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exposed to near- and far-field earthquakes   

Vyshnavi Pesaralankaa, Kameswara Rao Burugapallib, Surya Prakash Challagulla*,c 

Department of Civil Engineering, Koneru Lakshmaiah Education Foundation, Vaddeswaram, Guntur, India 

Article Info Abstract 
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Historical earthquakes highlighted structural collapses and non-structural 
component (NSC) failures. This study aims to analyze NSC behavior during near 
and far-field earthquakes in a three-story building by studying elastic and 
inelastic acceleration responses. The investigation delves into floor response 
spectra and analyzes how NSCs affect floor acceleration responses, aiming to 
understand the performance of these components. The findings from the 
analysis indicated that the Floor Response Spectra (FRS) consistently align peaks 
with elastic and inelastic modal periods. Inelastic FRS notably show reduced 
floor spectral accelerations compared to elastic FRS. Near-field earthquakes 
induce 25-30% higher floor acceleration demands in NSCs compared to far-field 
earthquakes. Peak Component Acceleration (PCA) values differ significantly 
between near and far field earthquakes, with near-field ones exhibiting notably 
higher values across all floors. Higher damping ratios in NSCs lead to decreased 
peaks in the Component Dynamic Amplification Factor (CDAF) spectrum. The 
inelastic model notably reduces peak values of CDAF by approximately 49.53% 
to 69.3% for near-field and 51.81% to 64.47% for far-field earthquakes 
compared to the elastic model. In summary, the examination of peak floor 
responses against the formulation based on building codes highlights variations, 
with instances where the formulation either underestimates or overestimates 
the peak response demands. 

© 2024 MIM Research Group. All rights reserved. 

Keywords:  
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1. Introduction

Buildings are attached with non-structural components (NSCs), which are not designed to 
withstand structural loads (1), have a vital role in ensuring earthquake resilience. The 
damage to NSCs can lead to substantial economic losses, both directly and indirectly, often 
surpassing the costs associated with the primary structural members. The damage to non-
structural components (NSCs), which encompass crucial and valuable equipment, can 
greatly interrupt the operations of diverse structures, especially vital facilities like 
airports, hospitals, and sites of historical or cultural significance [2-3]. These results 
emphasize the critical necessity of assessing the seismic behavior of components alongside 
structural elements. Current standards and recommendations largely rely on practical 
approaches gleaned from previous encounters and engineering knowledge [4]. Hence, it is 
vital to design NSCs to endure seismic forces, guaranteeing their safety and the 
uninterrupted operation of buildings post-earthquake. This entails establishing the Floor 
Response Spectrum (FRS) at the juncture where the non-structural component connects 
with the main structure. 

NSCs can be categorized into different types based on their failure [5]. While there are now 
precise methods available for accurately estimating seismic demand on both types of non-

http://dx.doi.org/10.17515/resm2024.115ea1207rs
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structural components, simpler procedures are sometimes necessary in design scenarios 
[6). National and international codes offer several straightforward formulas for calculating 
seismic demand on NSCs. Many seismic codes used in earthquake-prone areas aim to 
predict the maximum acceleration and thus the maximum inertial force caused by seismic 
shaking on NSCs. Therefore, this study focuses solely on acceleration-sensitive non-
structural components. Examples of acceleration-sensitive non-structural components 
include suspended building utility systems like pipe systems and cable trays, as well as 
anchored or free-standing building utility systems or contents. 

The floor response spectrum (FRS) method is an analytical approach that operates by 
separating various considerations [7–13]. Initially, the primary structure undergoes 
dynamic analysis independently, without factoring in the secondary system's influence. 
The acceleration response record from the particular floor where NSCs are affixed is 
employed as data for modeling the NSC and forming the floor response spectrum. As a 
result, the maximum force required for NSC design can be determined from the resulting 
FRS. Studies on the seismic performance of elements exposed to ground motion have 
demonstrated that the amplification of responses in the primary structure increases the 
likelihood of NSC damage [14]. Investigations into methods for generating FRS were 
initiated in the 1970s. Traditionally, various approaches treated the NSC and its supporting 
structure as single degree of freedom (SDOF) systems. Yasui et al. [15] introduced a 
method for creating smooth design floor response spectra using either the design spectra 
or ground response spectra as a reference point. They also developed and verified an 
innovative method for directly ascertaining floor acceleration spectra [16]. Wei Jiang et al. 
[17] established floor response spectra to assess the seismic demands on nuclear facilities, 
finding that FRS generated from time history analysis exhibited significant variations, 
especially in specific tuning scenarios. The investigation of floor response spectra for 
multi-story structures has been a subject of study [18–22]. Furthermore, the impact of 
stiffness irregularities on the FRS was examined [23], with the research revealing 
heightened acceleration amplification at the soft story level. While the relevant literature 
has documented a variety of FRS generation methods [17,21,24,25]none of them are 
capable of effectively assessing how the seismic performance of non-structural 
components is impacted under near and far-field earthquakes. 

Prior research has mostly focused on how both structural and non-structural components 
respond seismically to typical ground motions. However, limited research has specifically 
addressed the seismic behavior of primary structures subjected to near- and far-field 
ground motions [26–31]. These investigations have revealed distinct behaviors of 
buildings under near field versus far field earthquakes. Consequently, there exists a crucial 
gap in understanding the seismic performance of non-structural components under both 
near and far-field earthquake conditions. As a result, there is a critical need to explore the 
seismic performance of non-structural components under both near and far field 
earthquake excitations. Therefore, this study aims to assess the impact of near and far field 
earthquake events on floor spectral accelerations. In the process of generating floor 
response spectra (FRS), the component dynamic amplification factors are particularly 
important, as they represent the extent to which NSCs are amplified. Consequently, these 
parameters and spectral data are examined within the context of a specific building model 
exposed to seismic forces. Subsequently, a comparative analysis is conducted to assess the 
disparities between the obtained amplification factors and those derived from code-based 
calculations. 

The paper is organized as follows: Section 2 provides a concise overview of the structural 
model. Section 3 discusses the selection and scaling of ground motions and provides 
specific details pertinent to this research. In Section 4, the research findings are presented, 
with a focus on three key response parameters: floor response spectra, peak component 
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acceleration, and component dynamic amplification factors. The paper concludes in 
Section 5 with succinct summarizing remarks.  

2. Structural Model  

A 3-storey (Ground+2) reinforced concrete (RC), 3D moment-resisting bare frame building 
as shown in Fig. 1 has been considered in this analysis. Each floor height is assumed as 3 
m. The building under consideration is a special moment-resisting frame (SMRF) with a 
consistent 4-meter bay width across all floors. The reinforced concrete (RC) is modelled 
with an M30 grade concrete, and the reinforcing steel is HYSD 500. Additionally, as per IS 
875-Part 2 [32] guidelines, floor finish load and live load are considered to be 1.5 kN/m2 

and 3 kN/m2, respectively. The initial sizes of columns and beams have been selected in 
compliance with IS 13920:2016 [33]. In this design, column dimensions are uniform at 350 
mm × 350 mm, and beams are consistently sized at 300 mm × 300 mm for all frames. 
Additionally, the reinforced concrete (RC) slabs is standardized at 150 mm thickness. The 
structural model underwent analysis and design considerations for both gravity loads and 
earthquake forces, specifically in accordance with seismic Zone V conditions. This zone, 
characterized by a zone factor of 0.36, is associated with a hard soil profile. The design 
details are shown in Fig 2. 

 

Fig. 1. Three-story building model 

To evaluate the performance of the model, the elastic and inelastic responses of the bare 
frame were examined through time-history analysis, utilizing the finite element software 
package SeismoStruct (34). In linear modelling, beams and columns are represented as 
elastic frame elements using their gross moment of inertia. In nonlinear modelling, these 
elements are portrayed as inelastic plastic hinge force-based elements. Following the ASCE 
41-17 [35] standard, the nonlinear characteristics of reinforced concrete (RC) elements 
are replicated using concentrated plastic hinges positioned at both ends of every member. 
The plastic hinge length, denoted as 𝐿𝑝, is defined in accordance with Paulay and Priestley 

[36] as being equal to half of the section depth. The actual structural geometry, 
incorporating the obtained reinforcement through design, is established to generate the 
moment-curvature diagram.   
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Fig. 2. Reinforcement details of a considered building model 

The cracked stiffness of these nonlinear elements is determined following ASCE 41-17 
guidelines, which specify the approach for calculating the stiffness of cracked sections for 
both columns and beams. Mander's model is used to describe the confined concrete’s 
compressive behavior. Steel reinforcement in tension is represented by a bilinear model 
with isotropic strain hardening behavior. For modelling RC slabs, a rigid diaphragm 
approach is employed. To simulate the damping effects in the dynamic studies, a Rayleigh 
damping model has been set up, which accounts for 5% damping divided between the 
lowest and highest modes to obtain a total of 95% cumulative mass participation in both 
directions. The analysis considered fixed base conditions, without accounting for soil 
flexibility. The subsequent section outlines the process employed to choose the ground 
motion for the current study. 

3. Ground Motions 

Regarding the assessment of seismic response, realistic responses are generated by 
utilizing actual ground-motions. Therefore, for the current research, we have incorporated 
20 horizontal ground motion excitations, as specified by ASCE 7-16 [37] tailored for hard 
soil conditions with a shear wave velocity (𝑉𝑠30) greater than 350 m/sec. Additionally, for 
this study, we have chosen to employ a set of ground-motion records recommended in 
FEMA P695 [38]. These records will be used to carry out both linear and nonlinear dynamic 
analyses on the building structures under consideration. Among the set of 20 excitations, 
11 of them are categorized as near-field ground motions, while the remaining are classified 
as far-field ground motions, as detailed in Table 1. According to the classification in FEMA 
P695, the far-field record set comprises ground motions originating from sites situated at 
a distance equal to or greater than 10 km from the fault rupture. In contrast, the near-field 
record set includes ground motions recorded at sites located within a distance of less than 
10 km from the fault rupture, as determined by the Joyner-Boore distance (𝑅𝑗𝑏). The 

ground-motion records under consideration were obtained from sites with rock soil 
conditions, specifically falling within NEHRP site classes B and C.  
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(a) 

 

(b) 

Fig. 3. Scaled ground motions mean spectra and the target spectrum (a) near-field data, 
(b) far-field data 

These records are associated with moment magnitudes (𝑀𝑤) ranging from 6.69 to 7.62, 
with an average magnitude of 7.05. Among the selected records, the closest distances to 
the fault rupture, calculated as the average Joyner-Boore distance, span from 0 to 26 km, 
with an average distance of 8.11 km. The epicentral distances (𝑅𝑒𝑝𝑖) for this chosen set of 

ground motions vary between 4.5 and 86 km, with an average distance of 33.4 km. The 
peak ground acceleration (PGA) values of these selected records range from 0.22 to 1.49 g, 
and their average PGA is 0.494 g. For more comprehensive information regarding these 
ground motions, further details can be found in FEMA P695. To achieve compatibility with 
the target response spectrum, which is the Zone V elastic design spectrum of IS 1893 (Part 
1): 2016 [39], the chosen ground motion records were subjected to scaling.  
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Table 1. Details of near-field and far-field record sets for time-history analysis 

Near field records 

S. 
No 

RSN 
Earthquake 

Name 
Year 

Station 
Name 

𝑴𝒘 
𝑹𝒋𝒃 

(km) 
𝑽𝒔𝟑𝟎 

(m/sec) 
𝑷𝑮𝑨 
(g) 

𝑹𝒆𝒑𝒊 

(km) 

1 292 
Irpinia_ 
Italy-01 

1980 
Sturno 
(STN) 

6.9 6.78 382 0.226 30.4 

2 802 Loma Prieta 1989 
Saratoga - 
Aloha Ave 

6.93 7.58 380.89 0.514 27.2 

3 821 
Erzican_ 
Turkey 

1992 Erzincan 6.69 0 352.05 0.386 9 

4 828 
Cape 

Mendocino 
1992 Petrolia 7.01 0 422.17 0.597 4.5 

5 879 Landers 1992 Lucerne 7.28 2.19 1369 0.725 44 

6 1086 
Northridge-

01 
1994 

Sylmar - 
Olive View 

Med FF 
6.69 1.74 440.54 0.604 16.8 

7 1165 
Kocaeli_ 
Turkey 

1999 Izmit 7.51 3.62 811 0.165 5.3 

8 1529 
Chi-Chi_ 
Taiwan 

1999 TCU102 7.62 1.49 714.27 0.303 45.6 

9 496 
Nahanni_ 
Canada 

1985 Site 2 6.76 0 605.04 0.519 38.04 

10 825 
Cape 

Mendocino 
1992 

Cape 
Mendocino 

7.01 0 567.78 1.49 33.98 

11 1004 
Northridge-

01 
1994 

LA - 
Sepulveda 

VA 
Hospital 

6.69 0 380.06 0.752 44.49 

Far-field records 

1 953 Northridge 1994 
Beverly 

Hills-
Mulhol 

6.7 9.4 356 0.52 13.3 

2 1787 Hector Mine 1999 Hector 7.1 10.4 685 0.34 26.5 

3 1111 Kobe, Japan 1995 
Nishi-
Akashi 

6.9 7.1 609 0.51 8.7 

4 1148 
Kocaeli, 
Turkey 

1999 Arcelik 7.5 10.6 523 0.22 53.7 

5 900 Landers 1992 
Yermo Fire 

Station 
7.3 23.6 354 0.24 86 

6 767 Loma Prieta 1989 
Gilroy 

Array #3 
6.9 12.2 350 0.56 31.4 

7 1633 Manjil, Iran 1990 Abbar 7.4 12.6 724 0.51 40.4 

8 1485 
Chi-Chi, 
Taiwan 

1999 TCU045 7.6 26 705 0.51 77.5 

9 125 Friuli, Italy 1976 Tolmezzo 6.5 15 425 0.35 20.2 
 

The process employed for this purpose involved the utilization of a time-domain spectral 
matching approach to generate earthquake excitations that align with the desired 
spectrum. Figure 3 illustrates the target spectrum as per IS 1893:2016, which are linked to 
5% damping, along with the mean spectra of ground excitations. It is essential that the 
mean spectra remain over 90% of the target spectrum for the whole-time range, as per 
ASCE 7-16 requirements. It is evident (Fig. 3) that the mean spectra comfortably exceed 
this 90% threshold. Table 2 provides information regarding the modal periods and 
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cumulative modal mass participation ratios for a three-story building model in both linear 
and nonlinear analysis ranges. 

Table 2. Details of time periods and cumulative mass participation ratios of considered 
models 

Mode 
Linear Model Non-Linear Model 

T (sec) UX UY T (sec) UX UY 
Mode 1(Y) 0.743 28.83 64.86 1.71 89.08 3.68 

Mode 2(X) 0.742 93.85 93.77 1.70 92.79 92.74 

Mode 3(Z) 0.635 93.92 93.92 1.40 92.83 92.82 

Mode 4(X) 0.206 97.76 95.51 0.495 99.48 92.82 

Mode 5(Y) 0.206 99.36 99.36 0.495 99.48 99.48 

Mode 6(Z) 0.178 99.55 99.36 0.415 99.48 99.48 

Mode7 (Y) 0.101 99.99 99.80 0.246 99.92 99.55 

Mode 8(X) 0.101 99.99 99.99 0.246 99.99 99.99 

Mode 9(Z) 0.089 99.99 99.99 0.214 99.99 99.99 

Mode 10(X) 0.054 99.99 99.99 0.078 99.99 99.99 

Note: T represents Time period, UX and UY are cumulative modal mass participation 
ratios along X and Y directions. 

4. Results and Discussion 

The behavior of non-structural components is examined in detail in the following sections. 
The key response parameters used to characterize the performance of these components 
include Floor Response Spectra (FRS), Peak Component Acceleration (PCA), and 
Component Dynamic Amplification Factors (CDAF). It is essential to highlight that this 
study does not consider component’s nonlinearity and is specifically applicable to 
lightweight components that do not introduce dynamic feedback to the primary structure. 
In other words, interaction effects between non-structural components and the primary 
building structure are not considered in this analysis.   

4.1 Floor Response Spectrum (FRS) 

In the current research, the non-structural components (NSCs) under investigation are 
elastic single-degree-of-freedom (SDOF) systems. Dynamic interaction effects are 
disregarded since these NSCs are believed to have a mass much lower than that of the main 
structure. The methodology employed involves the use of Floor Response Spectra (FRS) as 
a decoupled approach, allowing for the independent assessment of both the structure and 
the NSCs in a specified manner. For this purpose, scaled near- and far-field ground motions 
serve as input data for both linear and non-linear time history analyses. Absolute 
acceleration responses are individually obtained for all floors and subsequently utilized as 
input to calculate the corresponding FRS for the NSCs. A 5% damping ratio is used to 
calculate these FRS, and the average findings for each floor are presented and evaluated. 
The average spectral acceleration (𝑆𝑎, measured in g units) of a non-structural component 
(NSC) connected to a specific floor is graphed in relation to the vibration period (𝑇𝑠 , 
measured in seconds) for the building model depicted in Figure 4. When the FRS are 
plotted across an extensive variety of periods, it is predicted that the largest peaks in the 
spectrum would line up with the fundamental period of the main structure [40]. These 
observed peaks in the FRS correspond to the modal periods of the building model under 
consideration. 
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From Fig.4, it can be observed that the two peaks observed in the elastic and inelastic FRS 
are recorded close to the structure's elastic and inelastic modal periods (Table 3), 
respectively. This finding from this study is consistent with the outcomes of the previous 
research [11–13]. The Floor Response Spectra (FRS) exhibit a consistent trend of 
increasing magnitude from the first floor at the bottom to the third floor at the top. At first 
glance, it is evident that the floor spectral accelerations of the inelastic FRS—shown by 
dotted lines—are significantly lower than its elastic counterpart. The impact of both near-
field and far-field excitations on the FRS is evident when observing the magnitude of the 
peaks. It is observed that, under far-field excitations, the FRS peaks corresponding to 
modal periods are noticeably lower in magnitude compared to those under near-field 
excitations. 

  

  
(a) 
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(b) 

Fig. 4. Elastic (solid line) and inelastic (dashed line) FRS of 3-storey considered 

building model for (a) near-field data, (b) far-field data 

As an illustration, when considering the higher floor level and an elastic FRS peak 
associated with the first fundamental period of a building model with a specified damping 
ratio for the non-structural component (𝜉𝑠  = 0.5%), the magnitudes of the floor spectral 
accelerations are 10.62 g and 8.19 g under near-field and far-field excitations, respectively. 
Likewise, for the higher floor level and an inelastic FRS peak associated with the first 
fundamental period of the same building model with the same damping ratio (𝜉𝑠  = 0.5%), 
the magnitudes of the spectral acceleration are 1.28 g and 1.19 g under near-field and far-
field excitations, respectively. A significant decrease in floor spectral acceleration is 
evident when considering far-field excitations. The same pattern is observable for other 
damping ratios as well. Therefore, we can draw the conclusion that, regardless of the 
damping ratio of the non-structural component (NSC), near-field excitations lead to higher 
demands for floor accelerations when compared to far-field excitations. The proximity of 
the earthquake source plays a critical role in this outcome. Near-field earthquakes, which 
occur in close proximity to the building, tend to produce ground motions with higher 
amplitudes and more pronounced high-frequency content. These characteristics can 
induce higher spectral accelerations and amplification effects in the building's response. In 
contrast, far-field earthquakes, originating at a greater distance, generally result in ground 
motions with lower amplitudes and a broader range of frequencies. This typically leads to 
reduced demands for floor accelerations in the building's response. This conclusion 
underscores the importance of considering the source-to-site distance and the 
characteristics of the ground motion when assessing the seismic response of primary 
structures and non-structural components to withstand earthquakes. 

4.2 Peak Component Acceleration 

The highest ordinate in the floor response spectrum in the current investigation is referred 
to as the peak component acceleration (PCA), is subjected to a normalization process with 
the Peak Ground Acceleration (PGA). Subsequently, the PCA/PGA ratio is graphed in 
relation to the relative height (𝑧 𝐻⁄ , where 𝑧 is the floor height and 𝐻 is the total height of 
the building) of the building model.    

Figure 5 highlights a consistent trend across both linear and non-linear analyses, 
demonstrating a direct relationship between floor elevation and seismic activity. It shows 
that seismic demands tend to increase as buildings rise, regardless of whether the analysis 
considers near or far field earthquakes. This suggests a crucial correlation between the 
floor level and the intensity of seismic effects. 
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(a) (b) 

Fig. 5. Comparison of elastic (solid line) and inelastic (dashed line) FRS of 3-storey 
considered building model with ASCE 7-16 (dashed-dotted line) formulation for (a) 

near-field data, (b) far-field data 

The comparison between near and far field earthquakes reveals intriguing differences in 
seismic impact. Near field earthquakes exhibit significantly higher PCA values compared 
to far field earthquakes. This substantial difference—approximately 15.95% higher for the 
1st floor, 14.12% for the 2nd floor, and 13.47% for the 3rd floor—emphasizes a much 
sharper variation in demands between floors during near field events. This heightened 
impact likely arises due to the closer proximity of near field earthquakes to the earthquake 
epicenter. Moreover, the examination of non-linear PCA values unveils additional 
intricacies. It highlights a nuanced impact, showing a slight decrease in impact on the 1st 
floor (approximately -1.86%) but a notable increase on the 2nd and 3rd floors (around 
4.73% and 3.24% respectively) during near field earthquakes compared to far field 
earthquakes. These variations underscore the complex relationships in seismic effects 
across different floors during near field seismic events. Conversely, far field earthquakes 
showcase lower PCA values across all floors, suggesting a comparatively less pronounced 
variation in demands between different floor levels.  

The PCA/PGA values obtained using the ASCE 7-16 formulation, as defined in Eq. (1), when 
compared to the results from linear analysis, consistently show lower values across both 
near and far field earthquake scenarios. This means that the ASCE 7-16 formulation tends 
to provide estimates of PCA demands that are lower than what the linear analysis suggests.  

𝑃𝐶𝐴 𝑃𝐺𝐴⁄ =  𝑎𝑝 (1 +
𝑧

𝐻
) (1) 

where, 𝑎𝑝 is the component amplification factor. As per the definition of ASCE 7–16, 𝑎𝑝 for 

flexible NSCs with a time period longer than 0.06 sec is 2.5. The value of the 𝑎𝑝 is 1 for NSCs 

whose time period is less than 0.06 sec.  

Conversely, when compared to the results derived from non-linear analysis, the PCA values 
obtained from the ASCE 7-16 formulation tend to be higher across both near and far field 
earthquake scenarios. This indicates that the ASCE 7-16 formulation tends to overestimate 
the PCA demands compared to what the non-linear analysis reveals. So, in summary, the 
ASCE 7-16 formulation generally underestimates the seismic impact when compared to 
linear analysis and overestimates it when compared to non-linear analysis in both near 
and far field earthquake situations. As a result, the peak acceleration response of the NSCs 
cannot be reliably estimated using the present code-based linear formulation. To enhance 
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accuracy, there's a need to update the formulation to include considerations for both the 
non-linear behavior of the structure itself and the varied characteristics of ground motions 
that affect the structure's response during earthquakes. 

4.3 Component Dynamic Amplification Factor (CDAF) 

The analysis of component acceleration amplification in relation to the floor acceleration 
is covered in this section. Floor Response Spectra (FRSs) normalized by corresponding 
Peak Floor Accelerations (PFAs) are analyzed in this process. In Fig. 6, the FRS (elastic and 
in-elastic) of the building model at the first-floor level normalized by the corresponding 
PFA is depicted against the 𝑇𝑠 . The ratio between FRS and PFA represents the Component 
Dynamic Amplification Factor (CDAF). The highest point on the CDAF spectrum represents 
the amplification factor. This study's CDAF for the building model is juxtaposed with the 
criteria outlined in ASCE 7–16 [37], FEMA P-750 (41) and EuroCode8 . According to ASCE 
7–16, flexible NSCs with a time period exceeding 0.06 seconds have a [42]component 
amplification factor (𝑎𝑝) of 2.5, while rigid NSCs (with a time period less than 0.06 seconds) 

have an amplification factor of 1. 

Across various analysis types and seismic scenarios, a consistent observation emerges: an 
increase in the NSC's damping ratio correlates with a decrease in peaks within the CDAF 
spectrum. Furthermore, these spectra consistently exhibit peaks aligned with the 
building's modal periods. In near-field earthquakes, for the elastic model and selected NSC 
damping ratios (0.1%, 0.5%, 2%, and 5%), peak values within the CDAF spectrum 
associated with the first modal period range between 4.26 and 14.61, contrasting with the 
inelastic model's range of 2.15 to 4.49. Similarly, under far-field earthquakes, the elastic 
model's peak values vary from 3.76 to 13, while the inelastic model's range from 2 to 4.63 
for the same damping ratios. In both seismic conditions, comparative analysis reveals 
distinct differences between elastic and inelastic models across various damping ratios. 
Under near-field earthquakes, the inelastic model showcases percentage decreases in peak 
values of approximately 49.53%, 56.14%, 64.89%, and 69.3% compared to the elastic 
model for damping ratios of 5%, 2%, 0.5%, and 0.1%, respectively. Correspondingly, in far-
field earthquakes, these reductions amount to about 51.81%, 55.81%, 60.3%, and 64.47% 
for the same damping ratios. These consistent disparities underscore the significant 
impact of seismic conditions and damping ratios on the dynamic characteristics and 
spectral responses, emphasizing the distinct behavior between elastic and inelastic models 
within the system.  
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(a) 
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(b) 

Fig. 6. Elastic (solid line) and inelastic (dashed line) CDAF spectrum for (a) near-field 
data, and (b) far-field data 

The CDAF spectrum defined by the code-based formulation is plotted and compared 
against the simulated CDAF spectrum as shown in Fig. 6. In the elastic model, across near 
and far-field earthquake scenarios, the code-based formulation consistently 
underestimates the peak CDAF values corresponding to the building's modal periods. 
Conversely, within the inelastic model, the ASCE formulation consistently overestimates 
the peak CDAF associated with the first modal period, regardless of the earthquake type. 
However, both FEMA and Eurocode 8 formulations tend to underestimate the peak CDAF 
values for damping ratios of 0.1% and 0.5%, whereas for damping ratios of 2% and 5%, 
they exhibit an overestimation of the CDAF values. Therefore, based on the observed 
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discrepancies in peak CDAF values attributed to various earthquake types within the 
elastic and inelastic models, it becomes essential to refine the existing code-based 
formulation. 

5. Conclusions 

The current research focuses on analyzing a three-story building model under both near 
and far-field earthquake conditions. The main aim is to identify and measure the rise in 
floor acceleration, a crucial factor influencing the design of non-structural components in 
low-rise buildings for aforementioned earthquakes. The study yields noteworthy findings, 
summarized as follows: 

• In both elastic and inelastic Floor Response Spectra (FRS), observed peaks 
consistently align closely with the structure's elastic and inelastic modal periods.  

• The observed Floor Response Spectra (FRS) consistently depict an ascending trend 
in magnitude from the building's bottom to top floors. Compared to elastic FRS, the 
inelastic FRS notably show a considerable decrease in floor spectral accelerations.  

•  Near-field earthquakes induce 25-30% higher floor acceleration demands in non-
structural components compared to far-field earthquakes.   

• Near field seismic events exhibit significantly higher Peak Component Acceleration 
(PCA) values than far field earthquakes. Far field earthquakes display lower PCAs 
across all floors, suggesting less diverse demands between floor levels.  

• Higher damping ratios in the non-structural component led to decreased peaks in 
the component dynamic amplification factor (CDAF) spectrum. In near-field 
earthquakes, the inelastic model notably reduces peak values by roughly 49.53% to 
69.3% across damping ratios of 0.1% to 5% compared to the elastic model. 
Similarly, under far-field earthquakes, reductions range from about 51.81% to 
64.47% for the same damping ratios in the inelastic model compared to the elastic 
one.  

• The code-based formulations consistently underestimate peak CDAF values in the 
elastic model, whereas the ASCE formulation consistently overestimates peaks in 
the inelastic model. FEMA P-750 and Eurocode 8 show varied estimations, either 
overestimating or underestimating based on specific damping ratios. 

