrated lime and cement on the engineering behavior of highly expansive clay. Athens Journal of 
Technology and Engineering, 2020; 7(1):1-14. https://doi.org/10.30958/ajte.7-1-1 

42 Eades JL, Grim RE. Reaction of hydrated lime with pure clay minerals in soil stabilization. Highway 
Research Board Bulletin, 1960; 262:51-63. http://onlinepubs.trb.org/Onlinepubs/hrbbulletin/262/262-
004.pdf 

43 Eisazadeh A, Kassim KA, Nur H. Solid-state NMR and FTIR studies of lime stabilized montmorillonitic 
and lateritic clays. Applied Clay Science, 2012; 67:5-10. https://doi.org/10.1016/j.clay.2012.05.006 

44 Mahedi M, Cetin B, White DJ. Performance evaluation of cement and slag stabilized expansive soils. 
Transportation Research Record, 2018; 2672(52):164-173. 
https://doi.org/10.1177/0361198118757439 

45 Mutaz E, Dafalla MA. Chemical analysis and X-ray diffraction assessment of stabilized expansive soils. 
Bulletin of Engineering Geology and the Environment, 2014; 73:1063-1072. 
https://doi.org/10.1007/s10064-014-0587-7 

46 Aldaood A, Bouasker M, Al-Mukhtar M. Effect of water during freeze-thaw cycles on the performance 
and durability of lime-treated gypseous soil. Cold Regions Science and Technology, 2016; 123:155-163. 
http://dx.doi.org/10.1016/j.coldregions.2015.12.008 

47 Khattab SAA, Al-Mukhtar M, Fleureau JM. Long-term stability characteristics of a lime-treated plastic 
soil. Journal of materials in civil engineering, 2007; 19(4):358-366. 
https://doi.org/10.1061/(ASCE)0899-1561(2007)19:4(35) 

48 Petry TM, Little DN. Review of stabilization of clays and expansive soils in pavements and lightly loaded 
structures-history, practice, and future. Journal of materials in civil engineering, 2002; 14(6):447-460. 
https://doi.org/10.1061/(ASCE)0899-1561(2002)14:6(447) 

49 Richardson IG. The calcium silicate hydrates. Cement and concrete research, 2008; 38(2):137-158. 
https://doi.org/10.1016/j.cemconres.2007.11.005 

50 Bellion Y, Balais J. Explanatory Notice of the Scale Geological Map of N'gaous 1/50000. 1976. 
51 Bhattacharja SANKAR, Bhatty JI, Todres HA. Stabilization of clay soils by Portland cement or lime–a 

critical review of literature. PCA R&D Serial, 2003; 60(1): 124-133. 
52 Moore DM, Reynolds RC. X-Ray Diffraction and the Identification and Analysis of Clay Minerals. Oxford 

University Press, New York, 1989; 332. 
53 Brown G, Brindley GW. X-ray diffraction procedures for clay mineral identification. In: Brindley, G.W., 

Brown, G. (Eds.), Crystal Structures of Clay Minerals and their X-ray Identification. Mineral. Soc. Monog, 
1980; 5, 305–359. 

54 Cook HE, Johnson PD, Matti JC, Zemmels I. Methods of sample preparation and X-ray diffraction analysis, 
X-ray mineralogy laboratory, Deep Sea Drilling Project, University of California, Riverside. Initial reports 
of the deep-sea drilling project, 25, 999-1007. 

55 Boski T, Pessoa J, Pedro P, Thorez J, Dias JMA, Hall I.R. Factors governing abundance of hydrolyzable 
amino acids in the sediments from the N.W. European Continental Margin. Prog. Oceanogr, 1998; (42): 
145–164. https://doi.org/10.1016/S0079-6611(98)00032-9 

56 Fagel N, Thamó-Bózsó E, Heim B. Mineralogical signatures of Lake Baikal sediments: source of sediment 
supplies through Late Quaternary. Sedimentary Geology, 2007; (194), 37–59. 
https://doi.org/10.1016/j.sedgeo.2006.04.006 

57 Mitchell JK, Kenichi S. Fundamentals of soil behavior. New York: John Wiley & Sons, 2005. 
58 Abdalla TA, Salih NB. Hydrated Lime Effects on Geotechnical Properties of Clayey Soil. Journal of 

Engineering, 2020; 26(11):150-169. Doi:10.31026/j.eng.2020.11.10 
59 Yong RN, Ouhadi VR. Experimental study on instability of bases on natural and lime/cement-stabilized 

clayey soils. Applied clay science, 2007; 35(3-4):238-249. https://doi.org/10.1016/j.clay.2006.08.009 
60 Barman D, Dash SK. Stabilization of expansive soils using chemical additives: A review. Journal of Rock 

Mechanics and Geotechnical Engineering, 2022; 14(4):1319-1342. 
https://doi.org/10.1016/j.jrmge.2022.02.011 

61 Mengue E, Mroueh H, Lancelot L, Medjo Eko R. Physicochemical and consolidation properties of 
compacted lateritic soil treated with cement. Soil and Foundation, 2017; 57(1):60-79. 
http://dx.doi.org/10.1016/j.sandf.2017.01.005. 

62 Al-Mukhtar M, Lasledj A, Alcover JF. Behaviour and mineralogy changes in lime-treated expansive soil at 
20 C. Applied clay science, 2010; 50(2):191-198. https://doi.org/10.1016/j.clay.2010.07.023 

https://doi.org/10.1080/19648189.2018.1440633
https://scholar.google.com/citations?user=GZnd2RQAAAAJ&hl=fr&oi=sra
https://doi.org/10.30958/ajte.7-1-1
http://onlinepubs.trb.org/Onlinepubs/hrbbulletin/262/262-004.pdf
http://onlinepubs.trb.org/Onlinepubs/hrbbulletin/262/262-004.pdf
https://doi.org/10.1016/j.clay.2012.05.006
https://doi.org/10.1177/0361198118757439
https://doi.org/10.1007/s10064-014-0587-7
http://dx.doi.org/10.1016/j.coldregions.2015.12.008
https://doi.org/10.1061/(ASCE)0899-1561(2007)19:4(358)
https://doi.org/10.1061/(ASCE)0899-1561(2002)14:6(447)
https://doi.org/10.1016/j.cemconres.2007.11.005
https://doi.org/10.1016/S0079-6611(98)00032-9
https://doi.org/10.1016/j.sedgeo.2006.04.006
https://doi.org/10.1016/j.clay.2006.08.009
https://doi.org/10.1016/j.jrmge.2022.02.011
http://dx.doi.org/10.1016/j.sandf.2017.01.005
https://doi.org/10.1016/j.clay.2010.07.023


Mebarki et al. / Research on Engineering Structures & Materials 11(2) (2025) 933-955 
 

955 

63 Rosone M, Celauro C, Ferrari A. Microstructure and shear strength evolution of a lime-treated clay for 
use in road construction. International Journal of Pavement Engineering, 2020; 21(9):1147-1158. 
https://doi.org/10.1080/10298436.2018.1524144 

64 Maubec N, Deneele D, Ouvrard G. Influence of the clay type on the strength evolution of lime treated 
material. Applied Clay Science, 2017; 137:107-114. https://doi.org/10.1016/j.clay.2016.11.033 

65 De Windt L, Deneele D, Maubec N. Kinetics of lime/bentonite pozzolanic reactions at 20 and 50 °C: batch 
tests and modelling. Cement and Concrete Research, 2014; 59:34–42. 
https://doi.org/10.1016/j.cemconres.2014.01.024 

66 Benyahia S, Boumezbeur A, Lamouri B, Fagel N. Swelling properties and lime stabilization of N'Gaous 
expansive marls, NE Algeria. Journal of African Earth Sciences, 2020; 170:103895. 
https://doi.org/10.1016/j.jafrearsci.2020.103895 

https://doi.org/10.1080/10298436.2018.1524144
https://doi.org/10.1016/j.clay.2016.11.033
https://doi.org/10.1016/j.cemconres.2014.01.024
https://doi.org/10.1016/j.jafrearsci.2020.103895


 

 

 

 

 

 

 

 
 

 

 

 
 

 



*Corresponding author: chakrime16@gmail.com  
aorcid.org/0000-0002-4287-1491; borcid.org/0000-0002-4263-9270 
DOI: http://dx.doi.org/10.17515/resm2025-764me0316rs  
Res. Eng. Struct. Mat. Vol. 11 Iss. 2 (2025) 957-968                                                                            957 

 

Research Article 

Experimental investigation and modelling of the layered 
concrete with different proportions of steel fibers  

B. Jagadish Chakravarti *,a, K. Rajasekhar b  

Department of Civil Engineering, Andhra University, Visakhapatnam, India 
 

Article Info  Abstract 

Article History:  This study examines the effect of steel fibers (SF) in concrete with different 
dosages ranging from 0 to 1.5%. Hooked end steel fibers of length 35mm and 
diameter 0.55mm with an aspect ratio of 63.64 were used. A total of 90 specimens 
were cast to evaluate the mechanical properties such as compression, split and 
flexural strength at 7 and 28 days. At steel fiber dosage of 1.5% layered concrete 
specimens were cast. Layered concrete is one of the best breakthroughs because 
of its strength and crack resistance. The Specimens were divided into three equal 
portions of depth d/3 each, such as bottom layer, middle layer and top layer 
respectively, wherein steel fiber reinforced concrete (SFRC) was cast in the bottom 
layer followed by middle layer consisting of conventional concrete and above its 
top layer comprising of SFRC. Experimental results indicate that compressive, split 
tensile and flexural strengths of layered concrete compared to conventional 
concrete were increased by 19.14%, 100.90% and 127.25% respectively. Results 
obtained experimentally and analytically using ANSYS software were validated 
and both values have strongly correlated. 

 

© 2025 MIM Research Group. All rights reserved. 

Received 16 Mar 2025 

Accepted 24 Apr 2025 

Keywords:  
 

Layered concrete;         
Steel fibers;                 
Aspect ratio;                 
ANSYS 

1. Introduction 

Concrete, a predominant building material, accounts for half of building structures and materials 
for roads and bridges due to its strength, plasticity, and affordability. To improve mechanical 
properties of concrete, Steel Fibers (SF) are induced in the concrete, termed as Steel Fiber 
Reinforced Concrete (SFRC), SF have become crucial in enhancing the characteristics of concrete, 
including, energy absorption, toughness and strength. SF used are short, discontinuous, and 
randomly distributed all over concrete and they enhance tensile, flexural and shear strength, 
toughness, resistance to impact, fracture and frost damage. Using SF in concrete increases 
mechanical properties, self-weight, and unit weight of concrete [1]. SFRC is also utilized to 
construct machine foundations and other components subjected to dynamic loads [2]. SFRC is 
frequently employed in industrial sector to construct tunnel linings [3] and road pavements [4]. 
Micro cracks formed due to shrinkage caused by evaporation of water or applied loading intersect 
with SF which are randomly distributed in concrete mixture thereby limiting propagation of cracks 
and enhance tensile strength of concrete. Volume of fibers (Vf) and aspect ratio influence the 
workability and strength improvement of SFRC. SF used should be clean and free from rust. Fiber 
content in normal weight concrete ranges from 30 to 157 kg/m3 with an aspect ratio of 30 to 100 
and quantity of fibers that can be used without compromising strength depends on placing of steel 
reinforcement, fiber shapes, aspect ratio and amount of water reducing admixtures used [5]. 
Concrete performance is improved by fiber dosage and aspect ratio to enhance fiber matrix bond, 
but higher aspect ratio influences uniform distribution of fibers and also dosage of fibers of length 
12 to 60 mm in addition to superplasticizer is limited to 2% by volume of concrete beyond which 
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fiber balling occurs [5-6]. Compressive strength increases from minimal to 23% with 2% by volume 
of steel fiber and with an aspect ratio of 100 [7]. Fibers show little effect on compressive strength, 
increasing from 0 to 25% with fiber content less than 2% [8-12]. Higher fiber content (>2%) does 
not enhance compressive strength and reduces workability from achieving full compaction of 
concrete. A significant benefit of embedding fibers into concrete is that they enhance its tensile and 
flexural strength after cracking when subjected to both static and impact loads [13-15]. SF are 
commonly employed in Fiber reinforced concrete (FRC) as they act as a bridge at the fracture 
interface, leading to ductile behavior after cracking [16]. Incorporating fibers into the matrix 
resulted in an enhancement of the pullout characteristics, including average and identical bond 
strengths, as well as pullout energy, which were enhanced as fiber volume fraction, increased up to 
a maximum of 2%, however pullout parameters were worsened with fiber volume fraction above 
2% [17]. Varying proportions of SF from 0.5%,1.0%,1.5% and 2.0% increase mechanical properties 
of concrete thereby concluded that feasible range of SF to be 1-1.5% [18]. Smooth SF do not develop 
proper bond in concrete mix [6]. Fiber distribution throughout whole volume of concrete beam 
renders it an economically inefficient material for beams [19]. Combination of small quantity of Vf 
in top layer and large quantity of Vf in bottom layer enhances performance regarding flexural load 
and flexural energy [20]. Fibers re-arranged in the double layer UHPFRC beams Compared to single 
layer (uniform distribution) UHPFRC beams gives better performance with same quantity of fibers 
[20]. A single-layered concrete slab exhibits three-dimensional orientation of placing of fibers, 
while a multi-layered concrete slab demonstrates a planar orientation of fibers; hence, the multi-
layered concrete performs superiorly compared to the single-layered variant [21]. The upper layer 
mixture was poured into the mould after 45 minutes [20]. During the casting of the upper layer, the 
lower layer has sufficient strength to support upper layer matrix, thereby preventing deformation 
at the layer interface; concurrently, the initial setting of lower layer matrix had not yet occurred 
[20], leading to a robust interfacial bond. Two layered concrete beams were cast using high 
strength concrete and normal strength concrete which were placed in compression and tension 
zones respectively, to improve ductility of compression zone, fibers were introduced in this zone 
thereby reducing high fiber utilization and control shear failure [22]. Performance of layered 
beams, comprising normal concrete in upper layer and fiber-reinforced lightweight concrete in 
lower layer, does not affect bond between the layers [23]. A finite element analysis (FEA) model 
was created to predict the behavior of normal and SFRC infilled composite circular columns under 
axial compressive load using ANSYS software. Stress-strain relationship data was obtained by 
conducting compression tests on cylinders for conventional concrete and SFRC, and this is taken as 
input for modelling in ANSYS software and for circular steel tube, a typical stress–strain relation 
was simulated by an elastic-perfectly plastic model [24]. Finite element modelling of conventional 
concrete and SFRC beams were carried out using ANSYS software. Modelling results and 
experimental results were strongly correlated [25]. Drucker and Prager yield surface parameters 
were used to model the beams and simulate using ANSYS [26]. Extensive research on SF with 
different aspect ratios and Vf  when distributed homogenously in the entire cross section is being 
carried out to investigate the effect of SF in the mechanical properties of concrete rather than in 
layered concrete.  

The aim of this study is to compare the behavior of SF when placed randomly in conventional 
concrete for dosages ranging from 0-1.5% and in layered concrete at optimum dosage of 1.5%. The 
specimens in layered concrete were divided into three equal depths of d/3 each viz., top, middle 
and bottom layers respectively. Top and bottom layers were cast with SFRC and middle layer was 
cast with conventional concrete. 

2. Experimental Program 

2.1 Materials 

An ordinary Portland cement of 53 grade conforming to IS 269-2015 [27] of brand KCP was used. 
River sand with a fineness modulus of 2.56 and conforming to zone-III as per IS 383-2016 [28] 
having specific gravity of 2.63. Crushed stone of sizes 20mm and 10mm as per IS 383-2016 [28] 
with a percentage of 60% and 40% having combined specific gravity of 2.88 was used. The physical 
and chemical properties of cement were given in tables. Hooked end steel fibers of length 35mm 
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and diameter 0.55mm with an aspect ratio of 63.64, super plasticizer of conplast 430 conforming 
to IS 9103-1999 obtained from FOSROC chemicals having specific gravity of 1.18 was used in this 
study. 

 

Fig. 1. Hooked-end steel fiber 

Table 1. Physical properties of cement 

S. No Properties OPC 53 grade 
Requirements as per IS 

269:2015 

1 Fineness (m2/kg) 299 Min.225 
2 Specific gravity 3.13 ------ 
3 Normal Consistency (%) 29.5 ------- 
4 Setting time (Minutes) 165 Min.30 
5 Soundness (mm) 0.5 Max.10 

6 
Compressive 

strength 
7 days 49  

28 days 60  
 

Table 2. Chemical properties of cement 

S. No Properties 
OPC 53 
grade 

Requirements as 
per IS 269:2015 

1 Lime Saturation Factor 0.92 0.8-1.02 

2 Ratio of percentage of Alumina to that of Iron Oxide 1.24 Min. 0.66 

3 Insoluble Residue (% by mass) 0.47 Max. 5.0 

4 Magnesia (% by mass) 1.10 Max. 6.0 

5 Sulphuric Anhydride (% by mass) 1.74 Max. 3.5 

6 Total loss of ignition (%) 1.24 Max. 4.0 

7 Chlorides (%) 0.002 Max. 0.1 
 

Table 3. Quantities per cubic meter of concrete 

S. 
No 

Mix 
Notation 

Cement 
(kgs) 

Sand 
(kgs) 

Coarse 
Aggregate 

(kgs) 

Steel fiber 
dosage 
(kgs) 

Water/Ce
ment 
ratio 

Super 
Plasticizer 

(Liters) 
1 M30SF0.0 394 714 1213 0 0.42 3.94 

2 M30SF0.5 394 714 1213 39.25 0.42 3.94 

3 M30SF1.0 394 714 1213 78.5 0.42 3.94 

4 M30SF1.5 394 714 1213 117.75 0.42 3.94 

5 
M30SF1.5-

L* 
394 714 1213 117.75 0.42 3.94 

M30SF0-M-Mix;30-Compressive strength of concrete; SF0-Steel fibers of dosage 0%; SF1.5-Steel fibers of 
dosage 1.5%; L*- Layered concrete; 
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2.2 Preparation of Samples 

The concrete Mixes were prepared using Indian standard codes of IS 456-2000 [29] and 10262-
2019 [30]. A total of 30 Cubes of dimensions 150x150x150mm, 30 cylinders of dimensions 
150x300mm and 30 prisms of dimensions 100x100x500mm were cast. Conventional concrete was 
prepared using constituent materials i.e. cement, sand, aggregates, water, and super plasticizer. 
SFRC was prepared using above mentioned materials in addition to steel fiber dosages ranging 
from 0-1.5%. The SF were added in small amounts to avoid fiber balling and improve workability 
of concrete.  