 

The findings of this study are constrained by the specific characteristics of the building 
model and the selected ground motions. It is important to note that this research focuses 
solely on the linear response of non-structural components (NSCs) as an initial exploration. 
To obtain more comprehensive and generalized results, future investigations should 
incorporate the nonlinear behavior of NSCs. Additionally, there is potential for extending 
the scope of research to include high-rise structures such as 10, 15, or 20-story buildings 
with various irregularities. By considering a broader range of building types and structural 
complexities, future studies can provide deeper insights into the seismic performance of 
NSCs across different scenarios. 
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 In this work, we studied the influence of accelerated aging in an aggressive 
environment of high-density polyethylene (HDPE 80) used for pipeline 
applications to distribute gas. Accelerated aging by ultraviolet irradiation of the 
wavelength lamps (λ = 365nm) for 240 hours at a temperature of 35°C exposed 
samples to solar radiation on the sand in southern Algeria for 12 months. The 
samples were subjected to weathering at -10 °C and 25°C for four different 
durations. To assess the weight loss capacity of semi-crystalline polymer 
behavior (HDPE 80) Under accelerated aging conditions, aging is carried out 
mainly according to three referenced methods: ISO 105 B02/B04, DIN 75202, 
and SAE J 1885. The Taguchi method and regression analysis were used. Several 
experiments were conducted on a vertical milling machine using a multi-factor 
L16 (4^1*2^3) orthogonal mixed matrix. An analysis of variance (ANOVA) was 
used to determine the effects of treatment: corrosion, weight loss, and loss of 
thickness. The parameters are influenced by the sandpaper's grain diameter, 
cutting speed, and compressive strength continuity over two hours, with each 
trial lasting 15 minutes. Using S/N ratios, optimal control factors were 
determined to minimize lost weight (P) and thickness loss (∆L) due to abrasion 
of HDPE polyethylene pipes 80. At A3, B2, C2, D2 (i.e. degradation mode = UV, 
rotation speed = 355 rpm, load = 9.3 N, abrasive paper = 10.3 degrees) and A3, 
B1, C2, D1 (i.e. degradation mode = UV, rotation speed = 180 rpm, load = 4.65 N, 
and abrasive paper = 18.3 degrees), ideal conditions for weight and thickness 
loss were observed. 
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1. Introduction 

In sliding pairs against metals and other materials, polymers are commonly utilized, the 
phenomenon of absorption and diffusion under constant conditions and at various stages 
is one factor that affects the aging of polyethylene (HDPE); this phenomenon was the 
subject of numerous investigations using samples made of equations for stress. Fragments 
of bottles made of HDPE material were also demonstrated using mechanical tensile tests, 
crimps, Using ABAQUS software, a study of the aging phenomena of high-density polymers 
was conducted, The findings revealed a pattern that lowers compressive strength [1]. As a 
result of interactions between the various species in the mixtures during decomposition, 
the degradation of HDPE 80 polymer material is aging. It can greatly alter the progressive 
degradation behavior of the components, which could result in deterioration. Additionally, 
compared to the natural components, the reactions speed up the pace of disintegration, 
making it more challenging to recover the required qualities of HDPE 80 polyethylene 
through treatment and causing severe damages, such as the bursting of HDPE 80 
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polyethylene natural gas pipelines [2]. In manufacturing and in the channels used to 
transport various soft liquids like water, gas, and oil, HDPE 80 polymer material is one of 
the plastic materials that cannot be done without. Under normal circumstances, corrosion 
is easily handled at a reasonable cost [3 and 4]. The results focused on the fatigue behavior 
of a group of thermoplastic polymers mixed with composite materials. They showed that 
the Walker bond was the best, as it fits the Smith-Watson-Topper link with the 
experimental data using SN curves through which the Baskin equation and correction [5]. 
Using Taguchi analysis and ANOVA, multiple correlations were performed using L18 
(2*3*3) different effects (surface roughness, cutting tool wear, cutting speed, and feed). 
The results showed that plastics are significantly less resilient to premature aging, 
especially when friction and wear occur in different media, depending on how the sliding 
surface moves [6]. Results of the matrix (2*3*3) of the Taguchi method showed success in 
improving surface roughness and corrosion under the effect of cutting speed, suggesting 
that the aging of plastics by corrosion in some media may be associated with the roughness 
of contact surfaces and compression forces [7]. The improvement of the bending ability of 
CFRP sheets made of carbon fiber-reinforced polymer and its strengthening under the 
influence of RC beams may reach 100% compared to the control beam using the finite 
element method to develop a digital model for analysis. [8]. Reduces high abrasive wear 
loss and dry plastic deformation of Al-Si automotive alloys on a standard disc-mounted 
device by controlling the lubricating film used for a lower wear rate and coefficient of 
friction due to aging [9]. It was also observed after UV exposure to high-density 
polyethylene (HDPE) used in solar panels for periods of varying durations up to 1152 
hours, as this material highlighted its resilience by maintaining its properties under 
sunlight with a slight change [10]. Some studies have dealt with the design of experiments 
for production engineering (DOE), manufacturing technology to improve metal cutting 
tools, and also touched on the use of contemporary methods in the design of experiments 
for production engineering and during a previous study, an inference of the amount of 
rainfall affecting grass growth rate was also obtained using DOE in statistical analysis. In 
the author's opinion, the user must learn the Design of Experience [DOE] method. [ 11 and 
12]. Also, heat effects on the fatigue behavior of HDPE allow the calculation of average 
stress by creating a general fatigue model for this substance [13]. Plastic PET is an additive 
to improve hardness during exposure to different temperatures [14]. The polyamide 
material P66 high molecular mass is characterized by improving and enhancing its 
corrosion resistance on its steel counterpart, which occurs through friction between two 
bodies [15]. Adding nanofibers to an HDPE matrix in a specific proportion can also treat 
plastic deformation and increase wear resistance and toughness. This improves toughness 
during tensile and thermal friction wear [16]. When the substance used for tubes is 
damaged by the loss of fish from the diameter deficiency whale by up to 40%, you should 
improve and review [17].  Frictional wear was examined using nano-micro-lubrication 
tribology in relation to material surface wear, Wear gradually reduces as the material loses 
its surface properties due to contact with another surface during movement [18 and 19]. 
According to research results, the treatment of the friction phenomenon of HDPE polymers 
improves by adding TiN titan compounds, where the relationship between the specific 
corrosion rate of the added compounds is found [20]. The use of plastic in shopping bags 
and edibles increases the likelihood of environmental contamination and endangers the 
growth of wild and marine plants and animals [21]. A new model of mechanical properties 
degradation has been developed. The prepared model uses cumulative data for 
distribution functions to approximate experimental data by calculating factors that reduce 
mechanical properties after periodic exposure to plastics and composite fatigue [22]. The 
Gray Relation study was used to improve the corrosion study of multi-response carbon-
carbide-filled epoxy composites under the influence of four factors [23]. Artificial neural 
networks were used to study the effect of the coefficient of friction and contact 
temperature on a 30% carbon fiber-reinforced polyetherketone compound. The effect of 
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the coefficient of friction on weight loss was compared to the contact temperature factor, 
the coefficient of friction was mainly affected, and the thermal factor also significantly 
affected weight loss. [24]. In a previous study of sliding wear of polypropylene (PP) with 
steel on a dry body, the addition of CNT to PP affected the corrosion performance using a 
scanning electron microscope. We discussed the phenomenon of corrosion, i.e., the loss of 
surfaces' properties during contact [25]. A study was also conducted on the polymer 
material's friction wear method in hip prosthetic applications. The polymer material was 
tested under contact conditions, sliding speed, and constant pressure to obtain the best 
results [26]. The difference was explained in the manuscript by adding text in the last 
paragraph of the introduction as follows: The Taguchi method and regression analysis 
were used under several experiments on a vertical milling machine using an L16 
(4^1*2^3) multi-factor orthogonal mixed matrix with the effect of wear on the natural and 
industrial ambient conditions used. This research also presents a new method to study the 
effect of various factors on the life of HDPE 80 polyethylene used in natural gas 
transportation channels, including exposure to sunlight, freezing, heating, and ultraviolet 
radiation, compared to the initial state of HDPE polyethylene. During this study of the 
phenomenon of artificial and natural aging and frictional wear of gas distribution pipes 
made of high-density polyethylene HDPE80, we used the L16 (4^1*2^3) array of the 
Taguchi array to determine the conditions for conducting experiments and to determine 
the influencing factors such as coarse paper grain size, rotational speed, and compressive 
strength, in addition to determining the time for each experiment to minimize weight loss 
and avoid scratches on the surface. 

2. Experimental Section Experimental Method and Study Material 
 
High-density polyethylene (HDPE 80), which is well-known for its thickness of 11.5 mm, 
inner diameter of 176 mm, and outer diameter of 200 mm, was used for natural gas 
pipelines in this investigation, as indicated in Tab. 1. The thermal properties and 
measurements of the examined pipes are listed here. Wear samples made of the high-
density polyethylene HDPE80 material are displayed in (Fig.1). in the shape of a disk of 10 
mm in diameter and 4 mm in thickness. 

Table 1. Properties of test materials [27] 

Materials  Code Density Elastics 
 modulus 

Elongation Fracture 
 energy 

High Density 
Polyethylene 

HDPE 0.952 276 700 126 

Middle Density 
Polyethylene 

MDPE 0.945 207 740 129 

low-density polyethylene LDPE 0.938 130 630 79 
Polyethylene 100 PE100 0.962 260 740 137 

 

Table 2. Experimental conditions for the abrasive wear tests 

Load (N) 4.65 and 9.3 
Rotation speed of disc (rpm) 180 and 355 
Mean contact pressure (MPa) 59.24×10−3 and 118.47×10−3 

Radius of wear track on disc (mm) 42 
Testing time (min) 1–15 

Sliding distance (m) 13.2 – 33.9 
Abrasive paper (µm ) 1000 and 2000 (18. 3 and 10.3) 
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With the crushing technique, wear between the polyethylene material and the surface of 
the abrasive paper causes a layer to be deposited on the surface. Some properties must be 
determined during and after the experiment, as shown in Table 2. 

3. Tribological Features 

A vertical milling machine used for pin and disc wear tests, as shown in the schematic 
diagram in (Fig.1) [28], of the wear test apparatus, as discussed in previous studies by 
Guermazi (2008), Liu and al (2006), in tensile and wear experiments on samples of a 
polymer material, the wear experiments were carried out at a laboratory temperature of 
21 °C and using abrasive paper with grain sizes 1000 and 2000 (grain sizes 18.3 and 10.3 
μm). It is installed on the milling machine table, as shown in the picture [29]. The rotational 
speed was given at two consecutive speeds (180 and 355) revolutions per minute for the 
friction device that holds the compressed pin with a force of (9.3 and 4.65) Newton under 
spring pressure so that the samples are weighed before and after each experiment for two 
hours, respectively, divided by a quarter of an hour for each measurement. Then, with a 
high-precision scale of 10^-4g, the abrasive paper is also changed for each trial, the amount 
of weight loss is calculated by the difference after each test, and the thickness is measured 
with a micrometer. 

 

Fig.1. Schematic representation of the wear testing device 

4. Accelerated Aging Procedure 

The aging effect of the robust and diverse environment accelerates the behavior of semi-
crystalline polymer (HDPE 80). The degradation behavior of the polymer material was 
analyzed by various methods and subjected to accelerated ultraviolet (UV) aging. 
Ultraviolet radiation decomposition of the lamps to wavelength (= 365 nm) in 240 hours 
at 35 °C, exposure to sand in southern Algeria for 12 months, and thermal aging in lousy 
weather at -10 °C and 25 °C for four different periods for three months for an entire year. 

After the experiment, the weight (P) of the sample was determined with high precision 
(10-4 g) using an electronic balance (Eqn.1) while calculating the thickness loss (∆L). A 
vernier caliper was used to correspond to the difference between the length value of the 
sample before and after the experiment (Eqn.2). The pressure value is kept constant using 
an elastic spring of a friction device. 

𝑃 = 𝑃𝑛 − 𝑃𝑛−1 (1) 
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P: weight loss value; Pn: Initial weight; Pn-1Weight After the test. 

∆𝑙 = 𝐿𝑛 − 𝐿𝑛−1 (2) 

∆L: elongation; Ln: the initial length; Ln-1: the length following the experiment. 

5. Taguchi Method and Experimental Design 

The Taguchi method is widely used in engineering analysis because it reduces the number 
of experiments with orthogonal matrices and the effects of uncontrollable factors. 
Moreover, it provides a scientific method for determining the weight loss during the wear 
of manufacturing materials [29]. By converting the quality analysis method into a signal-
to-noise ratio (S/N) file, the Taguchi method is also used to calculate the empirical values 
of the various factors affecting the material used and the values available through the 
lowest loss, most effective. The best-used S/N ratio for each level [7] was used, and 
experiments were performed using Taguchi's method with a mixed orthogonal matrix. 
Table 3. Regression analysis on a vertical milling machine, and the L16 (4^1*2^3) 
multifactorial design Influence factors and their levels Table 4. 

Table 3. Full factorial design with an orthogonal array of Taguchi L16(4^1*2^3) 

N° of experiments 
Factor (A) Factor (B) Factor (C) Factor (D) 

(months*3) (rpm) (N) (µm) 

1 1 1 1 1 
2 1 1 2 2 
3 1 2 1 2 
4 1 2 2 1 
5 2 1 1 1 
6 2 1 2 2 
7 2 2 1 2 
8 2 2 2 1 
9 3 1 1 1 

10 3 1 2 2 
11 3 2 1 2 
12 3 2 2 

1 
2 

1 
1 
2 

13 
14 

4 
4 

1 
1 

15 4 2 1 1 
16 4 2 2 2 

 

Table 4. Influence factors and their levels 

Parameters Symbol Level 1 Level 2 Level 3 Level 4 

Degradation modes (months) 

Spindle speeds(rpm) 

Load (N) 

Abrasive paper (µm) 

A 

B 

C 

D 

3 

180 

4.65 

18. 3 

6 

   355 

      9.3 

   10.3 

9 

- 

- 

- 

12 

- 

- 

- 

 

The Taguchi technique calculates the deviation between theoretical and experimental 
values using a loss function. In addition, the signal-to-noise ratio (S/N) is calculated using 
this loss function (grams for weight loss and millimeters for thickness loss). The purpose 
of this study was to lessen the corrosion of the pipes under investigation since corrosion 
causes weight loss and surface scratches, both of which directly impact wear, particularly 
during the aging phases. As can be seen in (Eqn.3), the "Smaller is better" characteristic of 
lesser quality was employed (better minimize). 
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(S/N): Signal-to-noise ratio 

6. Evaluate and Analyze the Results of The Experiments  

6.1. Signal-to-Noise Ratio (S/N) Analysis 

We analyzed all the results we reached using Takeshi's method in the field of experiment 
analysis charts using the Mini-Tab program analysis, where the results were within the 
applicable confidence interval, less than 5%, the probability value as shown in Table5. 
Weight loss (P) and thickness loss (∆L) due to frictional wear were determined by 
experimentally designing each set of controls using Taguchi techniques, and signal-to-
noise (S/N) ratios optimized the measured controls. Minimum weight and thickness loss 
due to corrosion are very important to improve product quality. 

Table 5. Experimental findings and S/N ratio value 

 

P (Weight loss total mean value) = 0.3531g and P (S/N ratio, total mean value) = 11.2561 
dB. ∆L (thickness loss total mean value) = 0.22 mm and ∆L (S/N ratio, total mean value) = 
15.0239 db. The "less is better" formula was used to calculate the S/N ratio bids. As shown 
in Tab 6. In terms of the values of the S/N ratios to monitor the weight loss and the decrease 
in the thickness of the tube after all the friction corrosion experiments were calculated by 
calculating the average values of the weight loss and the thickness, which P (Weight loss 
total mean value) = 0.3531g and P (S/N ratio, total mean value) = 11.2561 dB. ∆L (thickness 
loss total mean value) = 0.22 mm and ∆L (S/N ratio, total mean value) = 15.0239 db. The 
"less is better" formula calculates the S/N ratio bids. As shown in Table 6. The values of the 
S/N ratios to monitor the weight loss and the decrease in the tube thickness after all the 
friction corrosion experiments were calculated by calculating the average values of the 
weight loss and the thickness, respectively 0.3553 g and 0.22 mm. Similarly, the average 
values of the S/N ratio for weight loss and fish loss were calculated to be 11.2561 dB and 
15.0239 dB, respectively, where we analyzed the effect of each control factor 
(deterioration mode, rotational speed, spring pressure force, and abrasive paper). Weight 

Degradation 
modes 

B C D P  S/N ratio for P ∆L  S/N ratio for ∆L 

rpm (N) (µm) (g) (dB) (mm) (dB) 

Raw material 180 4,65 1000 0,2910 10,7221 0,10 20,0000 

Raw material 180 9,3 2000 0,1050 19,5762 0,05 26,0206 

Raw material 355 4,65 2000 0,5170 5,7302 0,45 6,9357 

Raw material 355 9,3 1000 0,4260 7,4118 0,20 13,9794 

Ex -sunlight 180 4,65 1000 0,4990 6,0380 0,10 20,0000 
Ex-sunlight 180 9,3 2000 0,7530 2,4641 0,30 10,4576 

Ex-sunlight 355 4,65 2000 0,5710 4,8673 0,20 13,9794 

Ex-sunlight 355 9,3 1000 0,8550 1,3607 0,35 9,1186 

Ex-UV 180 4,65 1000 0,1350 17,3933 0,05 26,0206 

Ex-UV 180 9,3 2000 0,1490 16,5363 0,10 20,0000 

Ex-UV 355 4,65 2000 0,2480 12,1110 0,30 10,4576 

Ex-UV 355 9,3 1000 0,0728 22,7574 0,15 16,4782 

Ex-heat & cold 180 4,65 1000 0,4920 6,1607 0,25 12,0412 

Ex-heat & cold 180 9,3 2000 0,2860 10,8727 0,10 20,0000 

Ex-heat & cold 355 4,65 2000 0,1081 19,3235 0,45 6,9357 

Ex-heat & cold 355 9,3 1000 0,1450 16,7726 0,40 7,9588 
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loss and thickness loss were performed using a weight loss and the optimum thickness loss 
control factors “S/N” response schedule" as per Table 6. 

Table 6. Experimental values for Optimal Levels of Weight Loss (P) and Values for 
Optimal Levels of Thickness Loss (∆L) Control Factors 

 Weight Loss (P) Thickness Loss (∆L) 

Levels 
A 

(months*3) 

B 

(rpm) 

C 

(N) 

D A B C D 

(µm) (months*3) (rpm) (N) (µm) 
Leve1 10,860 11,220 10,293 11,077 16,73 19,32 14,55 15,70 
Leve2 3,683 11,292 12,219 11,435 13,39 10,73 15,50 14,35 
Leve3 17,199 - - - 18,24 - - - 
Leve4 13,282 - - - 11,73 - - - 
Delta 13,517 0,071 1,926 0,358 6,51 8,59 0,96 1,35 
Rank 1 4 2 3 2 1 4 3 

 

Loss of weight and thickness after 45 minutes of corrosion (Figs. A and B) show the optimal 
treatment parameters for the control factors to reduce the weight loss value as well as the 
value of the loss of thickness of pipes made of HDPE80 material, where the corrosion of 
natural gas transmission pipes can be easily determined as the level of each control factor 
is found, according to the S/N ratio, to be higher at levels of this control factor.  

 

(a) 

 

(b) 

Fig. 2. (a) Effect of process parameters on the average S/N ratio for weight loss (P) and 
(b)effect of process parameters on the average S/N ratio for thickness loss (∆L). 
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Accordingly, the stories and S/N ratios of factors influencing weight loss for HDPE80 were 
determined as factor A (level 3, S/N = 17,199), factor B (level 2, S/N = 11,292), factor C 
(level 2, S/N = 12,219), and factor D (level 2, S/N = 11,435). In other words, the optimal 
value obtained under the influence of UV aging agents (A3) is 355 rpm of rotating speed 
(B2), constant pressing force (C2), at a rate of 9.3 N, and using D abrasive paper with a 
grain size of 2000. (10.3µm) (Fig.2A). Similarly, the levels and S/N ratios of the factors give 
∆L the best definition as Factor A (Level 3, S/N = 18, 24), Factor B (Level 1, S/N = 19, 32), 
Factor C (Level 2, S/N = 15,50), and the D factor (Level 1, S/N = 15,70). In other words, the 
friction factors affecting the thickness loss of HDPE80 material were demonstrated, as the 
highest ∆L value was obtained using (A3) UV, with a rotational speed of (B2) of 180 rpm, 
with a continuous compressive force (C2) at a rate of 9.3 N, and using D abrasive paper 
with a grain size of 1000 (18.3 m) (Fig. 2B). 

Exposure to radiation emitted from a UV lamp with a wavelength equal to (=365 nm) 
increases weight loss and thickness in the friction zone, where the most influential factor 
in premature aging and, thus, weight loss and thickness of the studied tubes were 
observed. Effect on the weight loss, and the increase in the compressive strength rate 
causedCaused a significant increase in the value of the lost weight. [9], this feature causes 
rapid wear of plastic materials during processing and shortens their life of use.  

 

(a) 

 

(b) 

Fig. 3. Effect of the Weight loss (P) parameters A (B: Spindle speeds,A: Modes of 
degradation months) and B (D: abrasive paper ,C: Load pressure) 
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Also, the low rotational speed and the abrasive paper grains with smaller diameters 
affected the thickness loss value of the tested tubes, as well as the high compressive 
strength, which directly affected the thickness loss, as shown in (Fig.3) and (Fig.4) that 
show the effects of the control factors that using The Taguchi method validated the results 
obtained from experimental studies.Figure 4. Effect of the Weight loss parameters (P) (B: 
Spindle speeds,A: Modes of degradation months) and (D: abrasive paper ,C: Load 
pressure). 

 

(a) 

 

(b) 

Fig. 4. Effect of the thickness loss (∆L)  parameters A (B: Spindle speeds,A: Modes of 
degradation months) and B (D: abrasive paper ,C: Load pressure) 

6.2. Method Anova and Taguchi Analysis 

ANOVA is a statistical method used to determine the individual interactions of all the 
control factors in a test design. In this study, ANOVA was used to analyze the effect of the 
degradation of HDPE80 pipes during the process, 6 months and 60 hours of exposure to 
ultraviolet radiation, rotational speeds, pressure forces, and an abrasive medium with 
grains of different diameters (10.3 and 18.3 μm). 

The ANOVA results for weight loss and thickness loss are presented in Table7. This analysis 
was performed with a significance level of 5% and a confidence level of 95%. The 
significance of the control factors is determined in an ANOVA by comparing the control 
factors. The fourth column of the table shows the percentage of the contribution value of 
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each factor, which indicates the degree of impact on process performance. According to 
Table 6, the percentage contributions of factors A, B, C, and D to mass loss were found to 
be 63,86%, 0,10%, 0,74%, and 0,16%, respectively. Thus, the most important factor 
affecting mass loss was rotational speed (factor, 63,86%). According to the ANOVA results, 
the percentage contributions of factors A, B, C, and D on thickness loss were found to be 
16.99%, 47.70%, 0.95%, and 1.89%, respectively. This showed that the most effective 
factor in corrosion was load pressure (B-factor, 47.70%). The error percentage was 
considerably low at 35,13% and 32,47% for P and ∆L respectively. 

Table 7. Taguchi Analysis for Weight Loss (P) and thickness loss (∆L) versus A; B; C; D 

7. Regression Analysis of Weight Loss and Thickness Loss 

Regression analyses are employed for modeling and analysis of multiple variables when 
there is a link between a dependent variable and one or more independent variables [30]. 

In this study, the dependent variables are the weight lost (P) and the thickness lost due to 
wear of the material by friction (∆L). In contrast, the independent variables are the 
deterioration mode (M) during four equal periods of one full year (3, 6, 9, and 12 months), 
two rotational speeds (V), two pressing forces (F), as well as the use of two types of 
abrasive paper as a coarse medium (A). The equations of weight loss, thickness of the 
material, corrosion of the studied surfaces, and regression analysis were used to obtain a 
prediction. These predictive equations were made for both linear and quadratic regression 
models. Predictive equations for handlebar weight and loss thickness wear obtained by the 
linear regression model are shown below Eqns (4; 4a) and Eqns (5; 5a). 

A 0,013 - F 0,083 - V 0,122 - M 0,335 + 0,111=PL  (4) 

( ) 53,70% =(pred) sq- Rand  81,48%= (adj) sq- R; 0,165193 = S:Summary Model  (4a) 

A  0,0432 + F 0,0295 + V 0,0201 + M 0,0468 + 1,1412LL
=  (5) 

 91,02%) = sq(pred)- Rand  98,80% = sq(adj)- R;  0,0144940 = (S :Summary   Model  (5a) 

Here, the lost weight (P) and the lost thickness resulting from wing wear by friction (∆L) 
are shown, respectively. In (Fig.5), The comparison of actual test results and predicted 
values, which the linear regression model obtained, are given, R2 values of the equations 
which were obtained by the linear regression model for (P and ∆L) were found to be 
81,48% 98,80% respectively. 

 Weigh Loss (P)     Thickness Loss (∆L) 

Source DF 
Contributio

n 
Seq MS F-Value 

Contributio
n 

Seq MS F-Value 

A 3 63,86% 0,136028 5,45 16,99% 0,019838 1,57 
B 1 0,10% 0,000652 0,03 47,70% 0,167139 13,22 

C 
D 

1 
1 

0,74% 
0,16% 

0,004747 
0,001034 

0,19 
0,04 

0,95% 
1,89% 

0,003314 0,26 
0,006631 0,52 

Error 9 35,13% 0,024944 - 32,47% 0,012642 - 
Total 15 100,00%  -                        - 100,00% - - 
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(a) 

 

(b) 

Fig.5. Comparison of the linear regression model with experimental results for the lost 
weight (PL) (a) and (b) the lost thickness resulting from wing wear by friction (∆L) 

The predictive equations for the quadratic regression of the lost weight (P) and the lost 
thickness resulting from wing wear by friction (∆L) are given below: Eqns (6; 6a) and Eqs 
(7;7a). 

 P*0,092M-F*M 0,202+V*M 0,234-A 0,3080,789F-V 0,696+M 0,520 + 0,41 +=Pq
 (6) 

( )66,07%=sq(pred)-R and 93,21%=sq(adj)-R0,141413; =S :Summary Model  (6a) 

 F*0,02768M+M*0,00643M-0,02739A-0,0290F-0,0212V+0,0153M-1,3429=Lq  
(7) 

( )98,29% = (pred) sq-R and 99,89%   = (adj) sq-R ; 0,0063214  = S :Summary Model  (7a) 

Here Pq and ∆Lq show the predictive equations for weight loss and thickness loss due to 
frictional wear of the material. In (Fig.6), The test results and comparison of the expected 
values obtained by the quadratic regression model are shown. It turns out that there is a 
perfect relationship between the predicted values and the test results. Were found to be 
93,21% and 99,89%, respectively. Therefore, very expected values were obtained through 
the quadratic regression model compared to the linear regression model, which proved 
the success of the quadratic regression model in losing weight and thickness resulting from 
corrosion of the studied material. 
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(a) 

 
(b) 

Fig. 6.Comparison of the quadratic regression model with experimental results for the 

lost weight (Pq) and the lost thickness resulting from wing wear by friction (∆Lq) 

8. Confirmation of Experiments 

Here is the overall rate for WLTMV and TLTMV for the total mean value of weight loss (P) 
in grams (g) and the total value of thickness loss (∆L) in millimeters, respectively, during 
the experiment optimally Eqn.(8), and n is the number of control factors for the expected 
missing value. The results are clearly shown in Tabs. (8) show that the expected value 
agrees well with the experimental value. 

Table 8. Weight loss total mean value (P), and Thickness loss total mean value (∆L)  

 

)(
1

m

i

Im 


−+= 
=  

(8) 

Where:  
m  : The total mean value of weight loss and the total value of thickness loss (∆L); 
I : The mean of WLTMV and TLTMV at an optimal level;  
 : The number of control factors. 