The layered concrete has three equal layers, viz., top, middle, and bottom layers, each having of 
uniform depth. Initially the bottom layer was cast using SFRC for a depth of d/3 measured with a 
ruler and left undisturbed for 45 minutes, not more than its initial setting time. The bottom layer 
was laid upon middle layer of depth d/3, measured using a ruler, was cast, comprising conventional 
concrete. After 45 minutes, the top layer was cast with SFRC following the aforementioned process. 

3. Numerical Analysis 

Finite Element Analysis (FEA), utilized in structural engineering, assesses the overall behavior of a 
structure by partitioning it into numerous elements, each possessing clearly defined mechanical 
and physical properties. Modelling the intricate behavior of reinforced concrete, characterized by 
its non-homogeneity and anisotropy, is a significant difficulty in the finite element analysis of civil 
engineering constructions. A competent modelling of concrete on a finite element (FE) platform 
necessitates the utilization of an acceptable element type, sufficient mesh size, suitable boundary 
conditions, a realistic loading environment, and proper time stepping, alongside the provision of 
relevant concrete properties. 

3.1 Finite Element Formulation 

Numerical method such as finite element method was used for the complex problem, in this study 
prism specimens were modelled using ANSYS 2024R2 for the validation of the experimental 
results. The prisms of size 100x100x500mm were modelled in ANSYS using CPT 215 element to 
get ultimate load and deflection. 

3.2 Element Description 

CPT215 is a 3-D eight-node coupled physics solid element capable of modelling coupled physics 
phenomena such as structural-pore-fluid-diffusion-thermal analysis and prevents volumetric mesh 
locking in nearly incompressible cases. Furthermore, the CPT215 element, when coupled with 
damage-plastic micro plane models, helps to reduce numerical instability and mesh sensitivity for 
strain-softening materials. The element is defined by eight nodes as shown in Fig. 15 and can have 
UX, UY, UZ, Pressure and Temperature degrees of freedom at each node. 

 

 

Fig. 15. Structural solid geometry 
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3.3 Material properties for the prism model 

The prisms were modelled in ANSYS and for the analysis of the prisms the following material 
properties were considered as shown in Table 4. 

Table 4. Parameters for various types of concretes 

4. Results and Discussions 

4.1 Workability of Concrete 

Slump cone of dimensions 100x200x300mm was used to measure the concrete workability. The 
slump value is decreased with increasing fiber volume fractions, aspect ratio and decreasing fiber 
diameter [31]. The M30SF0.0 means conventional concrete of grade 30MPa without SF obtained a 
slump of 160mm, for M30SF0.5, M30SF1.0 and M30SF1.5 with varying steel fiber dosages of 
0.5%,1.0% and 1.5% the slump values were recorded as 145mm,125mm and 90mm respectively 
as shown in Fig. 2. The steel fiber quantity ranging from 0.5% to 1.5% gradually reduces the 
workability beyond which it leads to less compaction and create more pores in the concrete.  

Parameters Symbol 
Mix Notation 

M30SF0.0 M30SF0.5 M30SF1.0 M30SF1.5 M30SF1.5-L* 

Modulus of elasticity 

(MPa) 
E 27920 28720 30530 31700 31800 

Poisson’s ratio 

(Unit less) 
µ 0.20 0.21 0.22 0.22 0.22 

Uniaxial compressive 

strength (MPa) 
fuc 40.59 43.11 46.52 47.85 48.36 

Bi-Axial Compressive 

Strength (MPa) 
fbc 46.68 49.57 53.49 55.02 55.61 

Tensile strength (MPa) ft 3.32 4.05 5.02 5.95 6.67 

Tension cap hardening 

constant (unit less) 
Rt 1 1 1 1 1 

Compressive hardening 

constant (MPa2) 
D 20000 30000 60000 90000 110000 

Intersection points 

between the 

compression cap and 

the Drucker–Prager 

yield function (unit 

less) 

σVC -31.11 -33.04 -35.66 -36.68 -37.07 

Compression cap ratio 

constant (unit less) 
RC 2 2 2 2 2 

Tensile damage 

threshold (unit less) 
𝛤t 0 0 0 0 0 

Compressive damage 

threshold (unit less) 
𝛤c 2e-5 2e-5 2e-5 2e-5 2e-5 

Compression damage 

evolution (unit less) 
𝛽c 4000 2000 2000 2000 2000 

Tension damage 

evolution (unit less) 
𝛽t 6000 3000 3000 3000 3000 

Nonlocal range 

parameter (mm2) 
c 900 1225 1225 1225 1225 

Over-nonlocal 

parameter (unit less) 
m 2.5 2 2 2 2 
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Fig. 2. Slump values of various mixes 

4.2 Compressive Strength 

The compressive strength values of specimens were determined using 300 Ton Compression 
testing machine (CTM) as shown in Fig. 3. The inclusion of SF of length 35mm, diameter 0.55mm 
with an aspect ratio of 63.64, enhance the compressive strength from 6.21% to 17.89% with fiber 
dosage varying from 0.5% to 1.5%. The ultimate strength of concrete was improved by arresting 
the crack growth which depends on the bond strength of steel fiber and matrix.  

  

Fig. 3. Testing of cube Fig. 4. Casting of layered cubes 

 

Fig. 5. Compressive strength values of various mixes 
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Fig. 6. Relationship between compressive strength vs Fiber percentage  

The fiber dosage of 1.5% gives maximum strength which was considered as optimum dosage with 
which layered concrete cubes were prepared. The cube of depth 150mm was divided into three 
equal layers of 50mm each. The cubes were cast from the bottom layer with SFRC and each layer 
was left undisturbed for a duration of 45min [20] before casting the consequent layer.  The above 
procedure was followed for the middle layer with conventional concrete and the top layer with 
SFRC and the depths were measured using a Ruler as shown in Fig. 4. The strengths of the cube 
specimens were 37.24 MPa and 48.36 MPa at 7 and 28days respectively as shown in Fig. 5. The 
illustration depicts the correlation between fiber dosage and compressive strength. The R² value 
of 0.9561 as shown in Fig. 6. Signifies the prediction of compressive strength and fiber dosage of 
the SFRC.  

4.3 Split Tensile Strength 

The split tensile strength values of conventional concrete without SF and SFRC were measured 
using a 300 Ton CTM, as depicted in the Fig. 7. The split tensile strength of conventional concrete 
without SF was measured at 2.29 MPa and 3.32 MPa for specified time periods. When SF were 
added at varying dosages of 0.5% to 1.5%, the strength values improved from 21.98% to 79.52% 
at 28 days. At 1.5% steel fiber dosage, the cylinders of depth 300mm were cast and partitioned into 
three levels, each measuring 100mm. The cylinders were fabricated using a three-layer approach, 
starting with a bottom layer of SFRC, followed by a middle layer of conventional concrete, and then 
topped with another layer of SFRC and each layer was left undisturbed for a duration of 45min 
before casting the consequent layer and not more than the initial setting time [20] and the depth 
was measured using a ruler as shown in Fig. 8. The split tensile strengths of layered concrete were 
measured to be 5.06 MPa and 6.67 MPa at 7 and 28 days, respectively as shown in Fig. 9. 

  

Fig. 7. Testing of cylinder Fig. 8. Casting of layered cylinder 
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Fig. 9. Split tensile strength of various mixes 

 

Fig. 10. Relationship between Split tensile strength vs Fiber percentage 

The Fig10. shows the relationship between fiber dosage and split tensile strength. The R² value of 
0.9303 as shown in Fig. 10. indicates a better prediction of split tensile strength and fiber dosage 
of the SFRC. 