  Predicted A3, B2,C2 
and D2 

Experimental A3, B2,C2 
and D2 

WLTMV (g) Mean value (P) 0.408 0.353 
TLTMV (mm) Mean value (∆L) 0.167 0.22 
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9. Conclusions  

This work used the Taguchi method to determine optimal machining parameters. This is 
done by using friction and corrosion experiments, which contribute to the destruction of 
the polymer (HDPE 80) material by weight loss. After evaluating the experimental results 
using ANOVA, we found the following: 

• The optimum levels of the control factors for minimizing the lost weight (P) and the 
lost thickness resulting from wing wear by friction (∆L) using S/N rates were 
determined. The optimal conditions for lost weight and thickness were observed at 
A3, B2, C2, and D2 (i.e., Degradation mode = UV, Rotation speed = 355 rpm, Load = 
9.3N, and Abrasive paper = 10.3 Grade) and A3, B1, C2, and D1(Degradation mode = 
UV, Rotation speed = 180 rpm, Load = 4.65 N and Abrasive paper = 18.3 Grade), 
respectively. 
 

• A vertical milling machine was used, with several experiments conducted using a 
Taguchi L16 (4^1*2^3) multifactor design with a mixed orthogonal array. Analysis of 
variance (ANOVA) to determine corrosion due to weight loss and thickness loss for 
natural gas transportation pipe made of polyethylene (HDPE 80) under the influence 
of the parameters of abrasive paper grain diameter, cutting speed, and continuity of 
pressure force over two hours, with each experiment lasting 15 minutes before 
inspection. 

 
• The results clearly showed that the exposure of the HDPE 80 material to ultraviolet 

radiation directly contributes to the deterioration of the material by losing its 
thickness and weight through friction and corrosion. 

 
• According to the results of the statistical analysis, it was found that the medium of use 

is the most significant factor for Weight loss with a percentage contribution of 
63,86% and that the cutting speed was the most critical parameter for thickness loss 
by wear with a percentage contribution of 47,70%. 

 
• Developed quadratic regression models demonstrated a perfect relationship with 

high correlation coefficients (P = 0,661 and ∆L = 0.983) between the measured and 
predicted values for lost weight and thickness. 

 
• After conducting experiments and analyzing their results, it was shown that the effect 

of aging under the deterioration factor of ultraviolet rays and sunlight on the surface 
weakens the corrosion resistance of the studied polyethylene. Suppose that aging 
under normal and accelerated conditions leads to the deterioration of the properties 
of polyethylene. Therefore, a potential model has been found that contributes to 
significant improvement in mechanical and terbological degradation. In future 
studies, the effect of different transported fluids on the deterioration of plastic 
materials will be studied by simulation under real-world conditions. 
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 The seismic vulnerability assessment represents an important step in 
monitoring the buildings’ capacity and checking their performance during and 
after earthquake events. The Nonlinear Time History Analysis (NL-THA) is 
considered the most reliable method that is used to calculate the exact structural 
behavior of any building. However, this sophisticated method is known for its 
complexity, the use of Finite Element (FE) software, and computational time 
consuming, especially in the case of tall buildings. For that reason, An Artificial 
Neural network (ANN) is used to develop a new model able to predict the 
essential Engineering Demand Parameters (EDPs), i.e., the Maximum Base Shear 
(MBS), the Maximum Inter-story Drift (MIDR) and the Maximum Roof Drift Ratio 
(RDR). Unsupervised algorithms such as the Principal Component Analysis PCA 
and the Autoencoder are coupled with the ANN to reduce the dimensionality, 
improve the dataset quality, and reduce the irrelevant features. More than 
192,000 buildings are analyzed using the NL-THA and eighty artificial ground 
motions (GMs) to generate the dataset. The buildings’ characteristics are 
generated randomly from the selection range. The results showed that the 
Autoencoder-ANN model represents the highest performance compared to the 
PCA-ANN and ANN models. The Autoencoder-ANN model could quickly and 
accurately predict the seismic responses of unseen ground motions using only 
the building’s characteristics and the GM parameters without using any FE 
software. 
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1. Introduction 

Earthquakes are unpredictable phenomena that may occur anywhere and anytime. Their 
energy is released as seismic vibrations affecting the buildings and infrastructure, which 
can be devastating [1]. Several earthquakes have been recorded in the last decade, 
resulting in enormous human losses and severe damage to infrastructure and strategic 
buildings [2]. Therefore, the preparedness and seismic vulnerability assessment is 
mandatory to protect lives, reduce economic losses, and maintain the functionality of 
essential structures like bridges, hospitals, and emergency offices [3-4].  

Many researchers developed methodologies and approaches to study and estimate 
structures' seismic vulnerability and fragility [5-11]. The most reliable and accurate 
approach is the Nonlinear Time History Analysis (NL-THA) [12]. This approach is based on 
solving a complicated differential equation of motion. The results of the NL-THA can be 
used to construct fragility curves by performing Incremental Dynamic Analysis (IDA) and 
probabilistic calculations. These curves represent the probability of exceeding a specific 
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Intensity Measure (IM) damage level. This process can be used to estimate the cost needed 
to rehabilitate buildings in case of an earthquake event. However, the NL-THA and the IDA 
are considered time-consuming approaches that require suitable hardware and expertise, 
making the assessment process complex and take a long time [13-14]. 

Many numerical, mechanical, and empirical approaches are proposed to estimate the 
seismic response and assess buildings' seismic vulnerability and fragility [15-18]. 
Nevertheless, these approaches may represent some substantial uncertainties and less 
accuracy than the NL-THA results. Several new techniques have been proposed, including 
using artificial intelligence and Machine Learning (ML) in this field. These techniques 
showed promising results and potential in terms of predictability and high accuracy of the 
seismic response and damageability assessment of structures [19-21]. 

Vafaei et al. [22] used the ANN to detect the seismic damage of concrete shear walls, and 
they found that the ANN model successfully predicted the damages induced by an 
earthquake. Morfidis et al. [23] proposed a rapid seismic damage prediction of RC 
buildings methodology using the ANN. They used 30 RC buildings and 65 ground motions 
to train the ANN model, and it was found that the ANN can predict the damage indices 
precisely for seen GMs and with acceptable results in the case of unseen buildings and GMs. 
Oh et al.[24] proposed an ANN-based seismic response prediction using artificial 2700 
GMs, where they proposed a new parameter related to the frequency domain and the 
resonance area. The model was validated using a 2D Multi degrees of freedom structure, 
and the method showed high accuracy in predicting the MIDR. In addition, Won et al. [25] 
developed a machine-learning approach for predicting the seismic damage of an 
equivalent Single degree of freedom considering the soil-structure interaction. The results 
of their paper were that the ANN model managed to accurately predict the damage level 
using only the idealized bilinear capacity curve parameters, soil, and earthquake 
characteristics. Furthermore, Petros and Vitor [26] used the ANN to model the seismic 
vulnerability of building portfolios, where they found a remarkable prediction of the 
structural response, economic loss, and damage level. They mentioned in their work that 
the ANN was an accurate technique to be used as a probabilistic seismic risk assessment 
method. Seo et al. [27] and Hait et al. [28] use the ML models to assess the seismic 
vulnerability of irregular structures and derive fragility curves quicker. 

Finally, Machine learning use was not only applied to buildings but on some infrastructures 
such as bridges [29-31]. 

Based on the literature review, The proposed ML models show a valuable and promising 
method for seismic response prediction as accurate as the NL-THA results. However, it is 
essential to note that the studies mentioned in the literature review have some limitations. 
They are based on a small range of building characteristics and lack generalization. 
Furthermore, in some of these works, their generalized models could have achieved higher 
accuracy. Additionally, in some other cases, the prediction process needs software 
modeling to calculate input characteristics like the center of torsion and the period 
vibration of the fundamental mode. Furthermore, this paper compared the performance of 
three ML models to investigate the impact of the use of unsupervised algorithms on the ML 
performance. 

This paper presents a ML model that can predict three Engineering Demand Parameters 
(EDPs) using only the geometric and loading characteristics of structures with the artificial 
ground motions (AGMs) parameters, without the need for additional Finite Element (FE) 
calculations. The EDPs in question are the Maximum Base Shear (MBS), the Maximum 
Inter-story Drift (MIDR), and the Maximum Roof Drift Ratio (RDR). These parameters are 
crucial in designing structures, as they help engineers estimate the MBS and control the 
structure's performance using the MIDR and MRDR.  
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The proposed method generates a dataset using OpenSees and performs over 192,000 
Non-Linear Time-History Analyses (NL-THA). The characteristics of the buildings are 
selected randomly from a range of options, including the Number of Stories (Ns), Number 
of Bays in x-x direction (Nbx), Number of Bays in y-y direction (Nby), Story Height (Hs), 
Bays' Length in x-x direction (Lbx), Bays' Length in y-y direction (Lby), Column Dimensions 
(b,h), Beam Dimensions (b1,h1), Reinforcement Area of Column (As_col), Reinforcement 
Area of Beams (As_beam), Compression Strength of Concrete (fc28), Yielding Limit Stress 
of Rebars (fy), Permanent Surface Load (G), and Live Surface Load (Q). To perform the NL-
THA and generate the dataset, the method generates eighty artificial and synthetic GMs 
and matches them to the target response spectrum (EuroCode-8). 

Three ANN models are used to establish the relationship between the inputs and outputs. 
The first model uses the original dataset as input data. In the second model, a Principal 
Component Analysis (PCA) is applied to the input data to identify the principal 
components, which are then used as inputs. The third model utilizes an Autoencoder 
technique to capture the essential features of the dataset and reduce its dimensionality. To 
evaluate the models' predictability, 80 AGMs are generated and matched to the same target 
response spectrum. These AGMs are then used to perform a NL-THA on three case study 
buildings. Finally, the accuracy of the models in fragility assessment is determined by 
generating 3D fragility surfaces using the NL-THA and the three ANN models. 

2. Methodology 

This work aims to develop an ANN model to predict the maximum seismic response of a 
3D RC frame building subjected to unseen GMs. In order to reach the objective, the first 
step is to create the dataset with OpenSees. The 3D model will be subjected to eighty AGMs, 
and NL-THA will be performed to calculate the MBS, MIDR, and MRDR. Figure 1 shows that 
the methodology is based on three main steps, which are explained in detail in the 
following sections. 

 

Fig. 1. The flowchart of the used methodology 

2.1. Ground Motion Selection  

The ground motion selection represents an essential step in performing a fragility 
assessment, mainly when we aim to construct fragility curves [32] [33]. Choosing the 
proper seismic record is challenging for analysts, especially when dealing with actual 
ground motion records [34]. In some cases, the studied area does not have the required 
ground motion records. In addition, real GMs may have a long duration, and that will affect 
the NL-THA calculation time. Therefore, using a generated ground motion is the best 
alternative to solve these problems. Artificial and synthetic ground motions are different 
algorithms used to generate unreal ground motion that satisfies some conditions. The user 
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can fix the earthquake parameters for synthetic accelerograms, e.g.: near/ far -field, 
moment magnitude, and soil parameters [35]. Only the shape envelope and the 
accelerogram duration are needed for the artificial GMs to generate a GM. For this study, 
eighty AGMs have been generated and matched to an EC8 target response spectrum. The 
target spectrum is generated using the EC8, considering the following parameters: 

• Ground acceleration (Ag): 0.2 (g) 
• Spectrum type: Type I. 
• Importance class: II. 

Figure 2 illustrates the mean-matched response spectra, the generated GMs, and the target 
response spectrum. Table A.1 represents the earthquake parameters of the generated GMs. 
Twenty-one parameters in Table 1 characterize the ground motions used in the ANN. 

 

Fig. 2. The generated ground motions and their mean response spectrum and the 
target spectrum 

Table 1. The ground motion characteristics 

 Definition Equation 

PGA Peak ground acceleration = Max |acceleration(t)| 

PGV Peak ground velocity = Max |velocity(t)| 

PGD 
Peak ground 
displacement 

= Max |displacement(t)| 

Ecum Cumulative energy = ∫ 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝑡)2. 𝑑𝑡
𝑡=𝑒𝑛𝑑

0
 

Ia Arias intensity =
𝜋

2𝑔
 ∫ 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝑡)2𝑑𝑡

𝑇𝑑

0

 

CAV 
Cumulative Absolute 

velocity 
=  ∫ |𝑎(𝑡)|𝑑𝑡

𝑇𝑚𝑎𝑥

0

 

Sa Spectral acceleration (T1) = (
2𝜋

𝑇1
)² × 𝑆𝑑 (𝑇1) 

Sv Spectral velocity (T1) = (
2𝜋

𝑇1
) × 𝑆𝑑 (𝑇1) 

Sd 
Spectral displacement 

(T1) 
=

1

𝑚×𝜔
max ( | ∫ 𝑝(𝜏) 𝑒−𝜁𝜔𝑛 (𝑡−𝜏) sin[𝜔𝐷 (𝑡 −

𝑡

0

𝜏)] 𝑑𝜏|) 

UT Uniform duration 
The cumulative duration of exceeding 5% of 
PGA 
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2.2. Dataset Generation with The Nonlinear Time-History Analysis  

NLTHA is a type of dynamic structural analysis used to simulate complex multiple support 
excitations at certain points on the structure. It is one of the most reliable methods used to 
calculate the exact structural behavior of any building during an earthquake event. It is 
based on solving a complicated differential equation of motion, and its results can be used 
to construct fragility curves by performing the Incremental Dynamic Analysis (IDA) and 
probabilistic calculations. However, the NL-THA is known for its complexity, the use of 
Finite Element (FE) software, and computational time-consuming, especially in the case of 
tall buildings. The outputs of this analysis can be an engineering demand parameter (EDPs) 
such as IDR, RDR or story displacement in a form of time series. OpenSees can be used to 
perform this analysis and to generate the dataset needed for this study. 

The followed process of generating the dataset using OpenSees is illustrated in Figure 3 
and explained below: 

• Start by creating a model in OpenSees. For a time, history analysis, this would 
include defining nodes and elements, assigning boundary conditions, specifying 
material properties and assembling the system into a model. 

• Create the ground motion records that represent earthquake loading on your 
structure then format and transform them such that they can be used in OpenSees 
as prescribed loading. a scale factor should be specified in this step to scale the 
ground motion, and their characteristics should be calculated and recorded (PGA, 
PGV, PGD, Ecum, Ia, CAV…etc.) 

• Specify the type of analysis, the solution algorithm (e.g.: KrylovNewton, 
SecantNewton , ModifiedNewton , RaphsonNewton ) , the integrator , and the the 
convergence test (e.g.; NormDispIncr,  RelativeEnergyIncr, EnergyIncr, 
RelativeNormUnbalance. 

BT Bracket duration 
The total duration between the first and the 
last exceedance of a 5% of PGA. 

HI Housner intensity =  ∫ 𝑃𝑆𝑉 (𝜁 = 5% , 𝑇)𝑑𝑇
2.5

0.1

 

PP predominant period 
The period corresponding to the maximum Sa 
(𝜁 = 5%) 

SD Significant duration 
The duration interval between 5% and 95% of 
the cumulative intensity arias 

ASI 
Acceleration Spectrum 

Intensity 
=  ∫ 𝑆𝑎 (𝜁 = 5% , 𝑇) 𝑑𝑇

0.5

0.1

 

VSI 
Velocity Spectrum 

Intensity 
=  ∫ 𝑆𝑣 (𝜁 = 5% , 𝑇) 𝑑𝑇

0.5

0.1

 

DSI 
Displacement Spectrum 

Intensity 
=  ∫ 𝑆𝑑 (𝜁 = 5% , 𝑇) 𝑑𝑇

0.5

0.1

 

SI 
Response spectrum 

intensity 
=  ∫ 𝑆𝑣 (𝜁 = 5% , 𝑇) 𝑑𝑇

2.5

0.1

 

Df Dominant frequency 
The frequency that carries out the highest 
amount of energy 

Bw Bandwidth 
The difference between the lower and upper 
frequencies of a certain thresholds (-3db) 

fc central frequency 
The mean frequency between the upper and 
the lower frequencies. 
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Run the simulation in OpenSees after specifying the control node, direction, number of 
degrees of freedom and the needed responses (e.g., acceleration, velocity, displacement, 
reactions, drift). 

 

Fig. 3. The followed process on OpenSees to perform the NLTHA 

 

Fig. 4. The displacement history of a 4-story RC frame subjected to El-Centro GM 
scaled to PGA = 0.4g 

Figure 4 illustrates the displacement time history of a 4-story RC frame building subjected 
to El-Centro ground motion scaled to PGA = 0.4 g using FEM software and OpenSees. It 
shows that the OpenSees model accurately estimates and find the displacement response 
of the validation model. 

The dataset is generated using OpenSees by performing the NL-THA. The buildings are 
created by randomly selecting their geometric and material characteristics from the 
selection range, as shown in Table 2. The geometric and material characteristics are 
illustrated in Figure 5. In this work, it is considered that we have two types of loads 
(permanent load (G) and live load (Q)). The yielding and the ultimate strain of the concrete 
are -0.2% and -0.35%, and “concrete02” is used in OpenSees. A 200 GPa is the young 
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modulus of the reinforcement steel with a zero-post yielding ratio, and the “Steel02” is 
used in OpenSees. 

Table 2. The structural characteristics and the selection range (min, max and step) 

Parameter Unit Min Step Max 

Ns - 1 1 10 

Hs m 3 0.2 4 

Nbx - 1 1 6 

Lbx m 3.5 0.5 6 

Nby - 1 1 6 

Lby m 3.5 0.5 6 

h  cm 25 0.05 100 

b cm 25 0.05 100 

h1 cm 25 0.05 50 

b1 cm 25 0.05 50 

As_col cm² 9.0432 0.2512 64.3072 

As_beam cm² 9.0432 0.2512 64.3072 

G kN/m² 1 1 6 

Q kN/m² 1 1 6 

fc28 MPa 25 5 45 

fy GPa 350 50 550 
 

After selecting the required geometric and material characteristics and selecting the GM, 
and scaling it, an NL-THA is performed, and the seismic response is captured, i.e., MBS, 
MISDR, and MRDR. These characteristics and the seismic response represent the input and 
the outputs that will be used in the machine-learning algorithms.  As a result, a dataset has 
been generated that contains 192,092 NL-THA using eighty artificial and synthetic GMs, 
and this dataset should be preprocessed before using it in the ML. 

Figure 6 displays a heatmap which shows the correlation between the various features of 
the dataset, including inputs and outputs. Upon examining the heatmap, it becomes 
apparent that there is a strong positive correlation between the MIDR and the ground 
motion parameters such as PGA, PGV, Ecum, Ai, CAV, Sa, Sv, HI, ASI, VSI, DSI, and SI. 
Conversely, there is a negative correlation between the MIDR and structural geometry 
parameters such as h, b, Nbx, Nby, and b1. The MRDR exhibits the same correlation with the 
GMs parameters and structural geometry as the MIDR. This correlation helps to identify 
the most critical features that impact the performance or damage incurred during an 
earthquake event. For the MBS, It is affected positively with the earthquake parameters 
(PGA, PGV, Ecum, AI, ASI, VSI, DSI, SI) and negatively with the structural geometry ( Nbx, 
Nby and As_column). 
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Fig. 5. The geometric characteristics of the 3D RC frame building 

 

Fig. 6. The degree of correlation between the generated dataset features (inputs and 
outputs) 
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2.3. Principal Component Analysis (PCA) 

The PCA is one of the most used techniques for dimensionality reduction. It is an 
unsupervised machine learning algorithm that aims to capture the principal components 
of the dataset. The data reorientation allows us to use fewer dimensions without losing 
much information. In addition, this technique may reduce the data noises and the 
irrelevant features that can affect the training time, the performance, and the 
hyperparameters optimization of the ANN. The PCA is based on transforming the 
correlated variables into uncorrelated new variables using a linear combination. The 
eigenvalues and the cumulative variability of each principal component are illustrated in 
Figure 7. If 90% of the variability is fixed as a threshold, twenty principal components will 
be used as inputs of the ANN model. 

2.4. Autoencoder Algorithm 

The autoencoder is a type of ANN used for unsupervised learning and dimensionality 
reduction. It is highly used in various domains, including text, voice, and image data 
analysis. It can capture the essential characteristics of the data and reduce the input 
features without losing the information. It is based on transforming the input data into a 
new compressed dataset by the encoder. Then, the decoder reconstructs the original data 
from the compressed data. By doing so, the noises or any redundant information can be 
discarded from the dataset. Compared to the PCA, the autoencoder algorithm is used when 
the correlation between the dataset variables is nonlinear using a nonlinear activation 
function such as: (Tanh, sigmoid). Figure 8 illustrates the structure of the autoencoder 
algorithm. The bottleneck or the code layer will have 20 neurons, the same number as the 
PCA's selected principal components, to compare the performance of the ANN using both 
methods. 

 

Fig. 7. Eigenvalues and the cumulative variability of the dataset 
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Fig. 8. The autoencoder structure 

2.5. Artificial Neural Networks (ANN) 

The ANN is supervised machine learning based on training the model on a dataset 
containing inputs and outputs and testing its performance in predicting unseen cases. It is 
composed of an input layer, hidden layers, and output layers. The input layer will contain 
the earthquake and the building characteristics or the transformed input features using 
the PCA or the autoencoder. A backpropagation (BP) algorithm will train the ANN model. 
The hidden layers (HL) contain intermediate neurons, and the number of hidden layers 
and number of neurons (NN) should be optimized to avoid the underfitting or overfitting 
of the ANN model. The output layer contains three neurons representing the seismic 
responses (MBS, MIDR, and MRDR). An “Adam” algorithm is used as an optimization 
algorithm, and “ReLu and Linear” activation functions are used for the hidden and output 
layers, respectively. The hyperparameters (HL/ NN) are selected by performing the ANN 
several times, changing them randomly, and selecting the best combination that 
corresponds to the highest correlation coefficient (R²) and the lowest mean squared error 
(MSE). Figure 9 illustrates the ANN structures and the used activation functions. 

 

Fig. 9. the structure of the ANN 
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2.6. Performance of the ANNs 

In order to find the best model that can predict the seismic responses accurately, three 
ANN models have been performed (ANN, PCA-ANN, and Autoencoder-ANN). The dataset 
is split into training (80%), testing (10%), and validation data (10%). The performance of 
the ANN will be evaluated using the correlation coefficient (R²), mean squared error (MSE), 
and root mean squared error (RMSE), as they are shown in Table 3, where: 

𝑦𝐴𝑁𝑁,𝑖: is the predicted seismic response. 

𝑦𝑁𝐿𝑇𝐻𝐴,𝑖: is the calculated seismic response. 

𝑦𝐴𝑁𝑁,𝑖̅̅ ̅̅ ̅̅ ̅: is the mean value of the predicted seismic response. 

𝑦𝑁𝐿𝑇𝐻𝐴,𝑖̅̅ ̅̅ ̅̅ ̅̅ ̅̅ : is the mean value of the calculated seismic response.  

Table 3. the formulas of the performance coefficients  

Performance coefficient Formula 

R² =
∑(𝑦𝐴𝑁𝑁,𝑖− 𝑦𝐴𝑁𝑁,𝑖̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )(𝑦𝑁𝐿𝑇𝐻𝐴,𝑖− 𝑦𝑁𝐿𝑇𝐻𝐴,𝑖̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)

√∑(𝑦𝐴𝑁𝑁,𝑖− 𝑦𝐴𝑁𝑁,𝑖̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )²(𝑦𝑁𝐿𝑇𝐻𝐴,𝑖− 𝑦𝑁𝐿𝑇𝐻𝐴,𝑖̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)²
 

MSE =
1

𝑁
∑(𝑦𝐴𝑁𝑁,𝑖 − 𝑦𝑁𝐿𝑇𝐻𝐴,𝑖) 

RMSE =√
1

𝑁
∑(𝑦𝐴𝑁𝑁,𝑖 − 𝑦𝑁𝐿𝑇𝐻𝐴,𝑖) 

 

Firstly, the ANN model is trained on the generated dataset directly without using any 
unsupervised techniques (PCA or Autoencoder). It aims to compare the results of using the 
ANN model with hybrid ANN models regarding predictability. Secondly, a hybrid PCA-ANN 
model is performed using a dimensionality reduction and twenty principal components 
(reducing the dimensions from 37 to 20). Finally, another hybrid Autoencoder-ANN model 
is trained where a coder layer holds 20 neurons (20 dimensions). All the models’ 
hyperparameters have been optimized using random selection and choosing the best 
combinations. Table 4 summarizes the hyperparameters used in these three models. Table 
5 illustrates the performance of the ANN models, where the results represent the mean 
values of training, testing, and validating. 

Table 4. The hyperparameters of the three ANN models 

ANN model 
Number 

of 
neurons 

Number 
hidden 
layers 

Learning 
rate 

Activation 
function 

ANN 60 4 0.01 Relu & linear 

PCA-ANN 30 3 0.01 Relu & linear 
Autoencoder-ANN 35 2 0.01 Relu & linear 

Table 5. The performance of the ANN, PCA-ANN, and Autoencoder-ANN 

 
MBS MIDR MRDR 

ANN 
Auto-
ANN 

PCA-
ANN 

ANN 
Auto-
ANN 

PCA-
ANN 

ANN 
Auto-
ANN 

PCA-
ANN 

R² 0.972 0.985 0.986 0.976 0.989 0.9913 0.9745 0.984 0.988 

MSE 0.0018 
7.6E-

05 
0.013 0.0017 0.00013 0.0087 0.0051 0.00011 0.0117 

RMSE 0.042 0.0086 0.111 0.042 0.0113 0.090 0.071 0.0106 0.1045 
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Overfitting is a common problem that may occur during the training of ANN model. This 
can be caused due to the bad selection of hyperparameters such as the number of neurons 
or number of hidden layers. The overfitting is captured when the performance of the 
validation data diverges from the training performance as shown in Figure 10. It is 
represented in a high performance of the training process and low performance of 
validation data. In Figure 11 depicts the evolution of loss function (MSE) in function of 
number of epochs for the three ML models.  

 
Fig.10 Overfitting in ML models illustration 

2.7. Performance of the ANN-Models to Unseen GMs 

This section aims to test the performance of the ANNs when the buildings are subjected to 
30 unseen GMs. These AGMs matched the identical target response spectra, as shown in 
Figure 12. Three buildings will be used as a case study (low-, mid-, and high-rise) to check 
the predictability of the ANN models to unseen cases. IDA curves will be generated and 
compared to the predicted ones. The 3D fragility surfaces will be constructed using the IDA 
curves of the MISDR and the MRDR, and then a comparison between these surfaces will be 
made. The characteristics of the case study buildings are shown in Table 6. 

Table 6. The geometric and material characteristics of the case study buildings (low-, 
mid-, and high-rise) 

Parameter Low-rise mid-rise High-rise Parameter Low-rise mid-rise High-rise 

Ns 3 6 9 h1 (m) 0.4 0.45 0.45 

Hs (m) 3 3 3 b1 (m) 0.3 0.3 0.35 

Nbx 4 4 4 As_col (cm²) 
30.39 30.39 49.23 

Lbx (m) 3.2 3.2 3.2 As_beam (cm²) 
25.12 25.12 36.17 

Nby 3 3 3 fc28 (MPa) 35 35 35 

Lby (m) 3.2 3.2 3.2 fy (GPa) 500 500 500 

h (m) 0.4 0.45 0.65 G (kN/m²) 3 3 3 

b (m) 0.4 0.45 0.65 Q (kN/m²) 1 1 1 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 
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(g) 

 

(h) 

 

(i) 

Fig. 11. Loss function in terms of number of epochs and the best performance position: 
a) ANN model for predicting the MBS, b) Auto-ANN model for predicting the MBS, c) 
PCA-ANN model for predicting the MBS, d) ANN model for predicting the MRDR, e) 

Auto-ANN model for predicting the MRDR, f) PCA-ANN model for predicting the 
MRDR, g) ANN model for predicting the MIDR, h) Auto-ANN model for predicting the 

MIDR, i) PCA-ANN model for predicting the MIDR 

3. Results 

The goal of this paper is not only to predict the seismic response but to generalize the 
prediction of the outputs based on the training dataset only. In the case study, three 
buildings were selected to perform the IDA, construct the fragility surfaces, and test the 
ANN models to predict seismic responses under unseen GMs. Figure 13, Figure 14, and 
Figure 15 illustrate the IDA points of the three buildings using the NL-THA and the ANN 
models. The performance criteria of the prediction of the MBS, MIDR and MRDR of the ANN 
model, PCA-ANN model and Autoencoder-ANN model is summarized in Table 7-8-9. 
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Fig. 13 the MRDR for the three models: a) low-rise, b) mid-rise and c) high-rise 

 
Fig. 14.The MIDR prediction for the three models: a) low-rise, b) mid-rise and c) high-rise 

 

Fig. 15. The MBS prediction for the three models: a) low-rise, b) mid-rise and c) high-rise 

Figure 16, Figure 17, Figure 18, Figure 19, Figure 20 and Figure 21 represent the 3D 
fragility surfaces constructed using the NL-THA and the ANN models for low-, mid-, and 
high-rise buildings. The accuracy of the prediction of these 3D fragility surfaces is 
calculated using the same performance criteria (R², MSE, and RMSE), and they are 
summarized in Table 10 and Table 11 for MIDR and MRDR. 
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Table 7. The performance of the ANN to predict the MBS to unseen GMs. 
 