4.4 Flexural Strength 

The flexural strength values of conventional concrete and SFRC were using a 100 Ton Universal 
Testing Machine, as depicted in the and Fig. 11. The flexural strength of conventional concrete 
without SF was found to be 3.96MPa and 5.21MPa for 7 and 28 days respectively. The inclusion of 
SF at different dosages of 0.5%, 1.0% and 1.5% resulted in a rise in flexural strength with a 
percentage of 33.97% to 102.88% at 28 days. The optimum dosage for prisms made with layered 
concrete is 1.5%, which leads to the highest flexural strength at 7 and 28 days. The prism, which 
had a depth of 100mm, was divided into three levels, with each level measuring 33.33mm. The 
prism was constructed utilizing a layered method, beginning with a bottom layer with SFRC, 
followed by a middle layer with conventional concrete, and then top layer with SFRC and each layer 
was left undisturbed for a duration of 45min before casting the consequent layer [20] and the depth 
was measured using a ruler as shown in Fig. 12. The flexural strengths of layered concrete were 
determined to be 9.32 MPa and 11.84 MPa after 7 and 28 days, respectively as shown in Fig. 13. 
The Fig14. shows the relation between fiber dosage and flexural strength. The R2 value of 0.9359 
indicates a better prediction for the flexural strength and fiber dosage of the SFRC.  
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Fig. 11. Testing of Prism Fig. 12. Casting of layered Prism 

 

Fig. 13. Flexural strength of various mixes 

 

Fig. 14. Relationship between flexural strength vs fiber percentage 

4.5 Numerical Validation 

FRC is considered as a quasi-homogeneous material which means the fibers are not arranged 
homogeneously in reality during filling the construction form work, fibers added to concrete mix 
obtain non-homogeneous distribution. In spite of randomly mixing of fibers, to facilitate modelling 
it was assumed that the fibers were mixed homogeneously [25]. 

For the linear analysis of concrete, the modulus of elasticity and Poisson’s ratio of the materials are 
sufficient. However, for the non-linear analysis, the two elastic constants are insufficient; hence, 
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the Drucker-Prager yield parameters are extremely useful for understanding the non-linear 
behavior of the concrete. The researcher [26] proposed a damage-plasticity micro plane model for 
analyzing concrete's non-linear behavior, which uses the Drucker-Prager yield parameters listed 
in the table and includes formulas to calculate these parameters. 

Table 5. Load-Deflection values of different types of concretes 

S. 
No 

Mix Notation 

ANSYS  EXPERIMENTAL 
Ultimate 

Load 
(N) 

Deflection (mm) stiffness 
Ultimate 

Load  
(N) 

Deflection (mm) 

1 M30SF0.0 13040               
0.31 

 
42420 13025 0.30 

2 M30SF0.5 17461 0.41 42944 17445 0.40 
3 M30SF1.0 22062 0.48 45630 22051 0.48 
4 M30SF1.5 26446 0.56 47343 26425 0.56 

5 M30SF1.5-L* 29630 0.61 48733 29600 0.60 

 

 
Fig. 16. Meshing of the Prism M30SF0.0 

 
Fig. 17. Deformation of the Prism M30SF0.0 

Prisms were tested under four-point loading. The Boundary conditions of the prisms were simply 
supported, the meshing was done perfectly, all the elements in the meshing are an 8-noded 
hexahedral elements, and no other element shapes are involved in the meshing. The element 
metrics reach 1.0 and consist of 1008 nodes and 645 elements as shown in Fig. 16. This analysis is 
static, and the time step is required to be completed in 1 second. 

The M30SF0.0 prisms tested under four-point loading achieves maximum load recorded was 
13040 N at a time step of 0.875 s, and the corresponding deflection at that point was 0.31 mm as 
shown in Fig. 17. Similarly, for M30SF0.5, M30SF1.0, M30SF1.5, and M30SF1.5-L*, the maximum 
loads were 17461 N, 22062 N, 26446 N and 29630 N at time steps of 0.91 s, 0.915 s, 0.92 s, and 0.98 
s and the corresponding deflections were 0.41 mm,0.48 mm,0.56 mm and 0.61 mm respectively as 
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shown in Table 5. The deformation of M30SF0.0 is illustrated in Fig. 17. The boundary conditions 
were simply supported, exhibiting zero deformation at the supports and maximum deformation 
was observed near the center of the beam. 

5. Conclusions 

The mechanical characteristics of conventional concrete without SF were greatly improved by the 
inclusion of SF in various dosages. The experimental study yielded the following conclusions 

• The double-hooked end steel fibers, varying from 0.5% to 1.5% slightly improved the 
compressive strength upto 17.89% for 28 days.  

• The split tensile strength of SFRC was enhanced from 21.98% to 79.52% for fiber dosage 
ranging from 0.5% to 1.5% compared to conventional concrete 

• The flexural strength of concrete was improved by 33.97%, 69.29% and 102.88% for varying 
percentages of SF. The maximum strength was attained at 1.5%. 

• Layered concrete containing SFRC at top and bottom layers respectively and conventional 
concrete in the middle layer has a compressive strength of 48.36 MPa, split tensile strength 
of 6.67 MPa and flexural strength of 11.84 MPa at 28days. 

• The compressive, split and flexural strengths of layered concrete were enhanced by 
19.14%,100.90% and 127.25% to that of conventional concrete. 

• Layered concrete subjected to load containing SFRC at bottom layer utilises to repair 
connections between the transition zone of the aggregate and matrix contact, hence 
preventing the formation of microcracks at that portion only.  

• Linear relation was observed between fiber dosage and compressive strength, split tensile 
strength and flexural strength with R2 values of 0.9561,0.9303 and 0.9359 respectively. 

• The flexural strength values of prisms were compared both experimentally and numerically. 
The modelling results have aligned with that of the experimental values in terms of load and 
deflection. 

 References 

[1] Yazıcı Ş, İnan G, Tabak V. Effect of aspect ratio and volume fraction of steel fiber on the mechanical 
properties of SFRC. Construction and Building Materials. 2007 Jun 1;21(6):1250-3. 
https://doi.org/10.1016/j.conbuildmat.2006.05.025 

[2] Błaszczyński T, Przybylska-Fałek M. Steel fiber reinforced concrete as a structural material. Procedia 
Engineering. 2015 Jan 1;122:282-9. https://doi.org/10.1016/j.proeng.2015.10.037 

[3] Buratti N, Ferracuti B, Savoia M. Concrete crack reduction in tunnel linings by steel fiber-reinforced 
concretes. Construction and Building Materials. 2013 Jul 1;44:249-59. 

https://doi.org/10.1016/j.conbuildmat.2013.02.063 
[4] Madhkhan M, Azizkhani R, Harchegani MT. Effects of pozzolans together with steel and polypropylene 

fibers on mechanical properties of RCC pavements. Construction and Building materials. 2012 Jan 
1;26(1):102-12. https://doi.org/10.1016/j.conbuildmat.2011.05.009 

[5] ACI Committee 544.3R-93. Guide for specifying, proportioning, mixing, placing and finishing steel fiber 
reinforced concrete, American Concrete Institute, Farmington Hills, Michigan, 1993. 

[6] Bentur A, Mindess S. Fiber reinforced cementitious composites. CRC press; 2006 Nov 16 
[7] Williamson GR. The effect of steel fibers on the compressive strength of concrete. Special Publication. 

1974 Jan 1;44:195-208. 
https://www.concrete.org/publications/internationalconcreteabstractsportal/m/details/id/17894 
[8] Morris AD, Garrett GG. A comparative study of the static and fatigue behaviour of plain and steel fiber 

reinforced mortar in compression and direct tension. International Journal of Cement Composites and 
Lightweight Concrete. 1981 May;3(2). https://doi.org/10.1016/0262-5075(81)90002-6 

[9] Mangat PS, Azari MM. Influence of steel fiber reinforcement on the fracture behaviour of concrete in 
compression. International Journal of Cement Composites and Lightweight Concrete. 1984 Nov 
1;6(4):219-32. https://doi.org/10.1016/0262-5075(84)90017-4 

[10] Fanella DA, Naaman AE. Stress-strain properties of fiber reinforced mortar in compression. InJournal 
Proceedings 1985 Jul 1 (Vol. 82, No. 4, pp. 475-483). https://doi.org/10.14359/10359 

[11] Faisal FW, Ashour SA. Mechanical properties of high-strength fiber reinforced concrete. ACI Material 
Journal. 1992 Sep;89(5):449-455. https://doi.org/10.14359/2390 

https://doi.org/10.1016/j.conbuildmat.2006.05.025
https://doi.org/10.1016/j.proeng.2015.10.037
https://doi.org/10.1016/j.conbuildmat.2013.02.063
https://doi.org/10.1016/j.conbuildmat.2011.05.009
https://www.concrete.org/publications/internationalconcreteabstractsportal/m/details/id/17894
https://doi.org/10.1016/0262-5075(81)90002-6
https://doi.org/10.1016/0262-5075(84)90017-4
https://doi.org/10.14359/10359
https://doi.org/10.14359/2390


Chakravarti and Rajasekhar / Research on Engineering Structures & Materials 11(2) (2025) 957-968 

 

968 

[12] Reinhardt HH. Third international RILEM workshop on high performance fiber-reinforced cement 
composites: HPFRCC3. Materials and Structures. 1999 May 16;32:622-623. 

https://doi.org/10.1007/bf02480499 
[13] Gopalaratnam VS, Shah SP. Properties of steel fiber reinforced concrete subjected to impact loading. 

InJournal Proceedings 1986 Jan 1 (Vol. 83, No. 1, pp. 117-126). 
https://doi.org/10.14359/1750 
[14] Schrader EK. Impact resistance and test procedure for concrete. InJournal Proceedings 1981 Mar 1 (Vol. 

78, No. 2, pp. 141-146). https://doi.org/10.14359/6932 
[15] Dey V, Bonakdar A, Mobasher B. Low-velocity flexural impact response of fiber-reinforced aerated 

concrete. Cement and Concrete Composites. 2014 May 1;49:100-10. 
https://doi.org/10.1016/j.cemconcomp.2013.12.006 
[16] Choi SW, Choi J, Lee SC. Probabilistic analysis for strain-hardening behavior of high-performance fiber-

reinforced concrete. Materials. 2019 Jul 27;12(15):2399. 
https://doi.org/10.3390/ma12152399 
[17] Yoo DY, Lee JH, Yoon YS. Effect of fiber content on mechanical and fracture properties of ultra high 

performance fiber reinforced cementitious composites. Composite structures. 2013 Dec 1;106:742-53. 
https://doi.org/10.1016/j.compstruct.2013.07.033 

[18] Wang HT, Wang LC. Experimental study on static and dynamic mechanical properties of steel fiber 
reinforced lightweight aggregate concrete. Construction and Building Materials. 2013 Jan 1;38:1146-51. 
doi.org/10.1016/j.conbuildmat.2012.09.016 

[19] Alberti MG, Enfedaque A, Gálvez JC. On the prediction of the orientation factor and fiber distribution of 
steel and macro-synthetic fibers for fiber-reinforced concrete. Cement and Concrete Composites. 2017 
Mar 1;77:29-48. https://doi.org/10.1016/j.cemconcomp.2016.11.008 

[20] Cao YY, Li PP, Brouwers HJ, Sluijsmans M, Yu QL. Enhancing flexural performance of ultra-high 
performance concrete by an optimized layered-structure concept. Composites Part B: Engineering. 2019 
Aug 15;171:154-65. https://doi.org/10.1016/j.compositesb.2019.04.021 

[21] Mastali M, Naghibdehi MG, Naghipour M, Rabiee SM. Experimental assessment of functionally graded 
reinforced concrete (FGRC) slabs under drop weight and projectile impacts. Construction and Building 
Materials. 2015 Oct 1;95:296-311. 

[22] Iskhakov I, Ribakov Y. A design method for two-layer beams consisting of normal and fibered high 
strength concrete. Materials & Design. 2007 Jan 1;28(5):1672-7. 

https://doi.org/10.1016/j.matdes.2006.03.017 
[23] Nes LG, Øverli JA. Structural behaviour of layered beams with fiber-reinforced LWAC and normal density 

concrete. Materials and Structures. 2016 Jan;49:689-703. 
https://doi.org/10.1617/s11527-015-0530-9 
[24] Eltobgy HH. Structural design of steel fiber reinforced concrete in-filled steel circular columns. Steel and 

Composite Structures. 2013 Mar 1;14(3):267-82. 
https://doi.org/10.12989/scs.2013.14.3.267 
[25] Bleive LL, Lusis V. Experimental study and numerical modelling for flexural capacity of FRC structural 

elements. InENVIRONMENT. TECHNOLOGIES. RESOURCES. Proceedings of the International Scientific 
and Practical Conference 2021 Jun 16 (Vol. 3, pp. 30-35). 

https://doi.org/10.17770/etr2021vol3.6661. 
[26] Zreid I, Kaliske M. A gradient enhanced plasticity–damage microplane model for concrete. 

Computational Mechanics. 2018 Nov;62(5):1239-57.  
https://doi.org/10.1007/s00466-018-1561-1 
[27] IS 269:2015 ordinary portland cement specifications (sixth revision) 
[28] IS 383:2016 coarse and fine aggregate for concrete-specification (Third Revision) 
[29] IS 456:2000 plain and reinforced concrete-code of practice (Fourth Revision) 
[30] IS 10262:2019 concrete mix proportioning-guidelines (second revision) 
[31] Hughes BP, Fattuhi NI. The workability of steel-fiber-reinforced concrete. Magazine of concrete research. 

1976 Sep;28(96):157-161.https://doi.org/10.1680/macr.1976.28.96.157 

 

 

 

 

https://doi.org/10.1007/bf02480499
https://doi.org/10.14359/1750
https://doi.org/10.14359/6932
https://doi.org/10.1016/j.cemconcomp.2013.12.006
https://doi.org/10.3390/ma12152399
https://doi.org/10.1016/j.compstruct.2013.07.033
https://doi.org/10.1016/j.cemconcomp.2016.11.008
https://doi.org/10.1016/j.compositesb.2019.04.021
https://doi.org/10.1016/j.matdes.2006.03.017
https://doi.org/10.1617/s11527-015-0530-9
https://doi.org/10.12989/scs.2013.14.3.267
https://doi.org/10.1007/s00466-018-1561-1
https://doi.org/10.1680/macr.1976.28.96.157


*Corresponding author: hoangthilua@tlu.edu.vn 
aorcid.org/0000-0002-1799-8191; borcid.org/0000-0001-7124-0181; corcid.org/0000-0001-7601-3391; 
dorcid.org/0009-0006-4892-4001; eorcid.org/0000-0002-9182-9441; forcid.org/0009-0007-8198-0985 
DOI: http://dx.doi.org/10.17515/resm2025-617ma0110rs  
Res. Eng. Struct. Mat. Vol. 11 Iss. 2 (2025) 969-984                                                                            969 

 

Research Article 

Experimental study on friction characteristics between 
stainless steel and saturated dense coral sand 

Duc Tiep Pham1,a, Thi Lua Hoang*2,b, Viet Chinh Mai1,c, Kim Thanh Tong1,d, Duc Phong 
Pham1,e, Minh Ngoc Do3,f 

1Institute of Techniques for Special Engineering, Le Quy Don Technical University, Hanoi, Vietnam 
2Faculty of Civil Engineering, Thuyloi University, Hanoi, Vietnam 
3Faculty of Civil Engineering, University of Transport Technology, Hanoi, Vietnam 
 

Article Info  Abstract 

Article History:  Coral sand is one of the typical subsoils for construction projects on coastal and 
island regions in Southeast Asia, including Vietnam’s islands. In these regions, 
many structures are made from stainless steel to withstand the marine 
environment. Due to the load characteristics, these structures often face stability 
challenges, such as excessive settlement and horizontal displacement. Although 
these stability issues are closely related to the interaction behavior between the 
soil and the structure, the interfacial friction resistance between the coral sand and 
the steel has not been fully clarified. Therefore, in this paper, the friction 
characteristics between coral sand and stainless steel will be investigated through 
experiments. A series of direct shear tests using a modified shear box were 
conducted, considering the influence of magnitude of normal loads, the repetition 
of load, and the shear rate. The experimental results show that, the magnitude of 
loads affects the level of particle interlock and particle breakage, thereby affecting 
the interaction friction strength. Under a low number of load repetition cycles (<10 
times), the soil particles become more densely packed, resulting in higher friction 
strength, however, at a higher number of cycles, grain breakage increased causing 
the decrease in friction strength. For the effect of shearing rate, no significant effect 
was observed. 
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1. Introduction 

Coral sand is one of the typical subsoils utilized as foundation soil for many construction projects 
on coastal and island regions in Southeast Asia, including Vietnam’s islands on the East sea. In these 
regions, stainless steel structures are usually used for the foundations instead of conventional 
concrete structures, to protect the structures from the damages caused by the marine environment. 
Figure 1 shows stainless steel pile foundations for Pillars on coral sand ground on offshore island 
in Vietnam’s East sea. Due to special properties of the loads acting on offshore structures, these 
structural foundations often face many stability issues which closely relate to the interfacial 
frictional resistance between the soil and the structures such as excessive settlement or horizontal 
displacement. Therefore, when designing the structures on coral sand ground, it is necessary to 
understand the frictional characteristics between the soil and the structures. 

Soil-structure interaction friction is governed by both soil and structure properties and has been 
well studied on both sandy and clayey soil. In term of soil properties, from early studies, Uesugi and 
Kishida [1] investigated the influence of particle shape on friction between granular soil and steel, 
and they found that the angularity of particles has great effects on the pipe–soil interface shear 
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strength because the angular particles interlock more strongly, compared to rounded particles. 
Tiwari and AI-Adhadh [2] studied the influence of relative density and moisture content of well 
graded sand and showed that the difference in soil-structure frictional resistances depends on soil 
types, void ratio and water content. Canakci et al. [3] indicated that for the sandy-organic soil 
mixtures, the interfacial friction resistance was also affected by the water content and the 
percentages of granular in the mixed soil, however, it is interesting that the shape of the granular 
particles in the mixtuers had no noticeable effects. Raad et al. [4] carried out 64 direct shear tests 
to study friction angles between a poorly-graded sand and four types of structural materials; they 
found that, differing from the previous reports on well graded sand, the soil relative density has no 
effect on the shear strength of the soil, and the interface frictional strength were lower than internal 
frictional strength due to the interlock of the particles.  