MBS 

Low-rise Mid-rise High-rise 

ANN Auto-
ANN 

PCA-
ANN 

ANN Auto-
ANN 

PCA-
ANN 

ANN Auto-
ANN 

PCA-
ANN 

R² 0.850 0.964 0.964 0.931 0.965 0.931 0.822 0.964 0.954 

MSE 0.025 0.002 0.017 0.016 0.005 0.009 0.084 0.017 0.034 

RMSE 0.158 0.051 0.133 0.127 0.072 0.097 0.291 0.133 0.185 

Table 8. The performance of the ANN to predict the MIDR to unseen GMs. 
 

MIDR 

Low-rise Mid-rise High-rise 

ANN Auto-
ANN 

PCA-
ANN 

ANN Auto-
ANN 

PCA-
ANN 

ANN Auto-
ANN 

PCA-ANN 

R² 0.91 0.94 0.93 0.93 0.959 0.958 0.938 0.9550 0.94 

MSE 0.0006 9.6E-
05 

1.0E-
04 

3.0E-04 8.7E-04 1.90E-
04 

1.22E-
03 

1.89E-04 2.48E-04 

RMS
E 

0.025 0.0098 0.0103 0.0174 0.0296 0.0137 0.0348 0.0137 0.0157 

Table 9. The performance of the ANN to predict the MRDR to unseen GMs. 
 

MRDR 

Low-rise Mid-rise High-rise 

ANN Auto-
ANN 

PCA-
ANN 

ANN Auto-
ANN 

PCA-
ANN 

ANN Auto-
ANN 

PCA-
ANN 

R² 0.70
8 

0.90 0.909 0.861 0.961 0.962 0.878 0.968 0.9549 

MSE 0.00
03 

0.0001 0.0009
6 

0.0002 7.18E-05 7.07E-04 2.20E-
04 

5.84E-04 8.16E-05 

RMSE 0.01
74 

0.0101 0.0311 0.0160 0.0084 0.0265 0.0148 0.0241 0.0090 

Table 10. The accuracy of the 3D fragility surfaces prediction (MIDR). 

 

MIDR 

Low-rise Mid-rise High-rise 

ANN 
Auto-
ANN 

PCA-
ANN 

ANN 
Auto-
ANN 

PCA-
ANN 

ANN 
Auto-
ANN 

PCA-
ANN 

R² 0.6014 0.9512 0.9139 0.833 0.9917 0.9830 0.971 0.9719 0.9716 

MSE 0.0808 0.0007 0.0098 0.059 0.0018 0.0035 0.006 0.0061 0.0062 

RMSE 0.2842 0.0258 0.0989 0.244 0.0425 0.0595 0.078 0.0778 0.0784 

Table 11. The accuracy of the 3D fragility surfaces prediction (MRDR). 

 

MRDR 

Low-rise Mid-rise High-rise 

ANN 
Auto-
ANN 

PCA-
ANN 

ANN 
Auto-
ANN 

PCA-
ANN 

ANN 
Auto-
ANN 

PCA-ANN 

R² 0.8361 0.9713 0.9422 0.8993 0.9908 0.9414 0.9052 0.9937 0.9316 

MSE 0.0583 0.0062 0.0126 0.0216 0.0020 0.0127 0.0202 0.0013 0.0149 

RMSE 0.2416 0.0785 0.1122 0.1471 0.0449 0.1127 0.1420 0.0367 0.1222 



Abdellatif et al. / Research on Engineering Structures & Materials 10(4) (2024) 1373-1397 

 

1389 

 NL-THA    Predicted   

 

(a) 

 

(b) 

 

(c) 

Fig. 16. 3D Fragility surfaces (NL-THA and ANNs) of the MIDR for low-rise building: a) ANN, b) 
Autoencoder-ANN and c) PCA-ANN 

 

(a) 

 

(b) 

 

(c) 

Fig. 17. 3D Fragility surfaces (NL-THA and ANNs) of the MIDR for mid-rise building: a) ANN, b) 
Autoencoder-ANN and c) PCA-ANN 

 

(a) 

 

(b) 

 

(c) 

Fig. 18. 3D Fragility surfaces (NL-THA and ANNs) of the MIDR for high-rise building: a) ANN, b) 
Autoencoder-ANN and c) PCA-ANN 
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(a) 

 
(b) 

 
(c) 

Fig.19. 3D Fragility surfaces (NL-THA and ANNs) of the MRDR for low-rise building: a) ANN, b) 
Autoencoder-ANN and c) PCA-ANN 

 

(a) 

 

(b) 

 

(c) 

Fig. 20. 3D Fragility surfaces (NL-THA and ANNs) of the MRDR for mid-rise building: a) ANN, b) 
Autoencoder-ANN and c) PCA-ANN 

 

(a) 

 

(b) 

 

(c) 

Fig. 21. 3D Fragility surfaces (NL-THA and ANNs) of the MRDR for mid-rise building: a) ANN, b) 
Autoencoder-ANN and c) PCA-ANN 

4.Discussion 

The seismic response is essential for the vulnerability and fragility assessment of new and 
existing buildings. The NL-THA is considered the most reliable and accurate method to 
achieve an exact investigation. However, this method is not always suitable due to its 
complexity and time-consuming. Therefore, many works have been proposed to facilitate 
the assessment process using techniques like machine learning algorithms. In this paper, 
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an ANN model has been developed to predict the seismic responses (MBS, MIDR, and 
MRDR) of RC frame buildings using only the building geometry and earthquake 
characteristics. It aims to offer analysts a rapid and fast alternative to predict the building's 
performance and calculate the probability of exceeding a certain damage level. 

The paper starts by generating a dataset with more than 190,000 NL-THA performed, and 
three ANN models were trained (ANN, Autoencoder-ANN, PCA-ANN). Table 5 illustrates 
that three ANN models achieved a good performance level with correlation coefficients 
exceeding 97%. The Autoencoder-ANN model showed the lowest MSE and RMSE 
(0.00007,0.000131 and 0.00011) for MBS, MIDR, and MRDR, respectively. For the PCA-
ANN model showed the highest correlation coefficients (98%, 99%, and 98%) during the 
training process, and the MSE is higher than the ANN's (0.0013,0.0087 and 0.011761) for 
MBS, MIDR, and MRDR. The hybrid models (PCA and Autoencoder) performed better in 
training, testing, and validation than the ANNs. Only twenty dimensions have been used to 
train the ANN. In addition, the dimensionality reduction allowed us to reduce and optimize 
the ANN model's hyperparameters, as shown in Table 4, which made the training process 
faster and less complex. This improvement is caused to the ability of the unsupervised 
techniques to capture the principal components (in the case of the PCA) or the essential 
features of the dataset (in the case of the Autoencoder). The proposed model was tested 
on unseen GMs since the work aims to develop an accurate, fast, and generalized method 
that can be used as an alternative to the NL-THA. Three buildings with different heights 
were used as a case study, and thirty artificial GMs matched to the same target response 
spectrum were used to perform the analysis. 

Figure 13, Figure 14, and Figure 15 illustrate the IDA points of the (MBS, MIDR, and MRDR) 
versus the incremented seismic intensity (PGA). Table 7, Table 8, and Table 9 summarized 
the performance of the prediction. The results showed that the Autoencoder-ANN model 
has the highest rate of predictability regarding R² and MSE. The PCA-ANN model also 
showed high accuracy in terms of R² and MSE and slightly less than the Autoencoder's 
accuracy. The ANN model showed good predictability but remarkably less than the 
previous hybrid models for all the ANN models and all three buildings. It can be concluded 
that using these unsupervised techniques enhanced the accuracy of the prediction, even 
for unseen GMs. 

The 3D fragility surfaces were constructed using the IDA results and compared to the NL-
THA fragility surfaces. Figure 16, Figure 17, and Figure 18 illustrate the 3D fragility 
surfaces of the MIDR using the ANN, Autoencoder-ANN, and PCA-ANN for low-, mid-, and 
high-rise buildings. Figure 19, Figure 20, and Figure 21 illustrate the 3D fragility surfaces 
of the MRDR using the ANN, Autoencoder-ANN, and PCA-ANN for low-, mid-, and high-rise 
buildings. The accuracy of these surfaces to the exact surfaces is summarized in Table 10 
and Table 11 for the MIDR and MRDR, respectively. According to these Figures and the 
tables, it can be noticed that the Autoencoder and the PCA models accurately predict the 
fragility of surfaces with an R²> 95% where the Autoencoder models represented the 
highest correlation coefficient of 95%, 99%,97% for the MIDR and 97%, 99%, and 99% for 
the MRDR, and the lowest MSE 0.0007,0.0018 and 0.0061 for the MIDR and 0.0062, 0.002 
and 0.0013 for the MRDR. The PCA-ANN model also showed high accuracy and slightly less 
than the Autoencoder-ANN model, with an R² of 91%,98%, and 97% for the MIDR and 
94%, 94%, and 93% for the MRDR. For the ANN models, they showed an acceptable 
correlation with an R² of 83%, 89%, and 90% for the MRDR and 60%, 83%, and 97% for 
the MIDR and an MSE of 0.08, 0.05, and 0.0062 for the MIDR and 0.5, 0.02 and 0.02 for the 
MRDR. 

Given these results, the Autoencoder-ANN is the most suitable hybrid method to predict 
seismic responses. Its accuracy is not limited to seen GMs but to unseen ones. Also, the 
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PCA-ANN model presented an excellent model, slightly less accurate than the Autoencoder 
regarding the predictability of the IDA points and fragility surfaces. The use of the hybrid 
models improved the accuracy and optimized the ANN's hyperparameters, making the 
ANN model more generalized to unseen scenarios.  

5.Conclusion 

The paper presents a new approach for predicting seismic responses with high speed and 
accuracy. The approach utilizes unsupervised algorithms and Artificial Neural Networks 
(ANN) to predict critical seismic parameters such as MBS, MIDR and MRDR. This new 
approach can be helpful in the field of earthquake engineering and research, as it can 
provide better understanding of the seismic behavior of structures. 

The paper compares the performance of three different ML models. The first model is an 
ANN without any modification to the input features. The second model is a combination of 
an autoencoder and an ANN, where autoencoder algorithm is used to obtain the input 
features for ANN. The third model is a combination of Principal Component Analysis (PCA) 
and ANN, where PCA is used to reorient and reduce the input data. These ML models are 
compared with the NLTHA results in terms of R², MSE and RMSE. 

The comparative study provides several insights into the performance of different models: 

• The ML-based approach presented a quick alternative to the NLTHA, where it can 
be used as an alternative by the engineers to fast assess the seismic response of RC 
frame buildings without the need for modeling to processing time. 

• The use of hybrid approaches as PCA-ANN and Autoencoder-ANN made the 
prediction more accurate and enhanced the performance and outputs results and 
reduced the MSE. 

• The ML models were able to reach a high accuracy by using only the geometry 
characteristics which mean that the engineer can use it on the field without the need 
to any calculations or FEM software. 

• The Autoencoder made the ANN training more accurate, and it reduced the MSE 
remarkably compared to PCA-ANN and ANN models. 

• The use of hybrid models made the ANN training much faster and less complex due 
to the dimensionality reduction and data reorientation and make the ANN train on 
the principal components. 

• The hybrid model reduces the hyperparameter numbers such as number of neurons 
and number of hidden layers due to the input features reduction. 

• The ML-based can be a useful tool for vulnerability and fragility assessments due to 
it high accuracy and reduce computational time and its simplicity. 

The hybrid model is a useful tool for quickly investigating the seismic vulnerability and 
fragility of structures. However, it should be noted that the accuracy of the model's 
predictions is limited to reinforced concrete frame structures with specific geometry 
characteristics mentioned in the paper. To ensure accurate results, it is recommended not 
to use parameters that exceed the upper bound of the training dataset. Doing so may affect 
the accuracy of the model's predictions. 
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Appendix A 

Table A1. The eighty artificial ground motions and their characteristics used to generate 
the dataset. 

GMs 
PGA 
(g) 

PGV 
(cm/sec) 

PGD 
(cm) 

AI Ic 
CAV 

(cm/sec) 
VSI 

(cm) 
HI 

(cm) 
A95 
(g) 

PP 
(sec) 

SD 
(sec) 

GM 1 0.16 14.11 20.11 0.52 0.04 567.24 59.85 55.06 0.15 0.40 12.78 

GM 2 0.19 14.32 9.15 0.51 0.04 545.23 61.57 57.10 0.19 0.20 11.38 

GM 3 0.19 14.66 13.81 0.50 0.04 543.61 63.62 58.87 0.18 0.18 12.02 

GM 4 0.22 18.64 15.45 0.52 0.04 554.85 61.65 56.96 0.22 0.26 11.88 

GM 5 0.21 15.38 31.25 0.47 0.04 531.61 61.30 54.65 0.21 0.38 11.99 

GM 6 0.18 13.76 8.97 0.53 0.04 561.33 63.73 57.84 0.17 0.22 11.86 

GM 7 0.23 13.48 10.61 0.46 0.04 525.61 64.23 59.44 0.23 0.20 11.65 

GM 8 0.21 16.43 18.57 0.50 0.04 543.66 61.33 56.10 0.21 0.18 12.40 

GM 9 0.17 13.75 14.87 0.43 0.03 501.45 59.01 54.77 0.17 0.40 10.55 

GM 10 0.18 13.25 7.55 0.35 0.03 439.99 63.80 57.74 0.18 0.36 9.65 

GM 11 0.15 14.28 7.21 0.41 0.03 490.52 60.75 55.85 0.15 0.22 10.96 

GM 12 0.19 13.93 6.34 0.50 0.04 546.92 62.42 58.53 0.19 0.26 12.25 

GM 13 0.17 14.99 7.42 0.55 0.04 560.44 64.80 60.13 0.17 0.16 10.45 

GM 14 0.19 12.39 4.40 0.41 0.03 468.87 64.58 58.89 0.18 0.26 10.14 

GM 15 0.17 15.18 8.90 0.33 0.03 418.10 59.98 55.27 0.17 0.16 9.40 

GM 16 0.18 16.73 12.04 0.39 0.03 472.72 61.43 56.29 0.17 0.20 10.20 

GM 17 0.21 15.10 6.76 0.34 0.03 422.32 61.96 56.02 0.20 0.32 9.08 

GM 18 0.16 12.79 9.33 0.50 0.04 587.56 59.82 55.51 0.15 0.40 14.25 

GM 19 0.19 16.89 20.74 0.47 0.03 558.46 65.73 59.56 0.19 0.36 13.36 

GM 20 0.16 13.91 9.36 0.49 0.04 588.11 61.13 56.49 0.16 0.22 15.16 

GM 21 0.16 14.25 5.40 0.57 0.04 628.21 62.70 58.45 0.15 0.16 14.80 

GM 22 0.18 13.23 8.54 0.51 0.04 579.00 64.44 59.07 0.18 0.26 13.76 

GM 23 0.20 14.88 13.59 0.58 0.04 588.32 64.21 59.57 0.19 0.18 12.84 

GM 24 0.17 12.02 8.39 0.40 0.03 515.35 59.72 56.04 0.17 0.16 14.70 

GM 25 0.17 17.88 11.52 0.49 0.04 579.15 61.86 57.78 0.16 0.20 13.85 

GM 26 0.19 14.01 12.36 0.39 0.03 508.24 57.89 54.05 0.19 0.32 14.31 

GM 27 0.15 22.68 53.92 0.43 0.03 494.46 58.71 55.17 0.14 0.28 10.62 

GM 28 0.15 15.24 4.38 0.40 0.03 468.88 61.65 57.47 0.15 0.34 10.34 

GM 29 0.18 24.89 32.01 0.46 0.04 524.63 62.76 57.31 0.17 0.30 16.74 

GM 30 0.24 16.87 7.59 0.44 0.03 492.32 61.89 57.19 0.24 0.16 10.35 

GM 31 0.18 11.58 7.91 0.40 0.03 453.14 64.66 58.25 0.17 0.38 10.04 

GM 32 0.18 29.46 41.92 0.37 0.03 443.87 57.01 55.76 0.17 0.22 9.66 
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GM 33 0.20 20.19 24.56 0.41 0.03 477.89 61.34 58.43 0.20 0.38 10.57 

GM 34 0.24 15.01 6.42 0.51 0.04 561.26 60.64 56.34 0.24 0.16 12.83 

GM 35 0.19 16.13 10.13 0.32 0.03 408.98 58.44 54.50 0.19 0.18 10.54 

GM 36 0.16 12.97 6.89 0.40 0.03 564.23 61.60 53.14 0.16 0.36 14.24 

GM 37 0.17 104.02 300.93 0.63 0.04 785.25 48.45 52.69 0.17 0.30 16.41 

GM 38 0.18 12.77 9.02 0.43 0.03 586.99 56.76 51.90 0.17 0.24 13.71 

GM 39 0.17 12.85 11.58 0.46 0.03 612.88 58.90 52.80 0.16 0.30 14.16 

GM 40 0.15 33.28 90.36 0.44 0.03 593.89 58.27 53.39 0.15 0.32 14.39 

GM 41 0.13 11.18 7.23 0.41 0.03 588.53 54.63 52.33 0.13 0.40 13.90 

GM 42 0.15 38.52 124.98 0.47 0.03 680.39 56.90 53.23 0.15 0.36 20.67 

GM 43 0.17 15.18 19.05 0.44 0.03 623.98 57.08 54.43 0.16 0.30 15.23 

GM 44 0.13 30.39 130.65 0.59 0.03 905.73 57.45 53.37 0.13 0.28 24.96 

GM 45 0.18 30.64 121.62 0.50 0.04 545.28 61.88 56.41 0.18 0.38 12.40 

GM 46 0.15 13.73 26.47 0.60 0.03 906.12 57.12 53.26 0.14 0.32 24.16 

GM 47 0.16 37.30 210.98 0.67 0.04 996.46 58.37 54.64 0.15 0.28 25.90 

GM 48 0.15 16.38 10.19 0.70 0.04 983.07 60.61 54.21 0.15 0.24 23.87 

GM 49 0.14 10.51 13.95 0.65 0.04 963.25 58.47 53.19 0.14 0.28 25.55 

GM 50 0.14 41.64 159.92 0.67 0.04 1037.31 54.92 53.06 0.14 0.18 30.23 

GM 51 0.15 13.97 21.95 0.63 0.03 943.91 57.09 52.38 0.15 0.26 25.03 

GM 52 0.15 31.67 201.03 0.65 0.04 967.57 55.53 53.23 0.14 0.16 25.46 

GM 53 0.14 16.77 29.56 0.70 0.04 991.50 62.04 56.74 0.13 0.24 25.21 

GM 54 0.15 21.46 114.56 0.66 0.04 950.93 62.88 59.05 0.15 0.24 24.22 

GM 55 0.16 15.49 79.16 0.69 0.04 977.16 61.59 56.89 0.16 0.28 23.85 

GM 56 0.19 12.23 7.14 0.45 0.04 510.95 62.72 57.80 0.18 0.22 12.88 

GM 57 0.14 19.87 106.57 0.68 0.04 981.23 60.71 54.27 0.14 0.24 24.55 

GM 58 0.14 23.68 129.52 0.69 0.04 1006.77 60.98 56.66 0.14 0.26 26.05 

GM 59 0.14 22.31 147.84 0.68 0.04 1025.23 56.65 52.42 0.14 0.40 28.88 

GM 60 0.17 28.67 186.34 0.69 0.04 989.14 59.66 56.10 0.16 0.32 25.36 

GM 61 0.14 14.10 40.27 0.70 0.04 991.06 60.10 55.87 0.14 0.16 24.87 

GM 62 0.17 16.89 44.37 0.43 0.03 592.90 63.35 54.69 0.17 0.36 14.49 

GM 63 0.16 12.64 3.39 0.52 0.03 660.31 61.54 55.08 0.16 0.36 14.55 

GM 64 0.18 14.31 18.33 0.47 0.03 617.75 60.10 54.91 0.17 0.28 13.93 

GM 65 0.17 11.51 15.65 0.47 0.03 624.10 60.11 53.38 0.16 0.28 14.42 

GM 66 0.16 12.85 10.56 0.46 0.03 607.56 60.32 54.61 0.15 0.20 14.17 

GM 67 0.22 24.04 38.87 0.48 0.04 541.49 63.77 59.20 0.21 0.20 12.39 

GM 68 0.14 12.78 10.24 0.46 0.03 630.85 57.82 54.31 0.13 0.40 14.72 

GM 69 0.16 22.10 58.72 0.45 0.03 595.52 63.40 57.76 0.15 0.32 13.75 
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GM 70 0.19 158.68 1376.71 0.67 0.04 876.57 52.93 55.44 0.19 0.30 25.31 

GM 71 0.16 13.53 6.32 0.40 0.03 560.41 61.40 52.97 0.16 0.46 14.14 

GM 72 0.16 38.57 116.48 0.52 0.03 676.30 58.32 54.42 0.15 0.30 15.47 

GM 73 0.19 13.18 8.14 0.46 0.03 606.51 57.80 52.84 0.18 0.24 13.71 

GM 74 0.17 12.60 10.78 0.46 0.03 614.91 58.90 52.79 0.17 0.30 14.16 

GM 75 0.15 11.51 17.89 0.48 0.03 640.40 59.84 54.59 0.15 0.32 15.12 

GM 76 0.14 12.42 8.64 0.46 0.03 620.74 56.73 54.02 0.13 0.40 14.24 

GM 77 0.16 13.93 14.37 0.42 0.03 564.42 60.17 53.84 0.15 0.36 13.24 

GM 78 0.19 15.51 10.81 0.39 0.03 478.98 60.31 55.50 0.18 0.18 13.59 

GM 79 0.18 23.61 32.97 0.45 0.03 639.30 55.32 53.26 0.17 0.30 16.54 

GM 80 0.19 15.27 13.54 0.50 0.04 542.96 63.50 57.38 0.18 0.24 11.56 
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 This study explores the impact of incorporating a blend of alumina and talc, 
ranging from 1 to 7%, into high-density polyethylene (HDPE) to modify its 
structural, rheological, and mechanical properties. Comparative evaluations 
with HDPE/Alumina and HDPE/Talc composites were conducted. The dual-filler 
combination was achieved through dry grinding, followed by melt processing 
with a Brabender plastograph. FTIR spectroscopy analysis of HDPE/ (alumina + 
talc) composites revealed interactions between aluminum and oxygen, with a 
peak at 700 cm-1 indicating alumina integration into the HDPE matrix, 
influencing composite properties. Impact strength decreased with talc inclusion 
but significantly improved with alumina. Notably, a 5% blend of 
HDPE/(alumina-talc) fillers exhibited the highest impact resistance. Tensile 
stress showed peaks at 1% talc content and a 3% filler mixture, emphasizing 
synergistic effects and talc's superiority over alumina. Synergism in elongation 
at break was observed for HDPE/ (alumina + talc) composites. Additionally, 
HDPE/Alumina composites displayed the highest modulus of elasticity, while 
HDPE/(Alumina + Talc) composites had the highest melt flow index. Surface 
treatments promoted uniform filler dispersion within the HDPE matrix, 
enhancing mechanical properties. Overall, composites with binary fillers 
harnessed synergistic effects, combining advantages from both components. 
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1. Introduction 

In modern engineering, the versatility of materials is paramount, with engineers adapting 
materials to suit the evolving needs of society and the demands of cutting-edge 
technologies. The advancement of macromolecular materials, ignited by the advent of 
synthetic polymers, has spurred the emergence of new materials, revolutionizing 
industries over recent decades [1, 2]. Polymers, now integral to multitude everyday 
objects, have progressively supplanted traditional materials such as mineral glasses, 
ceramics, and metals, owing to their superior attributes in terms of both lightweight 
construction and durability. In this dissertation, our focus centers on high-density 
polyethylene (HDPE).     
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Polymer composites are complex materials comprised of two or more distinct phases, 
typically featuring a polymer matrix and reinforcing or filler components. This structural 
composition enhances properties beyond those of individual constituents. Thermoplastics 
are often favored over thermosets due to their recyclability and thermoformability. 
Conventional fillers, such as glass, aramid, and carbon fibers, along with additives like 
calcium carbonate, play a pivotal role in creating robust yet lightweight materials, thus 
driving advancements in composite technology [3]. The manufacturing process of 
composite materials involves several stages that integrate blending components 
possessing diverse physicochemical properties. These stages typically encompass intricate 
procedures such as material selection, mixing, polymerization, and molding. Each step 
contributes to the final composite's desired characteristics, ensuring optimal performance 
and functionality in various applications [4]. Fillers can incorporate particles, layered 
materials, fibers, or clusters that are enclosed within natural or synthetic polymers. These 
polymer composites exhibit significant promise for applications across various industries 
such as aeronautics, automotive manufacturing, cement production, electronics, medical 
equipment, consumer goods, and packaging. This is owing to their outstanding properties, 
which are enhanced by the presence of reinforced fillers [5].  

The incorporation of fillers into polymers stands as a key technique for enhancing the     
properties of finished products and broadening the scope of plastic material applications. 
Moreover, it represents a cost-effective approach to crafting materials tailored to highly 
specific needs. Mineral fillers are renowned for their ability to enhance electrical 
conductivity, thermal resistance, and mechanical strength [6, 7]. Within the scope of this 
study, our attention is drawn to two mineral fillers: alumina, talc, and their amalgamation. 
Research conducted by F.Z. Benabid and colleagues [8] has revealed that incorporating 
alumina (Al2O3) into low-density polyethylene (LDPE) enhances its thermal stability and 
impact resistance. Conversely, O.K. Mallem et al. [9] found that the addition of talc 
improves the tensile strength of composites. Mechanical treatment of mineral fillers, 
typically employed, aims to enhance the quality of polymer/filler interfaces, ensuring 
effective dispersion. Moreover, the researchers [8, 9] demonstrated that severe grinding 
provides a more effective solution for increasing the specific surface area of the mineral.  

According to K. Liu et al. [10], treating talc significantly enhances the Charpy impact 
strength and tensile strength of polypropylene/talc composites. Polyethylene (PE) finds 
extensive use across a spectrum of applications. Within the confines of this study, the 
combination of alumina and talc is introduced into HDPE to enhance specific properties, 
paving the way for potential applications. 

The main objective of this research is to explore the impact of incorporating alumina, talc, 
and their combination (synergistic advantages) on the properties of HDPE, and to evaluate 
the efficacy of blending these two additives a distinctive aspect of this initiative. The 
method of co-mixing through grinding is a fast and economical approach utilized to reduce 
production costs, prevent filler agglomeration, and improve dispersion within the HDPE 
matrix. 

2. Experiment 

2.1. Materials 

The polyethylene selected for this study is sourced as HDPE HYA 600 Blow Molding Resin, 
belonging to the ExxonMobil group- Chemical Company 22777 Springwoods Village 
Parkway Spring, TX 77389-1425. USA, and is provided in granule form with a density of 
0.96 g/cm³. Talc, specified as ETFINE 8CF, is provided by FOURNIER COMPOSITES SA (ZA 
DE RAGON 5 RUE DE COULOMB, 44119 TREILLIERES, FRANCE). with a particle size (d80) 
of approximately 38 µm and a whiteness of 85%.  
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The alumina GF68527187 used in this study is procured from Sigma-Aldrich Corporation 
PO Box 14508 Saint Louis, MO 63178 United States. 