  
Fig. 1. Stainless steel pile foundations for Pillars on coral sand ground on offshore island in 

Vietnam’s East sea 

Regarding the influences of structural materials, Tsubakihara and Kishida [5] conducted research 
on the interface shear behavior between normal consolidated Kawasaki clay and steel, and they 
indicated that the increment in surface roughness led to the increased shearing resistance until 
reaching the critical steel roughness. Hu and Pu [6] conducted a series of direct shear tests to study 
sand-steel interface with different roughness of steel, the particle movement during experiments 
at the interface were recorded; and they found that when the ratio of surface roughness to the mean 
diameter of sand particles was greater than 0.01, the thickness of the shear band was 5D50 at the 
interface. Gireesha and Muthukkumaran [7], Tiwari el al. [2] and Raad et al. [4] studied the 
differences in behaviors between three structural materials with pure sand, they found that the 
friction angle between sand-concrete was the highest, compared to those between sand-wood or 
sand-steel. Han et al. [8] performed a comprehensive study on the interfacial friction between steel 
and silica sand, considering both steel roughness, particle geometry and gradation of the sand via 
direct shear and direct interface shear tests; the experimental results showed that steel surface 
roughness plays an important role in the interface shear strength. The critical shear strength 
between lightly rusted steel and sand is higher than that between smooth steel and sand, up to 13% 
for the case of graded sands and about 50% for the case of uniform sands; these values were higher 
for the cases of rusted steel surfaces and continued to increase for the cases of heavily rusted steel 
surfaces. Guo et al. [9] investigate the effect of groove feature on steel-sand interface shear behavior 
based on direct shear tests results; and they concluded that the interface friction angle increases 
with the intersection angle between the groove direction and shear direction, and also increases 
with increasing the groove width. 

Besides the above major influence factors, many other studies have been done to investigate more 
deeply and detailly about various factors affecting the frictional behavior between soils and 
structures such as: particle size, grain gradation, bonding and slipping of the particles, and soil 
moisture [10, 8, 11, 12, 13]; the thickness of interfacial shearing layer, shearing rate, and loading 
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properties [14, 15, 16, 17, 18, 19, 20] ; structural material and structural configuration [21, 22]; the 
roughness of the structural surface [23, 24, 13]; and temperature variations [25]. 

 From the literature survey, there is limited information on the frictional behavior between coral 
sand and stainless steel available for practicing engineers. The coral sand usually contains a large 
part of the materials derived from coral and marine life, so it has unique properties such as being 
easily crushed and having uneven edges. Because the interfacial behavior depends deeply on the 
soil properties, with soils having such unique properties, further research is needed.  

In this study, the interface frictional characteristics between coral sand and stainless steel will be 
investigated using experimental methods. A series of direct shear tests were conducted using an 
automated device with modified lower shear box apparatus. The main focuses are placed on the 
characteristics of the applied loads such as loading rate, load magnitude, and load repetition, these 
are the common characteristics of the loads acting on offshore structures. The sand is in saturated 
state during the experimental process, similar to its working condition on construction site.  

In the next sections, the details of this study are organized as follows: Section 2 provides 
information on the studied coral sand, the testing machine and the modifications of the shear box, 
and the experimental procedures. Section 3 presents the experimental results and discussion on 
the internal shear strength parameters and the effects of loading properties on the interface friction 
characteristic between coral sand and steel, the main findings of this study are drawn. Section 4 is 
the conclusion of the study, where the main findings are summarized and remarked. 

2. Description of the Experiments 

2.1. Physical Characteristics of Coral Sand 

The coral sand utilized in this study was sourced from an offshore island located in the East Sea of 
Vietnam, as shown in Fig. 2. The properties of the sand were investigated through a series of 
laboratory soil tests, including grain size analysis and direct shear tests (DSTs). Table 1 shows the 
summary of physical properties of the studied sand. It is noted that, for direct shear tests, the 
samples were prepared with the relative density Dr of 70%, the soil was in saturated condition 
during the tests, and the results of the direct shear tests will be presented and analyzed in the next 
section for comparison purposes. 

 
Fig. 2. Coral sand mixture collected from an offshore island of Vietnam 

Figure 3 shows the grading curve for the sand. Based on the results of the grading curve analysis, 
the coefficient of uniformity (Cu) is determined to be 5.74, and the coefficient of curvature (Cc) is 
calculated as 1.23. In accordance with the TCVN 5747:1993 standard [26] (as well as in 
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accordance with the Unified Soil Classification System USCS), the coral sand is classified as SW-
type sand, signifying that it is clean and well-graded. 

Table 1. Physical properties of coral sand 

Parameter Value 

Density of soil particle, s (g/cm3) 2.671 
Maximum void ratio, emax 1.188 
Minimum void ratio, emin 0.643 

Coefficient of uniformity, Cu 5.74 

Coefficient of curvature, Cc 1.23 
 

 
Fig. 3. Grading curve of the coral sand 

2.2. Shear Testing Machine and Modified Shear Box 

To investigate the mechanical behavior of the contact surface between coral sand and stainless 
steel, the ShearMatic automatic shear testing machine (Fig. 4) is employed with an improved lower 
shear box design, as illustrated in Fig. 5. The lower shear box was specifically designed and 
manufactured to enable its assembly with the upper shear box and to securely hold the steel plate 
in the experiments. In this study, 316L stainless steel is used because this steel is commonly utilized 
for pile foundations on Vietnam offshore islands due to its excellent corrosion resistance in marine 
environments.  

 
Fig. 4. The ShearMatic automatic shear testing machine 
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The manufacturing process for the lower shear box is detailed as follows: 

• The lower shear box is fabricated from steel to ensure compatibility with the existing upper 
shear box and to securely hold the experimental stainless-steel plate (Fig. 6); 

• The 316L stainless steel plate is processed and manufactured from a steel block. The surface 
roughness of the plate is measured as Ra=4.576μm (Fig. 7). The average roughness Ra is 
defined as thearithmetic mean deviation of the roughness profile.  

• The  stainless steel plate is placed onto the lower shear box (Fig. 8). The experimental setup 
is then used to measure the frictional behavior between the stainless steel and coral sand, as 
depicted in Fig. 9. 
 

 
 

Fig. 5. Shear box model used to determine the 
interfacial friction angle between stainless steel and 

coral sand 

Fig. 6. Fabrication of the lower shear 
box for securing the 316L stainless 

steel plate 

 

 
Fig. 7. Measurement of the surface roughness of the 

316L stainless steel plate 
Fig. 8. Placement of the stainless 

steel plate on the lower shear box 

 
Fig. 9. Fully assembled improved lower and upper shear box 

2.3. Procedure of the Experiments to Determine the Friction Between Stainless 
Steel and Coral Sand 

Observations of the geological column in the study area reveal that the coral sand layer within the 
borehole has an average Standard Penetration Test (SPT) hammer number of N=40. According to 
the TCVN 9351:2022 standard [27], this hammer number corresponds to a dense state with a 
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relative density (Dr) of 70%. To examine the friction characteristics between stainless steel and 
coral sand in this study, the authors prepares samples with a relative density matching the field 
conditions (Dr=70%). 

The friction between stainless steel and coral sand is determined using the ShearMatic automatic 
shear testing machine equipped by an improved lower shear box, following the nine-step 
procedure outlined below: 

• Step 1: Calculate Sample Mass : 

Based on the target relative density (Dr) and the known parameters (Table 1), the required mass of 
dry coral sand to prepare the sample is calculated. 

• Step 2: Prepare The Sample 

The sample is prepared in the shear box apparatus with fixed dimensions (diameter D = 6.35cm, 
height hm=12.5mm). The pre-calculated mass of dry coral sand is poured into the shear box, and 
compaction is performed as shown in Fig. 11. The compaction process is done until the 
predetermined height (hm) is achieved, ensuring the desired density. 

• Step 3: Install The Shear Box 

The shear box containing the prepared sample is placed into the ShearMatic automatic shear 
testing machine. 

• Step 4: Set initial parameters 

Before starting the experiment, the initial parameters are set. These include the sample size, input 
parameters for the consolidation stage (vertical load σv, consolidation speed, and data recording 
speed), and input parameters for the direct shear stage (shear rate SR, maximum horizontal 
displacement, and data recording speed). 

• Step 5: Saturate the Sample 

The sample is placed in a tray filled with water and soaked for approximately 15 minutes to achieve 
saturation, as shown in Fig. 12. 

• Step 6: Perform the Consolidation Stage 

The sample undergoes a consolidation stage under the normal stress to replicate in-situ conditions. 

• Step 7: Apply Horizontal Force 

Horizontal force is incrementally applied to simulate the shear process. The pins that lock 
the upper shear box and lower shear box are removed before applying the horizontal force. 

• Step 8: Record Measurements And Complete The Test 

Measurements are recorded throughout the test process, which is concluded when the horizontal 
displacement reaches the specified limit. 

The present study addresses three key issues related to load properties to investigate the factors 
influencing the frictional resistance between the stainless steel and coral sand, as outlined below: 

• Problem 1: Investigating the effect of shear rate (SR). 
• Problem 2: Examining the effect of magnitude of the normal pressure applied to the sample 

(ML). 
• Problem 3: Analyzing the effect of the number of static load repetition cycles (LR). 

 

The American Petroleum Institute proposed the API curve of sand skin friction load transfer 
(American petroleum institute [28]). Analysis of this curve indicates that when the displacement 
between the structure's surface and the sand δ reaches [δ] = 0.1inch (2.54 mm), the friction 
intensity between the sand and the steel surface reaches its limiting value. Accordingly, this study 
adopts a displacement value of [δ] = 2.54mm to determine the critical friction value between the 
coral sand and the surface of the stainless-steel plate. 
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Fig. 10. Weighing the coral sand for sample 
preparation 

Fig. 11. Compacting the coral sand 
within the shear box 

  
Fig. 12. Saturating the coral sand sample by 

introducing water into the shear box 
Fig. 13. Coral sand sample after 

completion of the shear test 

3. Experimental Results and Discussion 

3.1. Internal Shear Strength Parameters of the Coral Sand 

Prior to conducting the tests to investigate the interfacial frictional behavior between coral sand 
and stainless steel, the internal shear strength characteristics of the sand were determined through 
a series of direct shear tests using the same ShearMatic automatic shear testing machine. Fig. 14 
presents the friction force–horizontal displacement curves obtained from these tests for three 
samples subjected to different levels of normal stress. The results indicate that the shear strength 
of all samples initially increased with horizontal displacement (δ), reaching peak strength at δ = 
3.5–4.5 mm. Furthermore, higher applied normal stress resulted in peak shear strength occurring 
at a greater horizontal displacement. Beyond this peak, the coral sand exhibited post-peak 
softening behavior, which is consistent with materials governed by the Hypoplastic model. 

From the friction force - horizontal displacement as shown in Fig. 14, the peak shear strength 
corresponding for each level of the normal applied load was obtained. Figure 15 shows the relations 
between the normal stress and the shear strength for the three samples. The least squares method 
was used to create the fitting line to determine the shear strength parameters of the sand. From the 
fitting line on Fig. 15, the internal friction angle φ of the sand is determined by the angle of 
inclination of this line (tan φ = 1.278 corresponds to φ = 52o), while the apparent cohesion c of the 
sand is the ordinate of the intersection of the line with the vertical y-axis (c = 53.578 kPa). It can be 
seen from the results that the coral sand using in this study has a high internal friction angle φ of 
52o, and a high internal apparent cohesion c of 53.578 kPa. The rough structure of coral grains is 
the reason for the high internal friction angle. The apparent cohesion of the sand herein is due to 
the mutual clogging of the particles, which is different from the cohesion of clayey soils. For coral 
sand, sand particles especially have uneven edges and irregular shapes, which lead to the high 
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apparent cohesion. This result is also consistent with the results conducted from previous studies 
on the mechanical properties of coral sand [29, 30]. 

 
Fig. 14. Horizontal displacement – Shear force relations of the coral sand 

 

Fig. 15. Normal stress – Internal shear strength relations of the coral sand 

3.2. Effect of Shear Rate on Interface Friction between Stainless Steel Plate and 
Coral Sand 

In this parametric study, samples are tested at seven different shear rates. The samples are 
prepared with the same relative density of 70% and subjected to the same normal pressure of 100 
kPa. The applied shear rates vary across the following levels: 0.1mm/min; 0.25mm/min; 
0.75mm/min; 1.0mm/min; 2.0mm/min; 3.0mm/min; and 4.0mm/min. 

The relationships between friction force and horizontal displacement obtained from the tests are 
presented in Fig. 16. The analysis of the curves in Fig. 16 reveals that none of the curves 
corresponding to different shear rates display peak values. Moreover, the shear rate has a minimal 
impact on the frictional behavior between coral sand and stainless steel, with differences in friction 
force across the shear rates being only approximately 5 percent of average friction force of all 7 
tests. This is attributed to the random distribution of grain sizes on the contact surface between the 
stainless-steel plate and the coral sand sample, which occurs during the sample preparation 
process. Comparing to the test results conducted by Al-Mhaidib [14] for a local poor-graded sand, 
the shear rate reported by Al-Mhaidib had more clear effects on the interface shear stress as the 
interface friction angle increased noticeably with increasing shear rate. In contrary, Rahman et al. 
[31] investigated the interfacial friction angle between steel and a coarse sand having Cu of 3.89 
and Cc of 1.21, considering the wide range of shearing rate from 0.05mm/min to 2.5mm/min; and 
they found that the interface friction angle decreased with increasing shearing rate. Looking back 
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to previous studies, there is limited studies dealing with the effects of shear rate on the interface 
shear strength between sand and steel for comparison, however, it can be seen that the behavior 
of coral sand in this case is quite different from above mentioned sands. 

Figure 16 shows that the critical friction force is attained at a horizontal displacement ranging from 
approximately δ=0.5m÷1.0mm. In comparison to the study conducted by Al-Mhaidib [14], which 
utilized a steel plate with a surface roughness of Ra=1.06 μm and white silica sand with a relative 
density of 64%, they reported from their test results that a larger displacement range of 2.0 mm to 
3.0 mm at maximum friction force. Furthermore, the friction force - horizontal displacement curves 
in the test of Al-Mhaidib [14] also did not display peak values. 

Within the shear rate range of 0.1mm/min to 4mm/min, the friction intensity between the stainless 
steel surface and coral sand is observed to vary between 44.56 kPa and 48.96 kPa. Consequently, 
the interfacial friction angle between the stainless steel surface and coral sand changes from 24.02 
degrees to 26.08 degrees. A relative comparison with silica sand, based on the finding of Al-Mhaidib 
[14], reveals that coral sand, due to its rough and angular grain structure, gernerates greater 
interfacial friction resistance at the steel surface. 

 
Fig. 16. Friction force versus horizontal displacement for coral sand and stainless-steel surface 

under normal stress of 100 kPa 

3.3. Effect of Normal Pressure on the Interface Friction Angle between Stainless 
Steel Plate and Coral Sand 

In this study, eight tests are performed to investigate influence of normal pressure on the interface 
friction angle. The samples are prepared with the relative density of Dr=70%, the shear rate of 
SR=1.0mm/min, and the normal pressures σv applied at varying levels: 12.5kPa; 25kPa; 35kPa; 
50kPa; 100kPa; 200kPa; 300kPa; 400kPa. It is noted that the selected range of normal pressures 
encompasses the typical range of normal loads encountered in real structural applications. 

3.3.1. Relation Between the Interface Shear Force and The Relative Lateral Displacement 
for Different Normal Pressures 

Figure 17 shows the relations between the interface shear forces and the relative lateral 
displacements with different magnitudes of the applied normal stress. The results reveal that, at 
first, as the horizontal displacement between the two surfaces increases, the friction force at the 
interface between the stainless steel and coral sand increases, and then it eventually stabilizes. This 
behavior closely resembles that of the ideal elastic-plastic model. Additionally, the friction force 
between the stainless steel and coral sand increases with increasing the magnitude of the applied 
normal pressure. 
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Fig. 17. Relation of friction force - horizontal displacement under varying normal pressures 

3.3.2. Determine Interface Shear Strength Parameters from Relations Between Friction 
Force and Horizontal Displacement 

The Mohr-Coulomb model is commonly used to simulate the strength characteristics of the contact 
surface between a structure and soil. The strength parameters of the contact surface are generally 
comparable to those of the surrounding soil but are adjusted using the interface reduction 
coefficient Rinter. For the coral sand, the strength of the contact surface between the structure and 
the sand is often characterized by a single parameter, the interface friction angle [24]. However, Li 
et al. [32] suggests that this strength includes two components: the interface friction angle and the 
cohesion. 

If the contact surface between stainless steel and coral sand is assumed to be governed solely by 
the interface friction angle (δ), then this parameter can be determined by each individual 
experiment using the following equation: 

δ = arctan(
𝜏

𝜎𝑣
)  (1) 

Where τ is shear stress, σv is the normal stress applying on the coral sand sample. 

The interface friction angle (δ) of the samples at various compressive pressures is computed using 
formula (1), and the results displayed in Table 2 and Fig. 18. The regression method is applied to 
establish the correlation function between the interface friction angle and the normal pressure, as 
follows: 

δ = 6893.15×σ-2.64+25.57  (2) 

Figure 18 exhibits that within the low range of normal pressure (σv ≤ 35 kPa), a decrease in applied 
pressure causes an increase in the interface friction angle. In contrast, the surface friction angle 
stabilizes at approximately 25.57 degrees when the normal pressure surpasses 35 kPa. 