2.2. Preparation of Polymer/Filler Composites  

In the process of creating polymer/filler composites, blends based on high-density 
polyethylene (HDPE) were meticulously crafted through melt processing. This was 
achieved using a Brabender plastograph operating at a temperature of 220°C and a 
rotational speed of 30 rpm for 10 minutes. The composites were systematically prepared, 
incorporating varying filler proportions (alumina, talc, alumina-talc mixture) set at 1, 3, 5, 
and 7%. 

Following the production process, the resulting composites underwent grinding using a 
DREHER Brabender mechanical grinder, followed by compression molding to create thin 
films and test specimens. The preparation of these specimens for diverse mechanical tests 
involved the utilization of automatic compression press from the CARVER brand. The tests, 
including tensile and impact assessments, were conducted under specific working 
conditions: a plate temperature of 200°C, a preheating duration of 10 minutes, a 
compression time of 5 minutes, and subsequent air-cooling. Sample dimensions conform 
to ASTM standards. 

2.3. Characterization  

Infrared analyses (IR) are a crucial tool for discerning the intricacies of chemical bonds 
within materials. This method involves exciting molecular bonds in a sample using infrared 
radiation with wavelengths between 2.5 and 5 μm and frequencies from 4500 to 400 cm-1. 
The specific absorptions within this frequency range offer valuable insights into the 
compound's structural composition. When the radiation frequency aligns with molecular 
vibrations, emitted energy is absorbed by the bonds, producing characteristic 
transmission bands representing elongation and angular deformation vibrations, such as 
rocking, scissoring, wagging, and twisting [11- 13]. The analyzes were carried out using a 
“Perkin Elmer 1000” type device with a resolution of 4 cm–1. The different spectra present 
the transmittance (%) as a function of the wave number (cm-1). 

The experimentation involved the utilization of a Charpy testing apparatus, comprising a 
robust module with a hammer situated at its free end, a designated space for the test 
specimen, and an indicator dial to measure the absorbed energy during the impact, as 
outlined in reference [14-16]. This testing device is fundamental in assessing the impact 
resistance of materials, providing valuable data on their mechanical properties under 
specific conditions. The non-impact notched specimens were prepared with dimensions of 
63x12.7x3mm3. The Charpy test is conducted using a device of type CEAST 6546/000 with 
an energy of 7.5 joules. 

The tensile test, a pivotal mechanical examination, serves to assess a material's 
deformation capacity when subjected to fluctuating stress levels. In this destructive 
procedure, a gradually increasing deformation is applied at a constant rate, and the 
corresponding force needed for this deformation is measured. This critical test is executed 
under ambient temperature conditions, as referenced in [17-20]. Through the tensile test, 
valuable insights into a material's mechanical behavior and its response to varying stresses 
can be garnered. The tensile specimens, manufactured with dimensions (115x13x3mm), 
are subjected to the tensile test controlled by a computer. After having fixed the initial 
length at a value of 115mm, the specimen is embedded between the two jaws, one of which 
is fixed and connected to a 2000N force sensor. The other jaw is mobile and connected to 
a drive system having a stretching speed of 5.mm.min-1. 
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The Melt Flow Index (MFI) is a widely employed method in the plastics industry for 
characterizing thermoplastic materials. Using a melt flow meter, this technique measures 
the mass of molten polymer flowing under a calibrated load for a specific duration, 
providing a key indicator of viscosity and molecular weight. Known for its speed and 
comparability, MFI is crucial for the practical study of a polymer's molten state behavior 
[21]. The experiments utilized a "MELT-INDEXER" model 5 apparatus, featuring a vertical 
cylinder in an oven with a standard die. Tests were conducted under a 2.16 kg load at 200°C 
with Melt flow index (g/10 min) 

3. Results and Discussion 

3.1. Chemical Structure Analysis 

3.1.1. Fourier Transform Infrared Spectroscopy (FTIR) 

The Infrared (IR) analysis relies on exciting the molecular bonds of a sample using infrared 
radiation with frequencies ranging from 4500 to 400 cm-1. 

• HDPE/Filler Composites 

Fig. 1, depicting the FTIR spectra of HDPE/Al2O3 composites incorporating fillers in the 
range of 1 to 7%, reveals noteworthy trends. The distinctive HDPE bands manifest as a 
prominent peak between 2800-3000 cm-1, corresponding to the elongation vibration (C-
H) of polyethylene, and a peak around 1480 cm-1, indicative of the deformation vibration 
(C-H) of the polyethylene (CH2) group.  Absorptions within the range of 700-750 cm-1 
signify the rotational vibration (CH2) of polyethylene.  

The distinctive HDPE bands previously elucidated persist in HDPE/Al2O3 composites 
spectra, albeit with a subtle decline in intensity correlating with an escalating filler content. 
Notably, the discernible alteration lies in the emergence of two distinct peaks indicative of 
alumina. Specifically, in the 500-400 cm-1 range, there is a manifestation of peaks 
attributed to Al-O bonds, signifying the interaction between aluminum and oxygen within 
the composite [22]. Additionally, a discernible peak at 700 cm-1 corresponds to the Al-OH 
bond [22], further elucidating the integration of alumina into the HDPE matrix. These 
observed shifts in the spectra signify the influence of alumina content on the composite. 

 

Fig. 1. FTIR spectra of HDPE/alumina composites 

The findings from the FTIR spectroscopy analysis of HDPE/ (alumina+talc) composites are 
presented in Fig. 2. The spectral profile depicted mirrors the characteristic peaks of HDPE 
and alumina. Notably, the spectrum exhibits the concurrent presence of new absorbance 
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peaks attributed to talc, indicating their successful dispersion within the HDPE matrix. For 
talc, the peak at 3700 cm−1 is assigned to the surface hydroxyl groups as Si-OH and Mg-OH.   
The stretching band at 966 cm−1 is attributed to the Si-O tetrahedral layer and those at 
3674, 664 and 549 cm−1 to the MgO/MgOH octahedral layer.  The siloxane group (Si–O–Si 
and Mg–O–Si) stretching vibrational bands exist with intense peaks 460- 420 cm−1 [9]. This 
amalgamation signifies the formation of the HDPE/(alumina-talc) composite, elucidating 
the compositional synergy of the individual components in the resulting material. 

 

Fig. 2. FTIR spectra of HDPE/alumina+talc composites 

3.2. Mechanical Properties 

3.2.1. Impact Strength  

The impact strength values ak (smooth specimens) of unloaded HDPE samples (ak=9.169 
J/cm2) and composites loaded with 1%, 3%, 5% and 7%, was investigated. Fig. 4 provides 
a comprehensive overview of the impact strength variation, specifically the Charpy impact 
strength, across different composites. The results unveil a distinct trend, wherein the 
introduction of talc is associated with a reduction in impact strength. Conversely, the 
inclusion of alumina demonstrates a noteworthy enhancement in the impact strength of 
the composites. This finding aligns with the observations made by Tuen et al [23], who 
reported superior flexural strength but diminished impact resistance in talc-based 
composites when compared to their CaCO3-based counterparts. 

Remarkably, a pivotal observation surfaces concerning the composite containing a 5% 
blend of the two HDPE/(alumina-talc) fillers, registering the highest impact resistance 
value (ak=13.15 J/cm2). This improvement can be attributed to the finely granulated 
nature achieved through meticulous grinding during the blending process of the two fillers. 
This process results in a high specific surface area and an optimized interface [23, 24]. The 
absence of filler/matrix interaction favors particle/particle interaction, preventing an 
increase in the particle size of the fillers (brittle zones). This intricate combination 
mitigates brittleness in the material, underscoring the significance of the blending process 
in optimizing the composite's mechanical properties. 
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Fig. 3. Variation in Charpy ak impact strength (J/cm2) of HDPE and its composites as a 
function of filler content 

3.2.2. Tensile Test  

Figs. 4-5 and 6 show the variations in tensile properties, i.e. stress at break, and strain at 
break and modulus of elasticity of the different compositions respectively. From the 
obtained results, it can be seen that the incorporation of fillers (alumina, talc and their 
mixtures) in the HDPE matrix has considerably affected its tensile properties.   

• Stress at Break 

The ultimate tensile stress values for HDPE/mineral filler composites were investigated σr 
(HDPE)=17.5 MPa Fig. 4 shows an increase in tensile strength, except for an optimum at 
1% talc content and a second optimum at 3% mixture of the two fillers (synergism effect), 
with no improvement for the other composites. It should be noted that talc composition 
values are higher than those for alumina. 

 

Fig. 4. Variation in Stress at break of HDPE and its composites 

• Strain at Break 

From Fig 5, we can deduce that there is no improvement in elongation at break by 
incorporating fillers compared with virgin HDPE.A decrease in this property is indeed 
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noticeable for composites with higher filler content, which have the lowest values of 
elongation at break. Synergism in elongation at break was observed for the HDPE/ 
(alumina+talc) composite with 3, 5 and 7% filler content, compared with the two 
HDPE/alumina and HDPE/talc composites. More than a synergetic effect, this 
improvement is due to the fine particle size obtained after milling, as larger particles 
provide more stress concentrations where a crack can be initiated more easily [22, 23], 
and in addition to this, the presence of aggregates also creates brittle zones. This means 
that composites containing a mixture of two fillers have the best dispersion of fine particles 
in the polymer matrix compared to composites with separate fillers. 

 

Fig. 5. Variation in elongation at break for HDPE and its composites 

• Modulus of Elasticity 

The best results in terms of modulus of elasticity were observed for composites containing 
5% alumina, 1% talc and 7% mix of two fillers (Fig. 6). It was also found that the highest 
value of modulus of elasticity E (1200 MPa) was observed for the composite containing 5% 
alumina and consequently the increase in HDPE stiffness by the addition of fillers. 

 

Fig. 6. Variation in modulus of elasticity of HDPE and its composites 

The research shows that adding fillers like talc and alumina, or their mix, affects HDPE's 
tensile properties significantly, even in small amounts. Good dispersion and increased 
surface area of the fillers toughen the HDPE matrix. Just 1% of untreated talc can improve 
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HDPE's mechanical properties, likely due to its hydrophobic nature aiding deformation 
resistance. 

Blending the fillers makes the material stiffer, stronger, and more stretchable before 
breaking, compared to using them separately, thanks to effective dispersion post-grinding. 
Chemically and mechanically treated talc, alumina, and their mix enhance certain 
properties of rigid HDPE, showing a synergistic effect when combined. 

3.2.3. Rheological Analysis  

• Melt Flow Index 

The melt flow index is a simple parameter to obtain, and a very useful one which gives us 
an indication of a polymer's viscosity, branching rate, free volume between chains and 
degree of crystallinity. Fig. 7 shows the variation in melt index at a temperature of 200°C 
under a 2.16 kg load for the various HDPE/filler composites. 

 

Fig. 7. Variations in the melt flow index of HDPE / filler composites as a function of 
filler ratio 

Fig. 7 shows that the incorporation of talc causes a decrease in the melt flow index of the 
HDPE/Talc composite, and that the melt flow index value decreases with increasing 
alumina content, resulting in an increase in viscosity. The composite with binary fillers, on 
the other hand, has the highest melt flow index value. This is due to the fine particle size 
obtained by grinding during the preparation of the mixture of the two fillers, which 
facilitates the orientation of the flow and therefore favors the flow (melt flow) of the 
material [22]. The good particle dispersion in this case remarkably reduces the Van Der 
Waals forces between the polymer chains (polymer-polymer interactions), which 
facilitates the movement of the polymer chains and consequently facilitates flow, with a 
reduction in HDPE viscosity [25]. 

4. Conclusions 

The aim of this work was to develop high-density polyethylene/(alumina-talc)-based 
composites, in order to study the effect of such mineral fillers on the properties of the 
polymers. By way of comparison, HDPE/alumina and HDPE/talc composites were also 
prepared and studied. From the various results obtained, it can be concluded that:  

• Infrared results showed the appearance of new peaks characteristic of the mineral, 
which proves the presence of alumina and talc in the matrix (HDPE). 
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• The results of the impact test showed that the impact resistance of the composites 
decreased with increasing mineral loading due to the formation of particle 
aggregates in the matrix. The alumina-based composites showed good impact 
resistance talc-based composites, with the best impact resistance coming from 
composites containing a 5% mixture of the two fillers (synergism). 

• On the other hand, the results of the tensile test showed an increase in stress at 
break only for composites with 1% talc and 3% mixtures of the two fillers, and a 
decrease in deformation at break of the composites as a function of the filler ratio, 
but there was some improvement in modulus of elasticity, implying that the 
incorporation of fillers imparts a certain stiffness to HDPE. 

• HDPE/talc/Alumina co-filler composites combined good properties of both 
(synergism effect) in comparison with HDPE/talc and HDPE/alumina ones. The 
excellent dispersion of the filler’s particles in HDPE matrix as well as the efficient 
treatment (dry co-mixing) lead to the enhancement of the mechanical PVC 
properties. 

• Measurement of the melt flow index of various composite formulations showed that 
the incorporation of a mixture of two fillers resulted in an increase in the melt flow 
index and hence a reduction in composite viscosity represented by the 
HDPE/(alumina + talc) composite at 7% of the filler ratio, confirming the results of 
the mechanical tests that binary-filler composites offer good filler dispersion thanks 
to the fine particle size obtained by the grinding performed to prepare the mixture 
of two fillers. Mechanical test results showed that fine particle size has a significant 
effect on improving mechanical properties. 
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 This comprehensive review paper delves into Environmental Control System 
(ECS) design strategies tailored for collective Nuclear, Biological, and Chemical 
(NBC) protection in military aircraft, exploring key elements such as hardening, 
air-tight construction, and filtering within the framework of open-loop or closed-
loop ECS configurations. Initially, the paper elucidates the NBC protection 
requirements stipulated in commonly applied regulations such as MIL-HDBK-
516C, DEFSTAN, and EMACC, highlighting the imperative for ventilation air to be 
devoid of contaminants, as mandated by these regulations. Subsequently, the 
paper delineates the strategic framework for NBC defense in the military 
aerospace industry, emphasizing the principles of avoidance, protection, and 
decontamination. A comparative analysis between individual and collective 
protection strategies underscores the comprehensiveness of the latter, 
prompting a recommendation for ECS design approaches grounded in the 
principles of collective protection, namely hardening, air-tight construction, and 
filtering. Furthermore, the paper provides insights into the configurations of 
open-loop and partial closed-loop ECS, elucidating their architectures for NBC 
protection. A comparative evaluation of these configurations enables the 
identification of pertinent parameters crucial for informed selection. In 
conclusion, the paper posits that the partial closed-loop ECS configuration 
exhibits greater promise in delivering enhanced NBC protection compared to the 
open-loop configuration, particularly in military aircraft applications operating 
in NBC environments. 
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 1. Introduction 

The Environmental Control System (ECS) stands as a cornerstone in the operational 
effectiveness of military aircraft, ensuring optimal conditions for both crew and 
equipment. Responsible for regulating temperature, pressure, humidity, ventilation, and 
air quality within the cockpit, the ECS plays a vital role in sustaining mission readiness. 
However, conventional ECS designs may fall short in safeguarding against the hazardous 
effects of nuclear, biological, or chemical (NBC) attacks. 

In light of these challenges, a unique design approach becomes imperative to retrofit ECS 
systems for collective NBC protection within military aircraft. This paper presents a 
departure from conventional literature by offering a comprehensive review that explicitly 
addresses the specialized requirements of ECS systems for NBC protection, a topic that has 
garnered relatively limited attention in existing studies. The paper covers the following 
topics: (1) the overview of the NBC threat and the NBC protection’s concept, (2) the 
requirements and specifications of the ECS for the NBC protection, (3) the current 
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technologies and methods for the ECS design and analysis, and (4) the promising ECS 
configuration for the lowest risk of the contamination with NBC agents.  

The paper covers the following topics: (1) the overview of the NBC threat and the NBC 
protection’s concept, (2) the requirements and specifications of the ECS for the NBC 
protection, (3) the current technologies and methods for the ECS design and analysis, and 
(4) the promising ECS configuration for the lowest risk of the contamination with NBC 
agents.  

Through a systematic review, this paper not only synthesizes existing knowledge but also 
breaks new ground by providing original insights into the intricacies of ECS design as it 
pertains to NBC protection in military aviation. By identifying gaps and limitations in the 
current state-of-the-art, it lays the groundwork for potential solutions and 
recommendations aimed at optimizing ECS performance and fostering innovation. 
Drawing from advancements in fluid mechanics, thermodynamics, heat transfer and 
filtration, this paper endeavors to contribute to the collective knowledge base, thereby 
inspiring further research and development in this critical and complex domain. 

2. ECS Design Approaches for Collective NBC Protection in Aircraft  

The term NBC refers to the condition in which the threat is posed by nuclear (N), biological 
(B), and chemical (C) substances or agents [1]. It replaced the term of ABC (atomic, 
biological, and chemical) that emerged in 1950s since the nuclear warfare is more complex, 
requiring more specific terms than atomic [2-4]. Chemical, Biological, Radiological, and 
Nuclear (CBRN) have also emerged to cover the wide range of potential hazards. The article 
will focus on the term of NBC.  

An NBC incident is expressed as an unintentional (accidental) or deliberate (enemy 
aggression) release of nuclear, biological, or chemical agents [5]. Contamination resulting 
from the NBC incident, can be transmitted through radiation, vapor, and desorption [6]. 
Radiation is a form of electromagnetic energy with different wavelengths, as shown in 
Figure 1[7]. 

 

Fig. 1. Electromagnetic Spectrum [8] 

Nuclear radiation is unique due to its ionizing capability to remove an electron from the 
orbit of a target atom or molecule, as shown in Figure 2. Ionization occurs when high 
energy alpha or beta particles or gamma rays transfer enough energy to remove the 
electron from orbit. 

In nuclear incidents, the particles of alpha, beta, and gamma rays are released into the 
environment [9]. The ionizing capabilities of these products vary, and they are defined with 
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the specific ionization value, which is the average number of ion pairs per unit length along 
the path as shown in Table 1. 

 

 

Fig. 2. Removal of an Electron due to Ionizing Particle [8] 

The penetration capabilities of nuclear radiation, as depicted in Figure 3, play a crucial role in 
assessing their impact on human health beyond their ionizing potential. Alpha particles, due to 
their size, cannot penetrate human skin, thus presenting no immediate external hazard; 
however, inhalation poses a significant threat. In contrast, beta particles, being smaller, can 
penetrate multiple layers of skin, resulting in skin burns known as beta burns. Gamma rays, 
with their ability to traverse several inches through human tissue, pose a considerable risk to 
human health, often leading to fatal consequences. 

Table 1.Specific Ionization of Radiation [10] 

Radiation Range in air Speeds Specific ionization 

Alpha 5-7 cm 3,200-32,000 km/sec 20,000-50,000              
ion pairs/cm 

Beta 200-800 cm 25-99% speed of light 50-500                               
ion pairs/cm 

Gamma Use of half-thickness Speed of light 300,000 
km/sec 

5-8                                            
ion pairs/cm 

 

The biological impact of ionization on the human body is profound. When water molecules 
within human tissue become ionized, they generate free radicals of hydrogen and hydroxyl, 
which can induce cellular damage, alter cell structures, and spur the production of 
abnormal cells. Beyond the perilous effects of nuclear substances on human health, they 
harbor the potential to wreak havoc on aviation electronics, jeopardizing their 
functionality and even causing operational standstills through mechanisms like ionization, 
displacement damage, and chemical reactions. Nuclear radiation has the capability to 
ionize atoms and molecules within electronic devices. A single charged particle can liberate 
numerous electrons from an atom or molecule, introducing unwanted electrical 
disturbances known as electronic noise [12], which can disrupt accurate signaling in digital 
circuits [13-16]. Moreover, nuclear radiation can harm the crystal lattice of semiconductor 
materials within electronic devices, resulting in defects that ensnare charge carriers and 
impede electron mobility. Additionally, nuclear radiation can instigate chemical reactions 
that culminate in the formation of corrosive byproducts within electronic devices [17-21]. 
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Table 2. Potential Biological Agents [24] 

 

 During biological incidents, hazardous agents including bacteria, viruses, and toxins, as 
outlined in Table 2, can be discharged into the environment [22-23], triggering substantial 
adverse effects on human health. Additionally, these biological agents pose a notable threat 
to avionics systems. They have the potential to develop biofilms on surfaces, disrupting 
signaling processes and impeding performance. Moreover, these biofilms can act as 
barriers, diminishing the cooling efficiency of avionics. Furthermore, they may infiltrate 
organic components within avionics, such as sealants and lubricants, leading to leaks and 
other operational malfunctions [25-29]. In chemical incidents, hazardous chemical 
substances such as the nerve, blister, choking, or blood agents, may be released [30]. The 

Group Disease 
Likely Methods 
of 
Dissemination 

Incubation 
Time 

Duration 
of Illness 

Lethality 

Bacteria 

Anthrax 
Spores in 
aerosols 

1-6 days 3-5 days High 

Brucellosis 
1. Aerosol 
2. Sabotage 

Days to 
months 

Weeks to 
years 

Low 

Cholera 
1. Aerosol 
2. Sabotage 

1-5 days 
1 or more 
weeks 

Moderate to 
high 

Melioidosis Aerosol 
Days to 
years 

4-20 days Variable 

Plague 
1. Aerosol 
2. Infected 
vectors 

2-3 days 1-2 days Very high 

Tularemia Aerosol 2- 10 days 
2 or more 
weeks 

Moderate if 
untreated 

Typhoid 
Fever 

1. Aerosol 
2. Sabotage 

7-21 days 
Several 
weeks 

Moderate if 
untreated 

Rickettsiae 

Epidemic 
Typhus 

1. Aerosol 
2. Infected 
vectors 

6-16 days 
Weeks to 
months 

High 

Q-Fever 
1. Aerosol 
2. Sabotage 

10-20 days 
2 days to 
2 weeks 

Very low 

Scrub 
Typhus 

1. Aerosol 
2. Infected 
vectors 

4-15 days 
Up to 16 
days 

Low 

Chlamydia 

Psittacosis Aerosol 4-15 days 
Weeks to 
months 

Very low 

Coccidioidom
ycosis 

Aerosol 1-2 weeks 
Weeks to 
months 

Low 

Histoplasmos
is 

Aerosol 1-2 weeks 
Weeks to 
months 

Low 

Viruses 

Chikun-
Gunya Fever 

Aerosol 2-6 days 2 weeks Very low 

Crimean-
Congo 
Hemorrhagic 
Fever 

Aerosol 3-12 days 
Days to 
weeks 

High 

Dengue 
Fever 

Aerosol 3-6 days 
Days to 
weeks 

Low 

Eastern 
Equine 
Encephalitis 

Aerosol 5-15 days 
1-3 
weeks 

High 
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lethality of NBC agents presents how fatal they are, considering that it varies with agent 
type, exposure type, dosage, and individual susceptibility, as shown in Table 3. 

 

Fig. 3. Penetrating Capabilities of Nuclear Substances [11] 

Table 3. Lethality of NBC Agents [31-39] 

Group Agent Lethality Rate 

Nuclear 
Agents 

Including alpha, beta particles, and gamma ray Fatal 

Biological 
Agents 

Anthrax (spores, inhaled) 10-80% 

Ebola (direct contact with bodily fluids) 50-90% 

Plague (pneumonic form) 90-100% 

Smallpox (inhaled) 30-60% 

Botulinum Toxin 60-90% 

Chemical 
Agents 

Methylphosphonothioic acid (nerve agent, 
inhaled) 

90-100% 

Sarin (nerve agent, inhaled) 70-90% 

Mustard gas (blister agent, inhaled) 50-70% 

Chlorine gas (choking agent, inhaled) 10-30% 

Cyanide (blood agent, inhaled) 90-100% 

 

NBC effects on human health are variable with respect to type of agent, its dosage, and 
route of exposure [40]. Different types of NBC agents lead to distinct effects, such as 
irradiation from radiation exposure, infection from exposure to live biological agents, and 
intoxication from chemical exposure [41-42]. The toxic effects of the agents upon humans 
range from sickness to death, temporary or long-term and often manifest within seconds 
or minutes of exposure. However, avionics may not exhibit signs of any degradation for 
long periods, such as weeks or months. NBC impact on avionics may be more significant 
since decontamination process would give additional damage when the equipment is 
washed in a corrosive solution [24]. 

In the current era, the clandestine pursuit of scientific studies and the escalation of regional 
arms races without adequate arms control measures are a great concern since their 
consequences may result in catastrophic conditions [43]. In the civil world, the case of the 
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coronavirus is the most recent example of a situation that caused the whole world to lock 
down. Moreover, the widening gap in military power between nations may prompt less 
advantaged states to seek a balance of power through the development of NBC weaponry. 
The deployment of tactical nuclear weapons in the Russia-Ukraine war and North Korea’s 
nuclear missile tests are some of the examples that sustain this concern today. In such 
circumstances, aircraft crew and avionics may be exposed to NBC agents since military air 
vehicles are at the forefront of military operations or war.  

NBC’s threat is more likely than ever, whether it is due to an accident or an enemy’s 
aggression. For this reason, NBC defense measures play a pivotal role in the design and 
certification process of military aircraft, ensuring compliance with NBC protection 
standards. These standards are delineated in various widely recognized regulations, 
including MIL-HDBK-516C from the U.S., DEF-STAN from the U.K., and EMACC from the 
European Union. 

MIL-HDBK-516C states that [44] “Verify that the operators'/crew members' breathing air 
is protected from contamination in all forms, including oil leakage in the engine and 
nuclear, biological, and chemical (NBC) warfare conditions”. Similarly, EMACC gives an 
explanation that [45] “NBC protection equipment and procedures shall be provided so that 
ventilation air is free from the contaminants”. 

Furthermore, DEF-STAN claims that [46] “The Aircraft and its installed equipment shall be 
designed to be operated by personnel wearing full CBRN and laser protective clothing. If 
full CBRN protective clothing is not worn by the aircrew, then the Aircraft shall be 
equipped with a system capable of supplying suitably pressurized and filtered air to the 
crew such that the crew are properly protected against the effects of CBRN hazards (CW 
agent liquid and vapor, BW agent in the form of aerosol and nuclear hazards in the form of 
dust). Appropriate levels of protection are required for the eyes, the skin, and the nasal 
tract”. The top-down approach to NBC defense, as depicted in Figure 4, delineates a 
strategy centered on key principles: avoidance, decontamination, and protection [47]. 

NBC avoidance entails the utilization of stand-off or remotely located detectors that can 
interface with the aircraft, enabling the identification of potential threats and facilitating 
the selection of alternate flight paths to evade contamination. Decontamination 
procedures involve exposing aircraft components to contaminants during flight in an NBC 
environment, followed by thorough decontamination using specialized solutions upon 
landing. In contrast, protection involves designing aircraft components to withstand 
exposure to NBC agents during flight, obviating the need for post-mission decontamination 
on the ground. Various methods, including individual, collective, and hybrid approaches, 
are employed for protection against NBC threats. Since aircraft crew and avionics are 
exposed to the NBC agents through ECS, the system-level design provides extensive 
protection against the NBC agents. 

Individual protection necessitates the use of specialized equipment, including a 
respiratory system and a protective suit [48]. For respiratory protection in aircraft 
applications, M40 masks are commonly utilized, offering comprehensive protection for the 
respiratory tract, eyes, and face against NBC agents. These masks feature an elastic head 
harness, binocular eye lenses, front and side voice meters, and a filter canister [49]. 
Similarly, the mission-oriented protective posture (MOPP) serves as the designated 
protective suit against NBC agents, comprising an overgarment, hood, mask, over boots, 
and gloves [50]. 

However, individual protection poses significant risks to both avionics and crew health. 
While crew members are safeguarded, avionics remain vulnerable to NBC threats and must 
undergo subsequent decontamination, necessitating meticulous precautions during 
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maintenance procedures. Moreover, wearing protective equipment during flight can 
induce discomfort and potential hazards for crew members, including inaccurate fitting of 
equipment, overheating, and slipping of respirators on sweaty faces [51]. 