If the characteristics of the stainless steel-coral sand interface shear strength are considered to 
comprise two components, including interface friction angle and cohesion, the correlation between 
the normal pressure and the interface shear strength is presented in Fig. 19. 
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Fig. 18. Relation between normal pressure and interface friction angle between stainless steel 
and coral sand governed solely by the interface friction angle, based on equation (1) and (2). 

Table 2. Analysis results of normal pressure - external friction angle of the interface of stainless 
steel and coral sand 

Normal 
pressure 
σ (kPa) 

Friction force 
corresponding 
to horizontal 
displacement 

of 2.54mm (N) 

Interface 
shear 

strength 
τ (kPa) 

Without cohesion With cohesion 

Note 
Interface  

friction angle, 
δ=atan (τ/σ) (Deg) 

Cohesion 
c (kPa) 

Interface 
friction 
angle δ 
(Deg) 

12.5 27.01 8.53 34.30 

3.85 20.24 
Low 

normal 
stress 

25.0 40.93 12.92 27.34 

35.0 53.34 16.84 25.70 

50.0 75.12 23.72 25.38 

0.49 25.48 
High 

normal 
stress 

100.0 156.29 49.35 26.27 

200.0 307.93 97.23 25.93 

300.0 440.50 139.09 24.87 

400.0 612.67 193.46 25.81 
 

For low normal pressure (σv ≤ 35 kPa), based on three experimental data, a first-degree equation 
is established based on three experimental data points. The equation contains two unknowns: the 
tangent of the interface friction angle (tanδ) and cohesive strength (c), treated as constant. By 
applying the least squares method, the interface friction angle is determined to be 20.24o while the 
cohesive strength is calculated as 3.85 kPa.  

In the same way, for higher normal pressure (exceeding 35 KPa), an analysis of five experimental 
data using the least squares method yields an interface friction angle of 25.48 o and a cohesion of 
0.49 kPa. 

The mass of the experimental sample is relatively small (less than 100 gr), making it prone to 
considerable error if the grain composition of the sample are re-determined after loading. 
Furthermore, the sample mass does not meet the requirements for grain composition analysis as 
stipulated by the relevant standard (TCVN 4198:2014 [33]). Consequently, this analysis is not 
conducted in this study. However, the particle breakage property of coral sand under the affect of 
the applied load is the difference between coral sand and silica sand, this property has been 
confirmed in many recent studies [34, 35, 36]. 
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Fig. 19. Relation between normal pressure and surface interface shear strength between 

stainless steel and coral sand governed by both interface friction angle and cohesion 

3.3.3. Discussion on Influence of Normal Pressure on Interface Shear Strength 

Compare the interface shear strength parameters between the cases of low normal pressure and 
the cases of higher normal pressure, it can be seen that the interfacial friction angle is significantly 
higher for the cases of the higher pressures, meanwhile the interfacial cohesion is higher for the 
cases of the lower pressures. According to the research, under the low normal pressure, the rough 
and the angular grains of coral sand exhibit minimal breakage and are capable of interlocking with 
the rough grooves on the steel surface. This phenomenon results in a higher value in the cohesive 
strength to 3.85 kPa. Conversely, under higher normal pressures, the grains are more prone to 
breakage and rearrangement, resulting in the increase of relative density. Consequently, the 
interface friction angle increase. Here, the interaction behavior between the steel surface and coral 
sand is similar to that of the silica sand, and the interface friction angle is considered as the primary 
component contributing to the interface shear strength. 

Compare to the internal shear strength parameters, both the interface friction angle and interface 
cohesion are significant smaller. The interface friction angle is only 38%-48% of the internal 
friction angle, and the interface cohesion is only under 8% of the internal cohesion. In current 
design, many engineers use an empirical coefficients between interfacial and internal resistances 
Rinter =  0.6 ÷ 0.7 (this means that the interfacial shear strength parameters are about 60% ÷ 70% 
of the values of the internal shear strength paramters). However, the use of a common Rinter value 
may not be appropiate in this case.  Considering steel piles - a common structures on coral sand 
ground, the load-bearing capacity of these piles is closely related to the pile-soil interaction. 
Currently, pile shaft resistance are usually calculated using empirical formulas related to soil 
properties. Fig. 20. compares the interface friction resistances measured from the experiments 
with the resistances calculated by three different formulas for the coral sand in this study. Three 
calculation schemes include: (1) using the equation founded by Meyerhof based on N-SPT value 
(N= 40) of the ground [37]; (2) Using empirical resistance values according to the depth of soil layer 
and dense state of the soil [38,39]; (3) Using the equation recommended by API for offshore 
structures [28], based on effective overburden pressure and soil relative density. 

It is seen from Fig. 20. that scheme (1) indicates a constant shear strength while the measured shear 
strength increases with normal pressure.  The scheme (2) presents higher values when the normal 
pressures are less than 120 kPa but lower values when the normal pressures surpass 120 kPa, 
compared to measured values. The scheme (3) shows that the trend is quite similar to the trend of 
experimental results, however, at large normal pressures, calculated values were noticeable maller 
than the measured values.  
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In general, the differences between the experimental results and calculated results of this study 
emphasizes that, when designing a steel structure on coral sand ground, it is necessary to 
understand the frictional behavior between the structure and the soil. 

 
Fig. 20. Relation between normal pressure and interface shear strength from experiment and 

calculations. 

3.4. Effect of Repeated Loading on the Interface Friction Angle between Stainless 
Steel Plate and Coral Sand 

The offshore structures built on coral sand ground is often subjected to repeated loads from sea 
waves. Current study investigates the impact of the number cycles of repeated load on the friction 
force between the stainless steel and the coral sand. Five experimental samples are tested. All 
sample are prepared with the same relative density of Dr=70% and the same shear rate of 
SR=1.0mm/min, as described in the previous sections. The samples are subjected to varying 
numbers of repeated horizontal load cycles (5, 10, 20, 30, and 40 cycles) before being horizontally 
loaded to failure. Parameters for the movement of lower shear box in each cycle as follows: 

• Maximum amplitude: A ≤ 0.5mm 
• Forward travel velocity: SR1=1mm/min 
• Reverse travel velocity: SR2=1mm/min 

The horizontal travel of the lower shear box over five cycles is shown in Fig. 21. The results reveal 
that the forward and reverse travel amplitudes of the lower plate are not identical, with the actual 
travel amplitude measured at 0.214 mm. 

 
Fig. 21. Horizontal displacement of the lower shear box over time across five loading cycles 
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Figure 22 depicts the travel of the lower shear box and the interface friction force during both 
the repeated loading phase and the subsequent loading phase until specimen failure. The results 
indicate that for a small number of cycles (10 cycles or fewer), the interface friction forces are 
higher, in comparison with those of larger number of load cycles. This phenomenon can be 
explained that the repeated loading process compacts the particles, leading tighter packing and 
an increase in surface friction force. However, as the number of cycles increases (larger than 10 
cycles), the repeated loading process leads to the breakage of larger particles and increasing the 
surface wear. This results in a restructure and rearrangement of particles with an increased 
proportion of fine particles, causing a gradual decline in interfacial friction force. When the 
number of cycles reaches 40, the interfacial friction force is nearly equivalent to that of the 
sample that have not been subjected to repeated loading. 

 
Fig. 22. Relationships between interfacial friction force and horizontal displacement for varying 

numbers of cycles 

4. Conclusions 

In this study, the interface friction characteristics between 316L stainless steel and saturated dense 
coral sand were investigated using a Shearmatic automatic shear testing machine with a modified 
lower shear box. The key findings can be summarized as follows: 

• The relationship between horizontal displacement and interface friction force does not 
exhibit a peak value. The shear rate has an insignificant impact on interface friction, with 
friction force variations remaining within 5% across different shear rates.  

• The horizontal displacement required for the interface friction force of coral sand reaches its 
critical value is lower, compared to corresponding displacement value of white silica sand. 
Compared to silica sand with the equivalent density, coral sand demonstrates a higher 
interfacial frictional strength due to its rough and angular grain structure. 

• Under low normal pressure, coral sand exhibits minimal grain breakage, allowing the rough, 
angular particles to interlock with the grooves on steel surface, leading to an increase in unit 
cohesion. In contrast, at higher normal pressures, increased particle breakage results in a 
smoother particle structure, reducing unit cohesion and shifting the dominant interaction 
mechanism to frictional resistance. 

• Load repetition significantly influences interface friction behavior. At fewer than 10 load 
cycles, particle compaction enhances higher frictional strength. However, at more than 10 
cycles, grain breakage and particle rearrangement reduce interface friction strength. Under 
larger number of load cycles, the interfacial friction strength is reduced to approximately the 
interface friction strength of the case of not being subjected to repeated loading. 
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• The interface friction angle and cohesion are significantly lower than the internal shear 
strength parameters. The interface friction angle is only 38%-48% of the internal friction 
angle, while the interface cohesion is less than 8% of the internal cohesion. These findings 
highlight the necessity of considering actual interface shear behavior rather than relying on 
empirical reduction factors when designing steel structures on coral sand foundations. 
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