 

Fig. 4. Top Down Approach for NBC Defense [24] 

In addition, the study [52] has shown that protective mask and clothing with significant 
weight usually decrease the time to sustain a particular activity level. Individual protection 
equipment may cause overheating in the body. It is estimated that the body temperature 
increases by 5oC for personnel in an NBC protection suit [53]. Many studies on the human 
thermal response [54-62] have demonstrated that the humans can tolerate a 630J heat 
load at a body temperature of 40oC. Exceeding this limit can lead the body to collapse. 
Furthermore, the degradation in mental performance, such as impairment in judgment, 
occurs at body temperatures below that limit. Thus, the crew cannot recognize his or her 
involvement in a dangerous situation [63].  

 

Fig. 5. Schematic of Overpressure in Aircraft [64] 

In contrast, collective protection offers a more comprehensive protection mechanism. The 
collective protection in aircraft points to overpressure system, which is the build-up of 
purified air in the aircraft, as shown in Figure 5. ECS supplies purified or filtered air to crew 
and avionic bay, ensuring a comfortable environment and the cooling of avionics, 
respectively. Outflow valves discharge a portion of the supplied air outside to maintain 
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pressure within the cockpit within safe limits. Additionally, some air leakage occurs 
through the aircraft's structure and air supply ducts passing through unpressurized 
compartments. The air leakage may be estimated using the Eq (1) [65]: 

𝑊𝐷 =  123 × 𝑃𝐶 × 𝑍 × 𝐶𝐴 / √𝑇𝐶  (1) 

where,WD: Estimated leakage rate (lbs./min), PC: Cabin pressure (psia), Z: Function of 
pressure ratio between cabin and ambient and it is between 0,53 and 1 and it is taken 0,256 
for the pressure ratios equal to 0,53 and lower than 0,53, CA: Equivalent leakage area, (in2), 
TC:Cabin temperature (oR).Z, the function of pressure ratio between cabin and ambient in 
Equation (1), is calculated with pressure values of ambient and cabin and specific air heat 
ratio in Equation (2). 

𝑍 = √(
𝑃𝐴

𝑃𝐶
)

2/𝑘

− (
𝑃𝐴

𝑃𝐶
)

(𝑘+1)/𝑘

 
(2) 

where, PC: Cabin pressure (psia), PA: Ambient pressure (psia), k: Air specific heat ratio, 
cp/cv. 

The structure, doors, windows, air ducts, and other openings within an aircraft are 
meticulously designed to ensure an air-tight seal, minimizing any potential leakage. The 
volume of air supplied by the Environmental Control System (ECS) exceeds the combined 
amount of discharged air and air leakage, thereby maintaining a positive pressure 
differential within the aircraft compared to the contaminated external environment. This 
positive pressure creates an overpressure environment, effectively preventing the 
infiltration of contaminated air into the aircraft during NBC scenarios. As a result, both 
crew members and avionics can operate without the need for stringent individual 
protection equipment, thereby mitigating the risk of contamination [24]. 

The ECS is engineered with the concept of either an open-loop configuration or partial 
closed-loop configurations, facilitating the establishment of overpressure and collective 
protection within the aircraft. Alongside these configurations, a third concept, the closed-
loop configuration, is employed solely for the cooling of the cockpit and avionics. In this 
setup, air is not drawn from the external environment but instead continuously 
recirculated, refrigerated, and utilized for cooling purposes within the cockpit and avionics 
compartments, as illustrated in Figure 6. However, since maintaining overpressure in the 
cockpit necessitates compensating for air leakage, the closed-loop ECS configuration may 
not be suitable. Therefore, this article focuses on the partial closed-loop configuration over 
the closed-loop option. 

In the partial closed-loop ECS configuration, engine bleed air is drawn into the system, 
where it undergoes refrigeration to cool the cockpit and avionic components. The cooled 
air is then recirculated within the system, as illustrated in Figure 8. The system draws 
additional engine air if necessary to compensate for any leakage and to replenish oxygen 
levels. 

In open-loop configuration, the source for supply air is usually engine bleed air over the 
flight. ECS continually gathers engine bleed air, subjecting it to refrigeration, and 
subsequently employs it to cool the cabin, cockpit, and avionics, as depicted in Figure 7. 
Collective NBC protection necessitates the ECS’s design to have certain prerequisites, 
including hardening, air-tight construction, and filtering, to guarantee that any 
degradation will not occur in the system over its entire operation in an NBC environment. 
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Fig. 6. Configuration of Closed-loop ECS [66] 

 

Fig. 7. Configuration of Open-loop ECS [66] 

ECS needs the hardening requirements to have resistance to the nuclear, biological, and 
chemical agents using the approved NBC-resistant materials and design without any 
structural or functional degradation. Material selection is critical, with emphasis on 
minimizing the outgassing rate - the gradual release of trapped, dissolved, or absorbed gas 
from materials under extreme pressure and temperature conditions [67, 68]. Low 
pressure and high temperature are the proper conditions to trigger the outgassing 
phenomena. The buildup of the outgassed products causes the enclosed environment to be 
hazardous to the crew when the allowable limit is exceeded. Moreover, particles released 
by outgassing may interfere with the avionics and may degrade avionics’ performance in 
the aircraft. Therefore, material selection with respect to outgassing rate is one of the 
control methods to reduce the quantity of toxic products in aircraft. Materials like solvents, 
resins, adhesives, and polymers are more susceptible to outgassing phenomena, while 
metals are the least susceptible to it. The molecular structure defines the susceptibility to 
the outgassing. A material is less susceptible to outgassing if it is more compact and stable 
when subjected to extreme environmental conditions. In addition to material selection, the 
design of hardening methods plays a crucial role in NBC protection. 
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Fig. 8. Configuration of Partial Closed-loop ECS [66] 

Recommended hardening practices for the ECS include sealing lapped surfaces, fasteners, 
and recesses around fastener heads, as well as shielding electrical connectors [24].Most of 
the military ECS designs allow cockpit cooling air to flow through the avionics to provide 
forced cooling to the air-cooled avionics. Therefore, contaminated cooling air may threaten 
the avionics. At least the following practices are recommended to diminish the impacts of 
the contaminants on the avionics: 

• Drain holes are removed if possible. 
• All printed circuit boards have a conformal coating, a protective thin polymeric 

film such as acrylic, epoxy, silicone, polyurethane, polyester, and perylene [69-
71]. It is recommended to provide the coating with the thickness as shown in 
Table 4. 

• The cold plate design is integrated into the avionics to eliminate the contact of 
contaminated cooling air with the electronic components. A cold plate is a heat 
exchanger that takes the heat released from the electronic component via heat 
conduction [73]. 

Table 4. Recommended Thickness of Polymerics for Conformal Coating [72] 

Type of Coating Thickness (inch) 

Acrylic, Epoxy, and Polyurethane   0.002 ± 0.001 

Silicone  0.005 ± 0.003 

Parylene  0.0006 ± 0.0001 

 

Ensuring air-tightness is paramount for aircraft when implementing collective NBC 
protection measures [74]. To achieve this, controlling leakage through sealing is 
recommended. The efficacy of a seal relies on the properties of both the constructed 
material and the materials it interacts with, thereby providing dependable sealing. When 
selecting seals, factors such as temperature, pressure, manufacturing method, sealed fluid, 
and application locations should be carefully considered [75]. It is imperative to choose 
seal types and materials resistant to NBC agents, considering their specific strengths and 
limitations, and aligning them with the application locations to prevent the ingress of NBC 
agents into the aircraft, as outlined in Table 5. Additionally, components of the ECS exposed 
to ultraviolet light and ozone should possess resistance to prevent seal failure. 
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Table 5. Typical Sealing Mechanisms on ECS Components for NBC Protection [76-78] 

NBC Agents’ 
Ingress Route 

Requirements for Seals Recommended 
Seals 

Bleed air - Resistance to high temperature (300-600ºC). 
- Resistance to high pressure (20-50psi). 
- Withstand vibration. 
- Resistance to chemical agents (oil, hydraulic 
fluids, etc.). 

Metal-elastomer 
seal with a backup 
O-ring  

Air inlet/outlets - Resistance to chemical agents. 
- Resistance to corrosion. 

Labyrinth seal with 
NBC-resistant 
materials 

Air ducts’ joints, 
connections, and 
access panel 

- Resistance to chemical agents. 
- Withstand vibration. 
 

O-ring seals or 
gaskets with NBC-
resistant materials 

Air filters - Resistance to chemical agents. 
- Resistance to high and low temperatures. 
- Resistance to pressure differentials. 

O-ring seals or 
gaskets with NBC-
resistant materials 

Valves - Compensating for axial, lateral, and angular 
movements in the valve. 
- Resistance to chemical agents, corrosion. 
- Resistance to pressure differentials, high and 
low temperatures, and vibration. 

Diaphragm seals, 
bellows seals. 

Heat exchangers - Resistance to chemical agents. 
- Resistance to high and low temperatures. 
- Resistance to pressure differentials. 

Gaskets, flanges, 
and O-rings with 
NBC-resistant 
materials 

 

Seal materials such as fluorinated and butyl rubbers usually resist the NBC agents. On the 
other hand, silicone, polyolefins, polysulfides, and Buna-N materials easily sorb the agents 
due to their porous atomic structure [24]. Therefore, they are not the best materials for the 
seals in the overall NBC protection. Air filtering is another requirement in the collective 
NBC protection since it separates the contaminants from the air supplied to the 
pressurized compartments. There are three main concepts of NBC filters namely non-
regenerable, agent destruction, and regenerable filters as illustrated in Figure 9. 

Non-regenerable filters are low-pressure and high-pressure carbon filters, which are 
based on the use of activated carbon bed technology. They consist of a high-efficiency 
particulate filter (HEPA) and carbon adsorption bed, as shown in Figure 10. Contaminated 
air passes through the HEPA filter in which at least 99.97% of aerosol particles (solid and 
liquid) with a size of 0.3 microns or larger hold, including bacteria and viruses. In other 
words, The HEPA filter’s size limits its ability to completely remove aerosol particles 
smaller than 0.3µm. Filters no longer meet the specification requirements since their 
“removal effectiveness” gradually decreases during operation, necessitating their regular 
replacement [79]. Besides, the HEPA filter has a limitation that does not remove gaseous 
contaminants or volatile organic compounds. For this reason, an activated carbon bed is 
attached to a HEPA filter to hold the contaminated molecules on the surface with the 
principle of adsorption method. 

The filter still has some limitations, as follows: 

• It may not hold the contaminant particles of which the size is smaller than 0.3 
microns.  
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• It may not provide a high level of protection against chemicals with vapor 
pressure between 10 mmHg and 100 mmHg. Furthermore, it will certainly not 
provide a significant protection against the chemicals with vapor pressure higher 
than 100 mmHg [80]. 

• It must be replaced when dirty, which may cause a logistical burden. 
• There is a concern that new chemical agents, called, as carbon breakers, fall 

outside the protection capability of carbon filters.  

 

 

Fig. 9. Tree Diagram of Concepts of NBC Filters [24] 

 

Fig. 10. Illustration of a Typical Carbon Filter [24] 

Another type of NBC filter, the agent destruction filter, works with the catalytic oxidation 
method. It removes the contaminants through a chemical reaction between them and the 
catalyst. In Figure 11, bleed air is preheated to the ideal temperature for the oxidation 
reaction. Then, heated air is directed to the catalyst bed which has a metal catalyst that 
promotes the oxidation of contaminant agents. A catalyst is not altered since it is usually 
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stable and made of specialized materials such as platinum or palladium [81]. The oxidation 
breaks down the agents into less harmful byproducts such as carbon dioxide and water. 
Finally, it comes to the post-treatment filter, which prevents fine particles not completely 
oxidized during the catalytic process. 

 

Fig. 11. Illustration of a Typical Catalytic Oxidation System [24] 

The last type of NBC filters is the regenerable filter. It has sorption technologies based on 
pressure swing adsorption (PSA) and temperature swing adsorption (TSA) methods. A 
typical PSA system used two beds for adsorption, one is online, and the other is offline. It 
has three steps for each bed in the cycle: production, depressurization, and purge, as 
shown in Figure 12. 

 

Fig. 12. Illustration of a Typical PSA cycle [82] 

Step 1, which is production, involves a supply of contaminated air from the outside to the 
bed-1 (vessel) containing an adsorbent in high pressure. High pressure keeps the 
contaminants on the surface of the adsorbent; the purified air is fed to the cockpit. When 
the bed-1 is full of contaminated air, the air supply is directed to the bed-2 in Step-2 which 
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is depressurization. The inlet and outlet lines of the bed-1 are closed, and the pressure 
inside the vessel decreases prior to the purge. When the pressure is decreased in the vessel, 
the contaminants held on the surface are released and exhausted to the outside by the 
purge valve in Step 3, which is purge. These three steps repeat themselves in a loop based 
on the pressure change in the vessel which is called the pressure swing method. TSA uses 
a similar method with PSA except that it is based on temperature cycles instead of pressure 
cycles. 

In an open-loop configuration, ECS continuously draws air from external sources, 
primarily through the engine bleed port [83]. Subsequently, it filters the air, refrigerates it, 
distributes it to pressurized compartments, and eventually discharges it overboard [84, 
85]. Given that bleed air originates from the ambient environment, it may contain 
contaminants if the aircraft is operating within an NBC environment. Consequently, it is 
imperative to decontaminate the bleed air before supplying it to the cockpit and avionics 
bay. Although high temperatures (ranging from 400 to 650°C for the high-pressure stage) 
encountered in the engine bleed air can eliminate certain NBC contaminants, some may 
still bypass this process due to short dwell times in the bleed air system [24]. To address 
this, NBC filters are installed along the conditioned bleed air lines before supplying air to 
the cockpit and avionics bay, as depicted in Figure 13. This approach, known as "Clean 
Cockpit and Clean Avionics Bays," ensures effective NBC protection [24]. 

 

Fig. 13. Illustration of an Open-Loop ECS Configuration with NBC Filter [64] 

In a more prevalent configuration, the NBC filter is positioned downstream of the 
compressor, ensuring purified air is supplied to both the cockpit and the avionics bay. 
However, in this setup, ECS components located upstream of the NBC filter may be 
vulnerable to contamination risks. To mitigate this, decontamination procedures can be 
implemented for the components situated upstream of the NBC filter on the ground, thus 
mitigating the risk of contamination. Alternatively, positioning the NBC filter upstream of 
the compressor can provide enhanced protection, albeit requiring stringent qualification 
standards for the filter to operate reliably, including resistance to high temperatures and 
pressures. Nonetheless, this placement may potentially compromise the compressor's 
performance due to significant pressure reduction caused by the NBC filter. 

In contrast to the open-loop ECS configuration, the partial closed-loop ECS configuration 
does not continually draw bleed air. Instead, it draws air once and recirculates it within 
the cockpit, reducing reliance on bleed air [86]. Compensating for air leakage from 
pressurized compartments, excess air dump through outflow valves, and supplying air to 
the oxygen generating system is achieved through bleed air supply, as illustrated in Figure 
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14. NBC filters are strategically positioned upstream of the ECS mixing manifold to 
eliminate contaminants before the air is supplied to compartments and other customer 
services such as On-Board Oxygen Generating Systems (OBOGS). Additional filters may be 
incorporated into the cockpit recirculation airline if deemed necessary. 

 

Fig. 14. Illustration of a Partial Closed-Loop ECS Configuration with NBC Filter [64] 

It is crucial to carefully consider the selection of ECS configuration, considering various 
factors such as aircraft capabilities, mission duration, mission risk, and the required level 
of NBC protection. Different configurations offer distinct advantages in ensuring a safe 
environment within the aircraft, as summarized in Table 6. 

Aircraft limitations, including ECS weight, power budget, and installation area, must be 
considered. In this context, the open-loop ECS configuration typically proves to be a more 
suitable solution for small aircraft, whereas the partial closed-loop ECS configuration 
offers comprehensive NBC protection for larger aircraft. 

Mission duration is another critical parameter influencing ECS configuration selection for 
NBC protection. For short-duration missions with acceptable risk levels, the open-loop ECS 
configuration may suffice, as NBC effects on the aircraft are typically brief. Conversely, for 
longer missions where the risk of NBC contamination is higher, the partial closed-loop ECS 
configuration is recommended to provide enhanced protection. 

The sizing of the NBC filter is determined by the flow rate of contaminated air passing 
through it. In the open-loop ECS configuration, the filter must be sized to accommodate all 
outside air supplied to the cockpit, while in the partial closed-loop ECS configuration, it is 
sized only for the make-up air flow rate since air circulates within the cockpit. Additionally, 
the open-loop configuration is more prone to filter saturation due to higher contaminant 
concentrations, increasing maintenance workload and risk. Maintenance requirements 
thus play a crucial role in ECS configuration selection. 

In terms of NBC contamination exposure, the open-loop ECS exposes the cockpit air 
directly to NBC contaminants, as it filters all outside air. In contrast, the partial closed-loop 
configuration limits direct contact with contaminants, as air circulates within the cockpit, 
with contact occurring only when make-up air is required. 
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Table 6. Comparison of open-loop and partial closed-loop ECS configurations 

Parameter * Open-loop  
ECS configuration 

Partial Closed-loop  
ECS configuration 

Aircraft capability Fit to small aircraft Fit to larger aircraft 

Mission’s duration Fit to the short missions Fit to the longer missions 

NBC risk  Fit to the missions with low 
NBC risk 

Fit to the missions with high 
NBC risk 

Filter Capacity All air  Make-up air 

Filter Failure Higher possibility of filter 
saturation due to the high 
concentration of the 
contaminants 

Lower possibility of filter 
clogging 

Maintenance workload Higher due to a higher risk of 
contamination 

Lower due to lower risk of 
contamination 

Contaminated air All air direct contact with 
contaminated air has a higher 
risk of contamination. 

Make-up air direct contact 
with contaminated air 
lowers the risk of 
contamination. 

*: Parameters are selected considering the health risk due to contamination. Performance 
and cost parameters, such as bleed air penalty, weight, noise, fuel consumption, complexity, 
and cost, are not considered since they may depend on the specific information from the 
aircraft’s manufacturer or component’s supplier. 

3. Conclusions 

Collective NBC protection in military aircraft offers significant advantages by eliminating 
the need for individual NBC protection equipment, thereby enhancing crew safety and 
operational efficiency. This approach not only safeguards crew members from the 
discomfort and potential risks associated with individual protective gear but also ensures 
the integrity of avionics systems by obviating the need for post-flight decontamination. 

To optimize the effectiveness of collective NBC protection, key design concepts such as 
hardening, air-tight construction, and advanced filtering mechanisms must be 
incorporated into the Environmental Control System (ECS). These features enable the ECS 
to maintain full operational capability throughout the entirety of a mission in an NBC 
environment, without degradation. 

Furthermore, the selection between open-loop and partial closed-loop ECS configurations 
should be based on careful consideration of aircraft capabilities, mission duration, risk 
factors, and the desired level of protection. While open-loop ECS offers advantages in terms 
of weight, power, and installation area constraints, it provides less comprehensive 
protection compared to partial closed-loop ECS, particularly during extended missions 
where the risk of NBC contamination is higher. 

The size and maintenance requirements of NBC filters are directly influenced by airflow 
rates, with open-loop ECS necessitating larger filters due to the filtration of all outside air. 
However, partial closed-loop ECS configurations require smaller filters, as they only filter 
make-up air. Additionally, the risk of filter saturation and failure is mitigated in partial 
closed-loop ECS, reducing maintenance workload and enhancing overall system reliability. 

Ultimately, the adoption of a partial closed-loop ECS configuration presents a lower risk of 
contamination throughout the duration of a flight, as recirculated air remains isolated from 
NBC contaminants. By carefully considering these factors and implementing appropriate 
design strategies, military aircraft can ensure robust collective NBC protection while 
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maintaining operational flexibility and efficiency. The findings of this review present a 
wealth of opportunities for future research and development in the realm of collective NBC 
protection for military aircraft. Building upon the insights gleaned from this study, 
researchers can delve deeper into several areas ripe for exploration. 

Firstly, further investigations could focus on refining and optimizing the design concepts 
of hardening, air-tight construction, and filtering within ECS systems to ensure 
uninterrupted operational capability throughout extended durations in NBC 
environments. By honing these design elements, future studies can strive to enhance the 
effectiveness and reliability of collective NBC protection measures. 

Moreover, there is a pressing need for research into the development of advanced ECS 
configurations that strike a delicate balance between protection efficacy and resource 
constraints. Studies could delve into exploring innovative approaches to ECS design, 
considering factors such as aircraft capabilities, mission duration, and risk levels to tailor 
solutions that maximize protection while minimizing associated burdens on weight, 
power, and installation space. Additionally, investigations into the performance and 
durability of NBC filters within ECS systems warrant attention. Future studies may seek to 
optimize filter sizing and airflow rates to mitigate the risk of premature saturation and 
failure, thereby reducing maintenance workload and enhancing overall system reliability. 

Furthermore, comparative studies between open-loop and partial closed-loop ECS 
configurations could provide valuable insights into the trade-offs between protection 
levels and operational constraints. By systematically evaluating the performance and 
effectiveness of these configurations under various mission scenarios, researchers can 
inform decision-making processes regarding ECS selection and deployment strategies. 

Overall, the outcomes of this review serve as a catalyst for further inquiry and innovation 
in the field of collective NBC protection for military aircraft. Through collaborative efforts 
and interdisciplinary research endeavors, the potential exists to propel advancements that 
safeguard both crew and aircraft against the evolving threats of NBC contamination. 

Nomenclature 

ABC Atomic, biological, and chemical 

CBRN Chemical, biological, radiological, and nuclear 

ECS Environmental control system 

EMACC  European military airworthiness certification criteria 

HEPA High-efficiency particulate filter 

MOPP  Mission-oriented protective posture 

NBC Nuclear, biological, and chemical 

OBOGS On-board oxygen generating system 

PSA Pressure swing adsorption 

TSA Temperature swing adsorption 
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 In this research, the influence of the pounding phenomenon of two adjacent steel 
moment resisting frames (SMRFs) with 2 and 5-story with an intermediate 
ductility is investigated by considering equal and unequal heights under seismic 
excitations. In this way, two scenarios are applied. The first and second scenarios 
are related to the pounding of two SMRFs with an equal height (both frames with 
2-story) and an unequal height (2-story and 5-story frames), respectively. In the 
following, at first, sensitivity analysis is conducted by the Monte Carlo simulation 
(MCS) method. Then, the collapse performance of the studied SMRFs is evaluated 
by incremental dynamic analysis (IDA), and fragility curves under 14 far-fault 
records and also, the failure probability is predicted by the Kriging meta-model. 
The results of sensitivity analysis indicate that the yield strength of cross-
sections and dead load were the greatest effect on failure probability 
computation. Also, in the statistical level of 50%, the collapse probability of 
SMRFs with an equal height is 17% compared to the SMRFs with an unequal 
height. Also, the results of the Kriging meta-model show that the failure 
probability is increased by 65% in an unequal height versus an equal height. 
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1. Introduction 

Today, in cities with high population density, the minimum gap among adjacent structures 
is an important issue due to the fluctuation of buildings during seismic excitations, and 
various codes in this field have specified the minimum distance to prevent buildings from 
colliding [1, 2]. The conducted studies in the field of structural damage in past earthquakes 
show that adjacent buildings with partial discontinuity or with a common wall between 
two structures may suffer serious damage during an earthquake and even go to the point 
of collapse [3, 4]. Kamal and Inel showed that pounding phenomenon may alter the 
dynamic features of two adjacent buildings significantly [5]. The pounding problem was 
first numerically modeled for single-degree-of-freedom (SDOF) structures [6-8], and then 
for multi-degree-of-freedom (MDOF) structures, these analyses were performed 
numerically with concentrated mass [9, 10], and then for three adjacent buildings, 
numerical analyses related to pounding were also performed [11, 12]. Past earthquakes 
have shown that the pounding issue is a serious topic for tall buildings in the vicinity whose 
floors are not on the same level [13-17]. Another important reason for the pounding issue 
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is that different natural frequencies of adjacent buildings may vibrate out of phase [5] . 
Eftychia et al. [19] evaluated the influence of base isolation on the impact of two buildings 
and Forcellini [20] studied the effect of the interaction of soil and structure on the 
pounding phenomenon. The results of this research showed that the deformation of the 
soil during an earthquake causes the pounding phenomenon is intensified. Also, past 
studies about steel moment resisting frames (SMRFs) are presented in the following. The 
fragility behavior of SMRFs is evaluated subjected to vehicle impact by Sadeghi et al. [21] 
and in another research by Sadeghi et al. [22], the weight of SMRFs is optimized under 
vehicle collision by using optimization algorithms. Saberi et al. [23] assessed the effect of 
fire on SMRFs. The results of this paper showed that by varying each of the factors, the 
damage modes are changed considering to the thickness of connections under fire 
loadings. 

2. Research Significance 

By reviewing past technical studies, it is revealed that the debated topic is novel and new. 
Therefore, in this paper, as a research significance and contribution part, the effect of 
pounding phenomenon between two adjacent SMRFs with equal and unequal heights has 
been investigated by presenting the probabilistic framework. In this way, two scenarios 
are utilized. The first and second scenarios are related to the pounding of two SMRFs with 
an equal height (both frames with 2-story) and an unequal height (2-story and 5-story 
frames), respectively.  

 

 

Fig. 1. The flowchart of the current research 

In the following, the sensitivity analysis of random variables of SMRFs is performed under 
the influence of pounding phenomenon and the effective random variables are specified 
by using the Monte Carlo simulation (MCS) method, then, incremental dynamic analysis 
(IDA) has been performed in OpenSees software [24] under 14 far-fault records to evaluate 
this issue probabilistically, and the amount of damage has been assessed by using the 
fragility curves. In the following, for the first time, the Kriging meta-model is used to 
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predict the failure probability for studied SMRFs. It is noted that the probabilistic 
framework for SMRFs with and without an equal height under the effect of pounding has 
not been investigated from this point of view. Fig. 1 indicates the flowchart of this research. 

3. Theoretical Fundamentals 

In this part, the technical concepts related to present a probabilistic framework of SMRFs 
with equal and unequal heights under the effect of pounding phenomenon are introduced. 
In this route, the technical fundamentals such as IDA, fragility curves, MCS method, 
sensitivity analysis, and Kriging meta-model are elaborated point by point. 

3.1 IDA and Fragility Curves 

IDA is a probabilistic numerical method for assessing the performance of structures 
against seismic records. The volume of produced data is huge in this method and presents 
the probabilistic framework for indicating the seismic behavior of structures. In this 
method, the intensity of earthquake records is amplified incrementally until the structural 
responses of structures achieve the intended performance levels. In The following, the 
fragility curve expresses the probability of failure corresponding to a certain damage mode 
in several levels of seismic excitations. In fact, the fragility curve describes the ratio 
between the intensity of the earthquake and the level of possible seismic damage. To 
accurately determine such a ratio, it is important to choose the correct intensity of the 
earthquake in the location of the structure [25, 26]. In this paper, for IDA, damage measure 
and intensity measure are assumed to be the maximum drift ratio of the SMRFs and 5% 
damped first mode spectral acceleration, Sa(T1, 5%), respectively, and fragility curves are 
depicted just for the collapse performance (CP) level. As a result, the collapse capacity of 
SMRFs with equal and unequal heights are computed under the occurrence of the 
pounding phenomenon. In the present research, fragility curves are depicted by assessing 
the results of IDAs curves, the statistical approaches are conducted in EasyFit software to 
extract fragility curves based on collapse limit state. For the above circumstances, fragility 
curves are achieved according to Eq (1) [25]: 

Fragility (x) = P[Sa ≥ Sa,c| Sa = x] = P[Sa,c ≤ x] (1) 

In Eq (1), the function Fragility (x) is the value of the collapse limit state achieved by 
fragility curve for spectral acceleration (x) and showing collapse capacity of the SMRFs. 
The parameters Sa and Sa,c are spectral acceleration and collapse capacity of SMRFs, 
respectively.  

3.2 MCS Method  

MCS is a probabilistic method to compute the failure probability of structures. This method 
is widely used in reliability engineering. According to fundamentals of this method, MCS 
solves structural problems by statistical sampling of random parameters in mathematical 
way. In this way, Eq (2) shows the failure probability (Pf) of structural problems by using 
MCS method. Parameters x and g (x) are named as the uncertain quantities and the 
performance function of the structural systems, respectively [27]. 

𝑃𝑓 = ∫ 𝑓𝑥(𝑥)𝑑𝑥


𝑔(𝑥)≤0

= ∫ 𝕀𝑔(𝑥)≤0(𝑥) 


𝕏

𝑓𝑥(𝑥) 𝑑𝑥 = 𝔼𝑓 (𝕀𝑔(𝑥)≤0 (𝑥)) (2) 

 

Based on Eq (2), the parameters of 𝔼𝑓 𝑎𝑛𝑑 𝑓𝑥are defined as the expectation operator and 

the probability density function of uncertainties𝑥 and the functions 𝑔(𝑥) ≤
0  𝑎𝑛𝑑 𝕀𝑔(𝑥)≤0  𝑎𝑟𝑒 indicated as the failure set and an index.  
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3.3 Sensitivity Analysis   

In simulation methods, sensitivity analysis is often evaluated by computing the rate of 
change of failure probability to the statistical characteristics of each variable ∂Pf/ ∂P (P can 
be the mean or standard deviation of each variable) [27, 28]. The easiest way to estimate 
the results of sensitivity analysis by considering the simulation method is to use the MCS 
method based on Eq (3). By using the MCS, the rate of the above changes can be calculated 
with a single simulation (which estimates the failure probability) as follows: 

𝜕𝑃𝑓

𝜕𝑝
=

𝜕

𝜕𝑝
∫ 𝐼[𝑔 (𝑥) < 0] 𝑓𝑥(𝑝)(𝑥)𝑑𝑥 (3) 

In Eq (3), (fx) is the probability density function of parameters and (I) is the counter vector. 
The need to derive the probability density function is one of the disadvantages of 
estimating sensitivity results by using Eq (3). 

3.4 Kriging Meta-Model 

The status of structural systems such as SMRF is evaluated in terms of reliability analysis 
by computing the failure probability mathematically. These failure probabilities are 
usually determined by structural damage levels. Therefore, the Kriging meta-model is an 
interpolation method to predict the response of specific data. Kriging meta-model 
approximates a function using a combination of basic functions. For interested readers, the 
surplus explanations about this method are presented in reference [27]. 

4. Modeling Verification 

In this research, to verify the modeling procedure of the pounding phenomenon, the 
extracted results of OpenSees software are compared with the experimental results of 
Takabatake et al. (2014) [29]. In this regard, the investigated models are two three-
dimensional 4-story samples with one span named F-A and F-B, 4. The global dimensions 
of these frames are 0.20 m, 0.15 m, and 0.60 m for width, depth and height, respectively. 
For more information about the features of experimental models, interested readers can 
refer to the research of Takabatake et al. (2014) [29]. The schematic view of the adjacent 
frames is presented in Fig. 2. The experimental and numerical models are indicated in Fig. 
2 (a) and (b), respectively. In this research, for structural members, fiber cross-section has 
been used as an extended plasticity model. In these members, instead of the plasticization 
of the materials in certain points of the structure (such as points in the beam, which is near 
the column), the plasticization of the materials is considered distributed throughout the 
length of the member. In current paper, non-linear force beam-column members have been 
used to model the beam and column members. In the following, the number of threaded 
sections is 200 and the number of integration points along the length of the beam-column 
members is assumed to be 5. In the following, nonlinear dynamic time history analysis is 
conducted under the El-Centro earthquake record (1940). This record is scaled based on 
the maximum acceleration of 0.5 m/sec2. Also, the number of time steps is equal to 6000 
with a step of one to ten thousand. The considered damping for the models is as described 
in Reference [29]. In this regard, a model ELCN 2-0-0 in which only impact effects between 
two structures were included was selected to verify the results of analytical modeling. In 
addition, the GAP element has been used between two structures instead of the aluminum 
element. The comparison of the numerical modeling results of this paper and the reference 
model [29] is presented in Tables 1 and 2. In Table 1, the percentage of conformity of the 
period results of the reference model and the constructed model in OpenSees software is 
presented and in Table 2, the percentage of conformity of the maximum impact force of the 
two experimental and numerical models are compared with each other. The error rate of 
numerical modeling process versus Experimental setup in period and maximum impact 
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force is 3.48% and 3.19%, respectively. As a result, the outputs of the numerical modeling 
are in good agreement with the experimental results . 

 

(a) 

 

(b) 

Fig. 2. The process of experiment [29] (a) The global view of experimental setup, (b) 
The schematic view of pounding phenomenon 

Table 1. The comparison of period values of numerical and reference model [29] 

Sample F-A F-B 

Reference paper [29] 0.287 sec 0.135 sec 

Present paper 0.277 sec 0.124 sec 

Error rate (%) 3.48 8.14 

Table 2. The comparison of maximum impact force values of numerical and reference 
model 

Outputs Maximum impact force 

Reference paper [29] 61.48 kN 

Present paper 63.51 kN 
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Error rate (%) 3.19 

5. Modeling Procedure 

In this study, 2 and 5-story SMRFs with intermediate ductility are designed based on 
ASCE07 [30] and AISC-360 [31]. Soil type D is considered for the designing procedure. The 
seismicity of the model was very high with high importance. The values of 1500 and 600 
kg/m2 are assumed for dead and live loads, respectively. The used steel in the structural 
components was ST37 with values of 200 GPa, 240 MPa, and 370 MPa for elasticity 
modulus, yield stress, and ultimate stress, respectively. For structural modeling, the 
Steel01 model is considered with a post-yielding stiffness of 3% [32]. Fig. 3 shows the 
building plan and determination of the exterior frame enclosed in the red rectangle. Fig. 4 
(a) and (b) indicates the two-dimensional elevation of SMRFs with 2 and 5-story, 
respectively. Also, the designed cross-sections of structural components are introduced in 
Table 3. 

In this research, to evaluate the performance of adjacent SMRFs under the effect of 
pounding caused by an earthquake, as equal height samples, two adjacent 2-story SMRFs 
and as unequal height samples, two adjacent 2 and 5-story SMRFs are considered. In 
modeling the impact of two frames on each other, the gap between the two frames is used 
according to the relations provided in ASCE07 [30]. For simulating the gap in this research, 
the nonlinear viscoelastic model is used [33, 34]. The Hertz contact model is utilized to 
consider the energy loss during impact. According to Fig. 5, a non-linear damper is built in 
parallel with the non-linear spring in this model and damping is omitted during the return 
phase. Therefore, energy loss in the return phase is not considered. ZeroLength element is 
used for impact modeling. This element is used to connect two nodes. In this element, until 
the gap between the two structures is filled, no force is created and the amount of slip and 
damping is zero. 

 

Fig. 3. Building plan view and location of the studied frame 

 

(a) 
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(b) 

Fig. 4. The two-dimensional elevation of the studied models (a) 2-story SMRF,  (b) 5-
story SMRF 

Table 3. The designed cross sections of structural components of the studied SMRFs 

Column Beam 

Story SMRF 
Middle span Side span 

Middle 
span 

Side span 

BOX200*20 BOX200*20 IPE220 IPE200 1st story 
2-story 

BOX200*18 BOX200*18 IPE200 IPE180 2nd story 
BOX200*25 BOX200*22 IPE280 IPE260 1st story 

5-story 
BOX200*22 BOX200*20 IPE260 IPE260 2nd story 
BOX200*20 BOX200*18 IPE260 IPE240 3rd story 

BOX200*16 BOX200*16 IPE240 IPE220 
4th and 5th 

stories 
 

After two structures collide with each other and by creating compression in the spring, a 
negative (compressive) force is created. After the separation of the two structures, the 
force returns to zero and no force is transferred in the tension state. For this element, 
elastoplastic properties are used in OpenSees software. Finally, Figs. 6 and 7 illustrate the 
configuration of two adjacent SMRFs with and without an equal height. 

 

Fig. 5. The schematic of pounding model in adjacent SMRFs [33] 
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Fig. 6. The configuration of two adjacent SMRFs with an equal height 

 

Fig. 7. The configuration of two adjacent SMRFs with an unequal height 

5.1 Limit State Function 

In this study, the failure probability is calculated based on the Kriging meta-model, taking 
into account the structural uncertainties for the pounding scenarios of adjacent SMRFs. To 
calculate the failure probability, since the considered structural system is non-linear, 
simulation methods are used to increase the accuracy. Therefore, it is necessary to 
determine the points in the health and failure areas first. For this purpose, the limit state 
function (LSF) of the reliability problem should be evaluated by structural analysis. At each 
time of structural analysis, random variables are defined according to Table 4 for the 
investigated structural models under the scenario of pounding of adjacent SMRFs based 
on the selected distribution. To save time, before calculating the failure probability, a 
sensitivity analysis is done and the random variables that have a negligible dependence on 
the change of the LSF are removed and other influential variables are considered 
definitively. The proposed LSF for the investigated models in this research is presented in 
the scenario of pounding of the adjacent SMRFs according to Eq (4): 

𝑔1 = 0.1 − (𝑀𝑎𝑥(𝐷𝑟𝑖𝑓𝑡)) (4) 

In Eq (4), Max (Drift) is the maximum drift of the structure at each time of analysis and the 
value of 0.1 is the collapse limit of the structure based on the regulations. Now, if g1>0 after 
the analysis, the sample is in the healthy area, and if g1 ≤ 0, the sample is in the failure area. 
According to the different seismic codes, the values of drift equivalent to different 
performance levels of SMRFs have been presented [35, 36]. In transient deformations, 
drifts of 0.7%, 2.5%, 5%, and 10% show Immediate Occupancy (IO), Life Safety (LS), 
Collapse Prevention (CP), and Collapse (C) performance levels, respectively.  
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Table 4. The statistical features of random variables in this study 

* N: Normal, LN: Lognormal, G: Gamma 

5.2 Ground Motion Records 

One of the main issues in evaluating the nonlinear dynamic analysis of structures is the 
selection of earthquakes and their number to obtain the results with appropriate accuracy. 
FEMA P 695 [42] suggests a set of near-fault and far-fault earthquake records for nonlinear 
dynamic analyses. This code presents the suitable earthquake records with different 
natures for calculating the collapse probability of structure. In this study, IDA has been 
performed with small and controlled steps.  

Table 5. The features of the studied earthquakes 

PGV2 
(cm/s2) 

PGA1 
(g) 

Component Magnitude 
(Mw) 

Station Event Date ID 
No. 

59 0.42 NORTH/ 
MUL009 

6.7 Beverly Hills-
Mulhol 

Northridge, 
CA 

1994 R1 

63 0.52 NORTH/ 
MUL279 

R2 

43 0.41 000 6.7 Canyon 
Country-WLC 

Northridge, 
CA 

1994 R3 

45 0.48 
NORTH/ 
LOS270 

R4 

56 0.73 
DUZCE/ 
BOL000 

7.1 Bolu Duzce, 
Turkey 

1999 R5 

62 0.82 
DUZCE/ 
BOL090 

R6 

29 0.27 
HECTOR/ 
HEC000 

7.1 Hector Hector 
Mine, CA 

1999  R7 

42 0.34 
HECTOR/ 
HEC090 

R8 

26 0.24 
IMPVAL/ 

H-DLT262 
6.5 Delta Imperial 

Valley, CA 
1979 R9 

33 0.35 
IMPVAL/ 

H-DLT352 
R10 

35 0.36 
IMPVAL/ 
H-E11140 

6.5 El Centro 
Array # 11 

Imperial 
Valley, CA 

1979 R11 

Category Symbol Description Unit PDF Mean c. o. v or σ Reference 

Gravity 
Load 

DL Dead load 
kg/
m 

N* 
150

0 
0.1 [37, 38] 

LL Live load 
kg/
m 

G* 600 0.4 [37, 38] 

Material 

Fy Yield strength MPa LN* 240 0.07 [37, 39] 

E 
Elasticity 
modulus 

MPa LN 
2*10

5 
0.03 [40, 41] 

ξ Damping ratio - LN 5% 40 [41] 

 Specific weight 
kg/
m3 

LN 
789

0 
0.1 [39] 

 Poisson ratio - LN 0.3 0.1 [39] 

Geometric 
L Beam length m N 6 0.0304 [39, 40] 

H Column height m N 3.2 0.0304 [39, 40] 
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42 0.38 
IMPVAL/ 
H-E11230 

R12 

37 0.50 
KOBE/ 
NIS000 

6.9 Nishi-Akashi Kobe, Japan 1995 R13 

37 0.51 
KOBE/ 
NIS090 

R14 

1 Peak ground acceleration 
2 Peak ground velocity 

 

Fig. 8. Target spectrum of ASCE07 [30] 

 

Fig. 9. Elastic acceleration spectrum for 5% damping of earthquake records used in 
this research 

It is noted that IDA is a set of time history nonlinear dynamic analyses under different 
numerous records therefore selection of seismic records is an important step to assess the 
performance of structures probabilistically. Some researchers evaluate the influence of the 
features, content and number of the seismic excitations on the analysis results [43-50]. In 
this paper, these records are first scaled according to the peak ground velocity (PGV). Then, 
the spectral acceleration of all records in the period of the first mode of the structure (Sa 
(T1, 5%)) was scaled. Also, target spectrum and an elastic acceleration spectrum for 5% 
damping of earthquake records used in this research are depicted based on Figs. 8 and 9. 
In this study, IDA is performed and IDA curves are plotted. In the following, for calculating 
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the seismic collapse capacity, the fragility curves of SMRFs adjacent to each other in two 
scenarios are obtained. Table 5 shows the features of the studied earthquakes. 

6. Results and Discussion 

6.1 Results of The Sensitivity Analysis  

In this part, the sensitivity analysis of random parameters of studied SMRFs such as dead 
load, live load, yield strength, elasticity modulus, damping ratio, specific weight, Poisson 
ratio, beam length, and column height is checked by MCS method.  In this way, the variation 
rate of failure probability to the statistical characteristics of each mentioned variable is 
assessed. The sensitivity analysis is performed by calling the LSF 100,000 times and by 
evaluating the rate of change of the failure probability compared to the changes of each 
random parameter, and the results of the sensitivity analysis are also presented in Table 
6. It can be seen that for the desired models under the effect of pounding, the parameters 
with uncertainty of the yield strength of the cross-sections, and the dead load have the 
greatest effect and Poisson's ratio, the specific weight of the cross-sections, and the live 
load have the least effect on the calculation of failure probability . 

Table 6. The results of the sensitivity analysis of the SMRF models under the effect of 
pounding 

6.2 Results of IDA and Fragility Curves 

According to Figs. 10 and 11, IDA curves of SMRFs with equal and unequal heights are 
presented under 7 pairs of far-fault earthquake records (equivalent to 14 earthquake 
record components) in OpenSees software. In addition, the fragility curves of the 
mentioned models are shown in Fig. 12. 

According to Fig. 12, it can be seen that the seismic collapse capacity of SMRFs adjacent to 
each other with equal heights is high and they have more values of spectral acceleration 
versus adjacent SMRFs with unequal heights. Table 7 shows the spectral accelerations of 
the mentioned SMRFs for different statistical levels of 16%, 50%, and 84%.  

Also, by conducting numerous time history nonlinear dynamic analyses, the comparison of 
maximum values of story displacement, story drift, story acceleration, and impact force of 
two adjacent SMRFs with the equal and unequal heights are reported based on Figs. 13 to 
16. The extracted seismic responses of the studied models indicate that critical values of 
story displacement, story drift, story acceleration, and impact force are related to the two 
adjacent SMRFs with the unequal heights. 

 

No. Failure Probability Variation for Each Variable 

1 (∂Pf)⁄(∂DL ) 0.0086146 

2 (∂Pf)⁄(∂LL) 0.000064689 

3 (∂Pf)⁄(∂Fy ) -0.032309 

4 (∂Pf)⁄(∂E) 0.000090022 

5 (∂Pf)⁄(∂ξ) -0.000075751 

6 (∂Pf)⁄(∂) -0.00006656 

7 (∂Pf)⁄(∂) 0.000037615 

8 (∂Pf)⁄(∂L) 0.00021061 

9 (∂Pf)⁄(∂H) 0.00066004 
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Fig. 10. IDA curves of two adjacent SMRFs with an equal height 

 

Fig. 11. IDA curves of two adjacent SMRFs with an unequal height 

 

Fig. 12. Fragility curves of two adjacent SMRFs with the equal and unequal heights 
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Table 7. The spectral acceleration of SMRFs under the effect of pounding 

SMRFs with unequal heights (g) SMRFs with equal heights (g) Statistical levels 

1.6 2 16% 

1.9 2.3 50% 

2.4 3.9 84% 
 

 

Fig. 13. Comparison of maximum story displacement of two adjacent SMRFs with the 
equal and unequal heights 

 

Fig. 14. Comparison of maximum story drift of two adjacent SMRFs with the equal and 
unequal heights 
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Fig. 15. Comparison of maximum story acceleration of two adjacent SMRFs with the 
equal and unequal heights 

 

Fig. 16. Comparison of maximum impact force of two adjacent SMRFs with the equal 
and unequal heights 

6.3 Results of Kriging Meta-Model 

In this study, for preparing the meta-model, 3000 random samples are produced based on 
the statistical distribution of each random parameter placed in Table 4. Since the LSF of 
this research is based on drift. As a result, the drift of selected SMRFs is computed and in 
this regard, 2000 random samples and the corresponding drift of mentioned SMRFs are 
opted to train the Kriging meta-model. The remaining samples are utilized to test the 
Kriging meta-model for predicting the drift values of SMRFs based on LSF. In the following, 
MCS with 100,000 simulations is conducted for evaluating the reliability of the SMRFs with 
the equal and unequal heights. The accuracy of the findings given by the Kriging meta-
model can be verified by the MCS. Table 8 indicates the results of the reliability analysis of 
the SMRFs with the equal and unequal heights by using MCS and Kriging meta-model. By 
comparing the results in Table 8, it is clear that Kriging meta-model can predict the failure 
probability of SMRFs with the equal and unequal heights by high validity, and accuracy 
versus MCS, and It can significantly decrease the computational time with far fewer the 
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number of samples than MCS. It is also found that the results of SMRFs with equal heights 
have a higher reliability index than the SMRFs with unequal heights. Also, It is noted that 
the parameters such as (β), (Pf), and (#g call) are the reliability index, failure probability, 
and the number of calling LSF, respectively. 

Table 8. Reliability analysis results of the studied SMRFs using the MCS and Kriging meta-
model 

 SMRFs with equal heights SMRFs with unequal heights 

Simulation Method MCS Kriging MCS Kriging 

β 2.80 2.79 2.64 2.63 

Pf 2.5× 10−3 2.6× 10−3 4.2× 10−3 4.3× 10−3 

#g call 105 2000 105 2000 
 

It is noted that the reliability analysis using the MCS method with 100,000 simulations is 
really time consuming therefore the Kriging meta-model can decrease the computational 
time significantly in comparison with MCS. In the following, by using Kriging meta-model, 
taking into account the uncertainties based on Table 4, the failure probability values of 
SMRFs with equal and unequal heights are extracted due to 14 far-fault earthquake 
records. These values are specified in Table 9. The total results of Table 9 indicate that the 
failure probability of SMRFs with an unequal height is high in comparison of SMRFs with 
an equal height. 

Table 9. The failure probabilities of SMRFs under the effect of pounding by using Kriging 
meta-model 

  No. SMRFs with an equal height SMRFs with an unequal 
height 

1 0.0026 0.0043 

2 0.0021 0.0035 

3 0.0024 0.0040 

4 0.0022 0.0042 

5 0.0022 0.0041 

6 0.0018 0.0033 

7 0.0017 0.0035 

8 0.0021 0.0032 

9 0.0015 0.0036 

10 0.0022 0.0040 

11 0.0024 0.0039 

12 0.0018 0.0036 

13 0.0024 0.0035 

14 0.0021 0.0029 

7. Conclusions 

Pounding is one of the most common phenomenon during an earthquake that causes 
significant damage to adjacent SMRFs. In this research, SMRFs with the equal and unequal 
heights are placed adjacent to each other, taking into account the gap, and their failure 
probability is calculated by using nonlinear dynamic analyses and Kriging meta-model. 
Sensitivity analysis is done to specify the important variables in failure probability 
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computation. Also, by using IDA and fragility curves, the collapse capacity is determined at 
different statistical levels. The key findings of this paper are presented in the following: 

• The sensitivity analysis indicates that the variables with uncertainty of the yield 
strength of the cross-sections and the dead load have the greatest effect and 
Poisson's ratio, the specific weight of the cross-sections, and the live load have the 
least effect on the calculation of failure probability . 

• The collapse capacity of the adjacent SMRFs with the equal heights has increased at 
the statistical levels of 16%, 50%, and 84% compared to the adjacent SMRFs with 
the unequal heights by 20%, 17%, and 90%, respectively. 

• For different spectral accelerations, the collapse probability of the adjacent SMRFs 
with the unequal height is higher than that of equal height . 

• The results of Kriging meta-model indicate that the failure probability is increased 
by 65% in SMRFs with an unequal height versus an equal height. 

• The results of reliability analysis and fragility curves reveal that the collapse 
capacity of the adjacent SMRFs with the equal height is higher than that of unequal 
height. 

• The application of Kriging meta-model is confirmed with MCS. This meta-model can 
decrease the computational time significantly in comparison with MCS. Hence, 
Kriging is an exact probabilistic way for reliability assessment of pounding issues 
in adjacent SMRFs.  

• As recommendations for future works, the authors propose to assess the seismic 
performance of the adjacent SMRFs with the equal and unequal heights (various 
stories) under the influence of pounding by considering soil-structure-interaction 
(SSI) by using reliability and fragility analyses. 
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 Increasing demand for accessories like porcelain electric insulators have 
continued in developing countries causing overdependence on imported 
products. Meanwhile, raw materials for their local production are available in 
commercial quantities with high firing temperature being the major challenge. 
Hence, the need for fluxing agents that can reduce the working temperature led 
to the investigation of Talc as a partial replacement of conventional Feldspar. An 
optimum replacement of 10% Feldspar with Talc was adopted, and this recipe 
showed microstructurally enriched glassy phase, primary and secondary Mullite 
with other crystalline phases like Cristobalite, Microcline and Albite at 1200oC 
with micropores evident in both the Talc and Feldspar formulations. The 
produced insulator fired at 1200oC offered an optimum thermal conductivity of 
0.2768W/mK with reductions in water absorption, apparent porosity and linear 
shrinkage by 78.29%, 76.02% and 19.75% respectively with a 9.48% rise in bulk 
density. The electrical performance comprised Inception, Withstand and 
Breakdown Voltages of 10.2 kV, 14 kV and 20 kV respectively at leakage currents 
of 0.2 mA, 1.2 mA and 2 mA accordingly. With a withstand voltage above 11 kV 
and breakdown voltage below 22 kV, this pin-type porcelain insulator will find 
wide application in both electric substations and end user load points like 
commercial and residential electric power lines. The novelty lies on the fluxing 
and filler potentials of Talc as a locally-sourced mineral in porcelain insulator 
production which increases the market value of Nigerian Talc while reducing 
importation, costs of energy and raw materials in porcelain production.  

© 2024 MIM Research Group. All rights reserved. 
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1. Introduction 

Porcelain is one of the engineering materials that have passed through ages without losing 
its relevance despite the development of modern plastic and glassy materials. This 
sustained significance can be linked to its durability and adaptability to harsh 
environmental situations. They are extensively used for chemical, heat and electrical 
resistant purposes. Their mechanical properties, corrosion resistance, low water affinity, 
high heat resistance, and high electrical resistivity are responsible for their excellent 
performance in refractories, laggings, tiles, kitchen and sanitary wares.  

They also demonstrate excellent chemical resistance (as laboratory wares), thermal shock 
(as pestles), beautiful textures (when glazed for decorative uses) as well as fatigue 
resistance (in dentistry). As non-conductors of electricity, porcelain insulators find 
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satisfactory usage in unlimited indoor electrical applications as well as outdoor uses as 
high voltage insulations like overhead power transmission and distribution lines, bushings 
for transformers, etc.  

In service, a Porcelain Electric Insulator is exposed to very harsh environmental conditions 
like heat, rain, humidity, dust etc. For instance, while establishing the need for formulating 
a corrosion control protocol for insulators, it was noticed in [1] that relative humidity plays 
key roles in insulator electrolytic corrosion. Similarly, in [2], it was reported that corrosion 
of porcelain insulating systems are mainly dependent on geographic locations with the cap 
components of the insulators degrading by galvanic corrosion mechanism while the pin 
corrodes by both crevice and electrolytic corrosion mechanisms. Other studies such as [3], 
studied the biological contamination of electrical insulators by alga Chlorella vulgaris. 
Their findings showed the adverse effect of bio-contamination which reduced the 
flashover voltage by 12% and increased the leakage currents up to 80%. In [4], artificial 
neural network was used to predict the flashover voltage of humidity and pollution 
induced surface contaminations of porcelain insulators.  

These challenges have motivated researchers and scientists to investigate diverse 
improvement techniques to enhance the performance of Porcelain insulators through 
material formulations and production methods. Since sintering temperature also known 
as firing or working temperature complemented with formulation recipe are the principal 
factors responsible for the precipitation of crystalline phases, which in turn dictates the 
properties of porcelain materials, it becomes imperative to understand the relationship 
between these factors for performance optimization. Several authors have investigated the 
partial replacement and variation of the amount of quartz, Feldspar, kaolin and ball clay in 
porcelain recipes. In [5], the use of micro additives as fillers to enhance the electrical 
properties of ceramic-glass insulators was studied while [6], used recycled waste glass 
from broken car glasses as a replacement of K-Feldspar for the production of porcelain. 
Their findings showed improvements in microhardness and dielectric properties. 
Remarkably, [7] in their use of cullet to substitute the Feldspar component found that this 
measure offered excellent dielectric strength at a lower kiln temperature. Similarly, the 
partial replacement of Feldspar with sodium bicarbonate has also been reported in [8], 
which reduced sintering temperature and improve dielectric performance of porcelain 
insulators. Mineral raw materials are potential substitutes to the felspathic component of 
porcelain formulation. These materials like Talc have been used for other industrial 
purposes and is both available and affordable in commercial quantities in Nigeria.  Talc is 
a soft and light-weight mineral with its mineralogical occurrence mainly from the 
metamorphosis of other rocks. It is a secondary mineral from either carbonate of 
magnesium like dolomite and magnesite or oxides of silicon such as serpentine and 
tremolite. This is why it is generally recognized as hydrated magnesium silicate 
Mg3Si4O10(OH)2 [9,10]. It has several uses ranging from cosmetics, agriculture, industrial 
lubrication, electrical wire insulation and even anticaking agent in drug tablets molding. It 
is a soft and whitish mineral when ground. The physico-chemical properties like softness, 
hydrophobicity, low thermal and electrical conductivity with high crystallinity and specific 
surface area of Talc suggest its suitability as a fluxing material in porcelain production. Talc 
as a magnesium-rich phyllosilicate has found extensive industrial applications for making 
plastics, detergents, paint, paper, pharmaceuticals, pesticides, rubber, cosmetics, ceramics, 
adhesives, part of animal feed and acts as a hydroTalcite in the petroleum industry [11-
13].  

Hence, in this study, the use of Talc as a partial replacement of Feldspar in formulation of 
porcelain insulator recipes and how this affects the physical properties, thermal stability 
and electrical performance of the insulator were investigated. 
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2. Materials and Methods 

2.1 Material characterization 

The raw materials were obtained from local Nigerian communities: Kaolin from the 
Projects Development Institute’s mineral store, Talc from Kenyatta Industrial market and 
Silica from Iva Pottery all in Enugu state while the Ball clay was obtained from Ehime 
Mbano in Imo state and Feldspar from Okene in Kogi state. These materials were identified 
at the Projects Development Institute at minimum purity levels of 97.3%, 98.5%, 97.4% 
and 95.8% for Kaolin, Talc, Silica and Ball clay respectively. The methodology employed in 
this study is illustrated in the overview of Figure 1. 

 

Fig. 1. Overview of the study 

2.2 Slip formulation and Molding into Porcelain Insulator 

The kaolin, ball clay and silica were in fixed amounts of 40%, 10% and 25% respectively, 
while Feldspar and Talc were varied as shown in Table 1. These starting materials were 
obtained as lumpy coarse powders and were crushed in a ball mill to obtain finer particle 
sizes.  

Further processing was carried out by soaking in distilled water, vigorous stirring to 
achieve adequate dissolution, and filtering (through a 0.425 mm mesh sieve) to get rid of 
organic matter. This procedure was followed by allowing the sediments to settle. The 
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floated water was then run off to isolate other suspended solids and residual organic 
matter after which the condensed clay was sun-dried for 5 hours prior to oven drying at 
100 oC for 3 hours. The dried clay was later pulverized and sifted through a 0.18mm sieve. 
With the recipe in Table 1, 1.6kg of the clay sample was used as the base raw material with 
the other materials added to achieve different slurries. The sample codes are shown in 
Table 1. Subsequently, 2g of Sodium Silicate (Na2SiO3) was added to each blended mixture 
of powders in order to inhibit flocculation of suspended solids. The powders were then 
kneaded in appropriate amount of water into plastic slip until ready for molding.  

Table 1. Formulation of Porcelain insulator 

Code Kaolin Ball clay Silica Feldspar Talc 

A 40 10 25 25 0 

B 40 10 25 23 2 

C 40 10 25 21 4 

D 40 10 25 19 6 

E 40 10 25 17 8 

F 40 10 25 15 10 
 

With these conditions, the slip was poured into a plaster-of-Paris mold consistent with the 
industrial dimensions of porcelain insulators. The slip was poured until the mold gate was 
full.  Extra slip was added after two hours to supplement mass reduction due to absorbed 
water. The mold was left to set for 5 hours, after which the cast porcelain was removed 
from the mold and fettled to obtain a smooth surface finish. 

 

Fig. 2. The produced porcelain insulators at different levels of glazing 

The green compacts were oven dried at 120oC for 2 hours to get rid of mechanically bound 
water prior to Bisque firing up to 900oC for 3 hours to obtain the adequate porcelain sinter 
following the procedure conducted in [14]. To achieve the characteristic brown colored 
impervious glaze, the fired bisques were immediately dipped into a glaze slurry made from 
Feldspar, Silica, clay, borax, zinc oxide and cobalt oxide. The dipping process was carried 
out by immersing the fettled green compact into a container of the glaze compound. The 
glaze-coated compact was sun-dried for 2 hours and fired up to 900oC for 1 hour and 
allowed to cool under ambient conditions. This glazing process was repeated to ensure 
high glaze penetration and adherence on the fettled surface. This was followed by a Gloss-
firing at 1200oC in an electric kiln at a ramp of 5oC/min and dwell time of 150 minutes. The 
sintered porcelain products were allowed to cool to room temperature within the kiln for 
about 15 hours after which the produced porcelain insulators were taken out of the kiln. 
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Industrial sized samples were made so that their properties can be compared to those of 
commercial products in the market. 

2.3 Molding of Test Pieces and The Porcelain Insulator 

 To mold test pieces for physical analysis, three metallic molds were used. The molds were 
firstly lubricated for ease of retrieving of the green compact. Different mold patterns were 
produced: the cylindrical patterns of 3.5ø x 3 cm, and short rectangular patterns of 8 x 4 x 
1.5 cm while the longer rectangular patterns were of 9.5 x 2 x 1.5 cm. Three (3) samples 
each of the three sets of test pieces were used for the physical analyses.  

2.4 Physical Analysis 

Physical properties such as making water, water absorption, porosity, shrinkage, apparent 
and bulk density of the pellets at different firing temperatures were analyzed in 
accordance with the requirements of ASTM C20-00 [15], for water absorption, apparent 
porosity, apparent density, and bulk density. 

2.4.1 Making Water  

The making water is a very important parameter in slip casting as it represents the amount 
of water needed to make a plastic slip from the mixture of raw materials. In this study, the 
making water was determined by weighing the cylindrical test pieces immediately after 
molding and this weight was recorded as the wet weight (wo). After this, the test pieces 
were air-dried for 24hrs, then oven-dried at 105oC until a constant weight was recorded 
as Wi. The making moisture was then estimated from Eq. 1. 

𝑀𝑎𝑘𝑖𝑛𝑔 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (%) =  
𝑊0 − 𝑊𝑖
𝑊0

 × 100 
(1) 

2.4.2 Water Absorption 

As a vital parameter, the water absorption (Wa) which demonstrates the extent of curing 
of the porcelain when fired was also evaluated. This was carried out by measuring the post-
drying weight (wd). The post-dried samples were then soaked in water for 1 hour, cleaned 
and reweighed as weight after soaking in water as (ww). Eq. 2 was used to evaluate the 
water absorption of the samples. 

𝑊𝑎 (%) =  
𝑊𝑤 − 𝑊𝑑
𝑊𝑑

× 100 
(2) 

2.4.3 Apparent Porosity 

The void composition of porcelain insulator largely affects their dielectric strengths. 
Both accessible and remote pores make up the total porosity of porcelain products.  

The apparent porosity test was carried out in accordance with the requirement of ASTM 
C20-00, (2015), [15]. The samples were suspended in a beaker of water, with their 
weights measured via a lever balance. The suspended weight was recorded as Ws while 
the dry weight wd and the wet weight ww were measured in line with the procedure 
described in section 2.4.2. Eq. 3 was used to evaluate the apparent porosity of the 
samples.  

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =  
𝑊𝑤 − 𝑊𝑑
𝑊𝑤 − 𝑊𝑠

 × 100 
(3) 
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2.4.4 Shrinkage 

The linear shrinkage of ceramic products could lead to excessive dimensional instability, 
thereby, adversely affecting the performance of the finished product. Therefore, analysis 
of shrinkage is very important in the design of ceramic components. In this study, the 
shrinkages of the samples were estimated by measuring the sample lengths before and 
after kiln firing in line with ASTM C356-17, [16]. A vernier caliper was used to insert a 0.5 
cm mark on each of the rectangular test pieces and this was recorded as the original length 
Lo (in cm). The test pieces were then sun-dried outdoor in still air for 7days. The samples 
were then transferred into an oven and at 105oC until a constant weight was obtained. The 
contraction from the 5cm mark was recorded as the dried length, Ld (in cm). Finally, the 
dried samples were fired to sintering temperatures. The determination of shrinkage was 
conducted for samples kiln-fired at 1000oC and 1200oC while the shrinkage of the test 
pieces was determined by measuring the change in the distance between the initial 5 mm 
markings. The final length after firing was recorded as the fired length, Lf (in cm). The 
different variants of the shrinkage were then estimated using Eqs. 4, 5 and 6. This 
procedure was consistent with other studies [14, 17].  

𝑊𝑒𝑡 − 𝐷𝑟𝑦 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%) =  
𝐿𝑜 − 𝐿𝑑
𝐿𝑜

 × 100 (4) 

𝐷𝑟𝑦 − 𝐹𝑖𝑟𝑒𝑑 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%) =  
𝐿𝑑 − 𝐿𝑓

𝐿𝑑
 × 100 (5) 

𝑇𝑜𝑡𝑎𝑙 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%) =  
𝐿𝑜 − 𝐿𝑓

𝐿𝑜
 × 100 (6) 

2.4.5 Apparent and Bulk Density  

The apparent and bulk densities of the samples were estimated using Eqs 7 and 8 following 
the procedure described in sections 2.4.2 and 2.4.3. Table 4 presents the results of the 
apparent and bulk densities of the samples. 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (%) =  
 𝑊𝑑

𝑊𝑑 − 𝑊𝑠
  𝑥 100 (7) 

𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (%) =  
 𝑊𝑑

𝑊𝑤 − 𝑊𝑠
 𝑥  100 (8) 

Where Wd, Ws and Ww are previously defined in sections 2.4.2 and 2.4.3. 

2.5 Microscopic Evaluation 

The samples were polished with a moist emery cloth, cleaned and sun-dried prior to 
microscopic examination using Keyence VH-Z450/VH-6300 Digital Microscope with VH-
Z450 High-Range Zoom Lens at 500X magnification.  

2.6 Thermal Analysis 

The thermal property of the clay samples was analyzed with Shimadzu DTG-60H model 
(TA Instruments, USA) using differential scanning calorimetry (DSC) and a simultaneous 
thermal analyzer (Differential Thermal Analysis-Thermogravimetric Analysis, DTA/TGA). 
The DTG procedure was carried out by heating the clay samples from room temperature 
to 1200 °C at a ramp of 10 °C/min under a steady air flow of 50 ml/h. A 3.002mg sample 
was introduced into a Platinum cup, heated in comparison to a reference crucible and 
cooled at instrument cooling rate to obtain DSC and DTA/TGA curves that reveal the 
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thermal profiles at different mineralogical transformation during the firing of the 
produced insulator. 

2.7 Electrical Analysis 

The main aim of the electrical analysis on the porcelain bodies was to determine their 
insulating properties. The parameters tested were the dielectric inception voltage, 
withstand voltage and breakdown voltage as well as the leakage currents at these various 
voltage limits. These were carried out using BAUR PGK 260 HB AC/DC HV test set, Austria, 
by applying electrodes at the ends of the porcelain insulator and results presented in 
section 3.6. 

3. Results and Discussion 

3.1 Material Characterization 

This result of chemical composition (see Table 2) shows that silica (SiO2) and alumina 
(Al2O3) are the principal oxides found in the raw materials while other oxides were present 
in negligible quantities. This result agrees with findings in [7] and [18]. Remarkably, flux 
content in Feldspar (K2O-Na2O) sums up to 13.21% which is greater than the 12% 
threshold [18] for porcelain insulators. Also, the high potash and soda contents of the 
Feldspar with low lime composition shows that the Feldspar is not a “lime Feldspar”.   

Table 2. Chemical composition of the starting raw materials in % oxide constituents 

Component (%) Kaolin Clay Feldspar Iva-pottery   sand 

SiO2 60.0 64.65 74.15 

Al2O3 21.0 16.1 13.73 

Fe2O3 0.5 1.86 0.005 
Na2O 0.031 2.99 - 

K2O 0.75 10.22 - 

TiO2 0.9 1.4 1.3 

LOI 11.34 1.62 0.61 

3.2 Water Absorption, Making Water and Apparent Porosity 

As the Talc content increased from 0 to 10% and were fired up to 1000 oC, it was observed 
that the apparent porosity was gradually increasing. This may be due to the linear 
expansion that occurred within 1000 oC causing crack nucleation, thereby, adding to the 
micropore density (i.e., the number of micropores per unit volume of porcelain). However, 
as the firing temperature was increased to 1200oC, a significant reduction in apparent 
porosity, was observed. Evidently, these pores collapse as most of the porcelain materials 
melt at temperatures above 1000oC. Figure 3 revealed that water absorption increased at 
1000oC but reduced at 1200oC. This indicates that there is a correlation between porosity 
and water absorption such that increase in apparent porosity creates more pores that 
causes water ingress, hence, increases water absorption. Conversely, as the apparent 
porosity reduces, there are less pore spaces to accommodate absorbed water thereby 
causing the reduction in the percentage water absorption. Figure 3 also revealed that the 
10% Talc concentration offered the least porosity and water absorption at 1200oC due to 
the reduced apparent porosity from 12.09 % in the Feldspar-rich recipe to 2.90 % in 10% 
Talc substitution and a consequent 76.02 % reduction in apparent porosity. In addition, 
water absorption was reduced from 6.88 % in the Feldspar-rich recipe to 1.49 % in the 10 
% Talc substitution resulting in a 78.29 % reduction in water absorption.  This trend in 
reduction of both apparent porosity and water absorption at higher temperatures is 
consistent with previous studies [7, 19].  
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Fig. 3. Apparent porosity and water absorption of PPE insulator as functions of firing 
temperature (1000 - 1200oC) 

3.3 Linear Shrinkage, Apparent and Bulk Density 

At 1000oC, the linear shrinkage increased until 6% Talc but then decreased as the Talc 
content approached 10 % (see Figure 4 (a)). As temperature increased, release of glassy 
crystallites occurred along with entrapped gases [7] and this caused the steady increase in 
linear shrinkage. However, as the Talc content increased from 2 %, reduction of sintering 
temperature occurs and this inhibits shrinkage, although this phenomenon does not apply 
to Talc contents above 6%. In other words, fluxing impact cannot resist linear shrinkage 
below 6% Talc as demonstrated in Figure 4 (a). From Figure 4 (b), bulk density slightly 
reduced as the Talc content increased from 0 to 10 % as a result of the effect of the fluxing 
characteristics of the Talc which reduced the sintering temperature. Although the 
reduction in the sintering temperature at 1000oC did not favor densification, The 
densification was so rapid at 1200oC and subdued the lowering of sintering temperature 
induced by the increasing Talc content. Reduction in volume caused dimensional reduction 
viz-a-vis linear shrinkage as well as the enhanced densification noticed in the produced 
porcelain insulators at 1200oC.  

 
(a) 
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(b) 

Fig. 4. Total linear shrinkage (a) and bulk density (b) of PPE insulator as functions of 

firing temperature at 1000 and 1200oC 

Figure 4 also revealed that the 10% Talc concentration offered the least linear shrinkage 
and highest bulk density at 1200oC.  It is noteworthy that total linear shrinkage increased 
from 8.13 % in the feldspar-rich recipe to 10.13 % in the 10 % talc substitution thereby 
leading to 19.75 % increase in total linear shrinkage. Likewise, bulk density increased from 
1.76 % in the feldspar-rich recipe to 1.94 % in the 10% talc substitution leading to a 9.48 
% rise in bulk density. This declining linear shrinkage with increase in bulk density due to 
pore volume reductions at 1200oC were also reported in other studies [7]. 

3.4 Thermal analysis  

The DTA/TGA curves in Figure 5 presents the simultaneous weight loss with rise of firing 
temperature in real time for the produced porcelain insulator. The DTA/TGA curves 
demonstrated the physico-chemical transformation regime that occur during a typical 
kaolin calcination through endothermic and exothermic reactions as shown in Figure 5. 
From Figure 5, the first endothermic peak occurred at -98oC and can be attributed to the 
release of surface bound water in line with [20] with approximately 0.89 % weight loss 
indicated by the TGA curve. 

 

Fig. 5. Thermal profile (TGA/DTA) of produced porcelain insulator 
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The second endothermic peak occurred at -51oC and is linked to the dehydroxylation of 
kaolinte by the removal of structural hydroxyl groups which reorganized the octahedral 
layers of the kaolin into the tetrahedral configuration of metakaolin. This resulted in a 
corresponding weight loss of 2.38 %. The dehydroxylation of kaolinte occurred until 
772.8oC in the study of [19], 448.8oC in [21], 553oC in [22] and 569oC in [23]. These 
discrepancies can be linked to the differing raw materials, differences in processing 
methods, as well as ambient conditions. The total weight loss of in the porcelain body in 
this study was 3.27 %; consisting of 0.89% from loss of physically bound water and 2.38 
% loss of chemically bound water during the decomposition of the porcelain clays. The 
dehydroxylation of kaolinite is the first chemical transformation in the porcelain 
production, this thermal reaction is represented by Eq. 9 [19, 24]. 

𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2. 2𝐻2𝑂   
~5150𝐶
→      𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2 .  +  2𝐻2𝑂(𝑔) ↑ 

(9) 

Furthermore, an endothermic peak occurred at 557oC which can be linked to the 
polymorphic transformation of α to β of quartz. This allotropic phase transition was also 
reported at 573oC in both [20] and [22]. These reductions in thermal reactions can be 
attributed to the fluxing properties of Talc used as a replacement of Feldspar in this study. 
The last noticeable endothermic peak was seen at 679oC which was linked to the sharp 
change at the onset of sintering and formation of glassy crystallites in the porcelain body. 
Then, the first noticeable exothermic peak was clear at 976oC corresponding to Al-Si spinel 
crystallization from the metakaolin and/or other amorphous Si-containing γ-Al2O3. This 
was reported at 999.6oC in [22] which still maintained the fluxing functions of Talc in the 
porcelain body. Meanwhile, this was the second thermophysical reaction and is 
represented by Eq 10 [19, 24]. 

2(𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2)   
~9760𝐶
→      2𝐴𝑙2𝑂3. 3𝑆𝑖𝑂2 .  +  𝑆𝑖𝑂2 (𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) 

(10) 

Finally, the expansive nucleation of mullite from the further decomposition of kaolin was 
seen to earlier commence at 1005oC similar to the study in [23] which occurred at 1050oC 
and 1084oC in [25].  

This establishes the potentials of Talc as a fluxing replacement of Feldspar in porcelain 
formulation and the corresponding reaction is represented in Eq. 11 [19, 24]. 

3(2𝐴𝑙2𝑂3. 3𝑆𝑖𝑂2)   
 ~10050𝐶
→       2(3𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2  +  5𝑆𝑖𝑂2  

(11) 

Finally, the gradual rise in densification as the temperature approached 1200oC can be 
linked to the crystallization of stable crystals like cristobalite from the amorphous quartz 
and seepage of mullite melts into the porcelain pores as illustrated in Eq. 12 [19, 24].  

𝑆𝑖𝑂2 (𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠)   
~12000𝐶
→       𝑆𝑖𝑂2 (𝐶𝑟𝑖𝑠𝑡𝑜𝑏𝑎𝑙𝑖𝑡𝑒) 

(12) 

These results demonstrate that the thermal behavior of the porcelain body was consistent 
with its mineralogical transformations. According to the TGA/DTA thermal profiles (Figure 
5), mullite nucleation which fills up micropores and cristobalite crystallization which 
occurred at 1005oC and 1200oC, respectively, were volumetric reduction mechanisms. In 
addition, Figure 6 shows the thermal conductivity of the produced porcelain insulator 
which indicates the allowable heat flux that the insulator can withstand. This allowable 
heat flux is a significant measure of its thermal and electric shock resistance.   
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Fig. 6. Thermal conductivity (DSC) of the produced porcelain insulator 

Figure 6 shows that the thermal conductivity measured from the differential scanning 
calorimetric analysis reveals a thermal conductivity of 0.2768 W/mK. This low thermal 
conductivity or high thermal resistivity demonstrates the insulator’s thermal stability 
under harsh temperature conditions and as well as capacity to withstand thermal shocks. 
This thermal stability can be linked to the 13.21% flux content recorded in the starting 
materials which was higher than the recommended threshold of 12% recorded in [18] for 
porcelain insulator production. 

3.5 Microscopic evaluation 

The microstructural analysis of the produced porcelain insulator was presented in Figure 
7 which agrees with the chemical analysis of the raw minerals in table 2 and the properties 
of the produced insulator in figures 2-6. In figure 7, A = Albite; PM = Primary Mullite; P = 
Pores; C = Cristobalite; SM = Secondary Mullite; M = Microcline. Figure 7 demonstrated the 
components of the Feldspar bedrock being more of potash Feldspar than soda Feldspar. 
The potash enrichment was revealed in the microcline with a characteristic green colour 
while its soda  

 

(a) 

 

(b) 

Fig. 7. Microstructural evaluation of the PPE insulator (a) No Talc (b) 10% Talc at 
1200oC  
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Feldspar represented as albite can be distinctively seen as gray colors. The Talc-rich 
sample was rich in both the greenish Microcline (M) and gray Albite (A) due to the relative 
abundance of Feldspar in Figure 7 (a) than the Talc rich Figure 7 (b).  

The Talc in Figure 7 (b) had more thermal effect than mineralogical contribution to the 
porcelain properties. Instead, Figure 7 (b) shows richer contents of brownish Primary 
Mullite (PM) and golden Secondary Mullite (SM). The glassy Cristobalite (C) was more in 
the Talc enriched porcelain (Figure 7 (b)) than the Feldspar dominated Figure 7 (a). The 
gray Albite was significant in Figure 7 (b) while the greenly microcline reduced despite the 
reduction of their source (Feldspar) in the porcelain (Figure 7 (b)). This will be 
investigated in subsequent studies. Closed Pores (P) were seen as dark regions which are 
present in both microstructures. According to [8], the amount of crystalline mullite and 
glassy phases generated during kiln firing of porcelain insulators control the dielectric 
strength of the insulators which should be moderate to avoid ionic conductions that will 
reduce the insulating propensities of the insulator. Since, the substitution of Feldspar with 
Talc led to more mullite and glassy cristobalite, the dielectric strength of the produced 
porcelain insulator with the presence of Talc in comparison with the sample without Talc 
as discovered in this study. In addition, the higher densification due to Talc content can 
also be linked to the earlier mullite transformations and their seepage into the porcelain 
pores. In line with table 2, apart from Alumina and Silica as the fundamental components 
of clay minerals, the next components were Potash and Soda with Potash being higher 
showing that the raw Feldspar used was alkali in nature. According to [26], Feldspar’s 
alkalinity increases porcelain vitrification and melt’s fluidity leading to unrestricted and 
rapid nucleation of crystals. In this light, the high fluidity enhances permeation into 
micropores leading to reductions in both porosity and water absorption with higher 
densification as recorded in figures 3. As a partial replacement of Feldspar, Talc has acted 
as both a fluxing agent and as a filler that displaces interconnected pores. This dual purpose 
is responsible for the 76.02 and 78.29 % reductions in apparent porosity and water 
absorption respectively. 

3.6 Electrical Analysis 

To investigate the effect of Feldspar replacement with Talc in electro-porcelain insulators, 
the electrical properties of the insulators produced was tested and the results are 
presented in Table 3. The inception voltage can be defined as the minimum voltage loading 
at which a partial electric current is discharged through the insulator. The withstand 
voltage is the permissible voltage the insulator material can resist in static air at room 
temperature up to three minutes, while the breakdown voltage is a measure of the least 
voltage that can collapse the insulator’s current resisting ability. Table 3 shows satisfactory 
voltage and current results as compared to IEC 60168 standards. Their break down voltage 
of 20 kV shows that they cannot be suitable for 22 kV and higher transmission lines while 
a withstand voltage of 14 kV shows their electrical capacity for 11 kV insulation. In 
addition, the glazed surface offers self-cleaning properties against dust, acid rain, high 
humidity and other environmentally adverse effects.  Being made from local raw materials 
provides cost effectiveness and simplicity in production and installation. Hence, they can 
find wide application in 11 kV power distribution and sub-transmission lines, that is, they 
are ideal for all distribution lines and low voltage sub-transmission lines. Therefore, the 
aim of producing a low-voltage electro-porcelain insulator with Talc modified properties 
was successfully achieved. 

In this study, electrically insulating and thermally stable porcelain insulator was produced 
from Nigerian local minerals by substituting its Feldspar content with Talc. The effect of 
sintering temperatures at 1000 oC and 1200 oC was studied. Locally sourced minerals from 
of Nigerian origin obtained as lumps were pulverized into homogenized powders through 
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ball milling with a slurry made after adding 2g of Na2SiO3 to inhibit flocculation of 
suspended solids and resulting to suitable slip for casting the porcelain. 

Table 3. Electric test results 

Description Voltage (kV) Leakage Current (mA) Remarks 

Inception 10.2 0.2 Satisfactory 

Withstand 14 1.2 Satisfactory 

Breakdown 20 2 Satisfactory 

4. Conclusion  

The kaolin, ball clay and silica contents were fixed at 40 %, 10 % and 25 % respectively, 
with the remaining 25 % Feldspar partially replaced with Talc for each formulation. 
Results showed a linear relationship between porosity and firing temperature at 1200oC. 
There was also a direct relationship between apparent porosity and water absorption such 
that increase in apparent porosity gave rise to higher water ingress. Linear shrinkage and 
bulk density were also linearly related to the working temperature. Interestingly, the 10% 
replacement of Feldspar with Talc offered the least porosity, water absorption and linear 
shrinkage but highest bulk density all at 120oC. Also, at this recipe, an insulator thermal 
conductivity of 0.2768 W/mK was obtained. This low thermal conductivity or high thermal 
resistivity demonstrates the insulator thermal stability under elevated temperature and as 
well as capacity to withstand thermal shocks. At these optimal conditions, the 
microstructural evaluation revealed that the 10 % Talc at 1200oC was enriched with a 
glassy phase, primary and secondary mullite and other crystalline phases like cristobalite, 
albite and microcline as well as albite but with micropores evident in both Talc and 
Feldspar recipes. Thermal profile of the produced insulator showed four endothermic and 
two exothermic peaks where mineralogical transformations validated the microstructural 
results in addition to weight loss and thermal conductivity results. Since the produced 
porcelain insulator was thermally stable up to 1200oC, the potentials of Talc as a cheap 
substitute of Feldspar in porcelain production is substantiated. Also, electrical 
performance of the porcelain insulator was rated satisfactory with Inception, Withstand 
and Breakdown Voltages of 10.2 kV, 14 kV and 20 kV respectively and at leakage currents 
of 0.2 mA, 1.2 mA and 2 mA, respectively. Despite reduction in working temperature due 
to the introduction of Talc, these electrical properties demonstrate the insulator's 
potentials for use in distribution lines and low voltage sub-transmission lines. The 
potentials of Talc and other local flux materials as a cheap substitute for Feldspar in the 
production of porcelain insulators for high voltage transmission lines can be achieved 
which are within our considerations for future work. Generally, the use of the local 
materials and the recipe from this study would reduce importation, the costs of raw 
materials and energy in production. These prospects will be easier to realize if 
collaborations between industry and academia is enhanced especially in the country of this 
research. For instance, this study was funded by the personal contribution of funds by the 
authors, hence the study was limited to the tests reported. Future studies will encompass 
microscopic and spectroscopic examinations of the locally produced insulators. 
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 Self-compacting concrete (SCC) is profusely utilized in building construction due 
to its unique design and mechanism of flow without segregation by occupying 
the corners and preventing the voids to achieve better compaction and 
mechanical strength. This work addresses the effect of colloidal nano-silica (NS) 
of size 5-40nm with an active nano solids content of 32% on SCC containing 
Ground Granulated Blast Furnace Slag (GGBFS) and Ordinary Portland Cement 
as binders in addition to NS. The liquid content of 68% in NS was added to the 
water content in the mix. The ratios of NS were evaluated at 0%,0.5%,1%,1.5%, 
2% and GGBFS as 20% by weight of binder in concrete. The water to binder ratio 
was 0.33 with a water and binder content of 184kg/m3 and 557.58 kg/m3. The 
optimum mix was 1.5% NS based on the concrete’s slump and compressive 
strength at 28 days. The slump was reduced with a rise in NS beyond 1.5% due 
to the accumulation of NS particles causing the reduction in flowability. The 
density of SCC for all the mixes was satisfactory. The compressive strength of 
optimum SCC, M21.5NS20G was decreased by 5.88% and increased by 0.49% and 
2.45% at 7, 28 and 91 days to that of the reference mix whereas its split tensile 
strength was risen by 31.13%, 9.27%, and 12.41% and flexural strength was 
risen by 5.8% and reduced by 8.17% and 4.06% to that of the reference mix at 
aforementioned durations.  The SEM and XRD analyses were conducted on the 
optimum hardened SCC mix at 28 days in which the presence of Calcium silicate 
hydrate compounds of different crystalline structures, viz., Ettringite, and 
Portlandite were observed. The SCC designed in the work can be used for 
structural applications such as beam-column joints. 

© 2024 MIM Research Group. All rights reserved. 

Keywords:  
 
Colloidal nano silica; 
Self-compacting 
concrete; 
Flowability 

 

1. Introduction 

Self-compacting concrete (SCC) is extensively utilized in the construction sector and was 
first proposed in 1986 with the development of the first prototype in 1988 in Japan using 
the materials available in the market, to solve labour scarcity, achieve durable structures 
with good compaction without vibration, thereby reducing the voids in members and at 
the junctions of congested reinforcements [1-4]. The method uses a superplasticizer, 
meagre aggregate content, and a lower ratio of water and powder to attain self-
compaction, high deformability, viscosity, and hindrance to segregation during the 
concrete flow through the congested reinforcement [1-2]. As the gap between the particles 
diminishes, the number of collisions per unit of time, interparticle contact and internal 
stress rise as the concrete deforms, especially near obstructions [1]. The thickening of 
shear in SCC, which is caused by the cluster formations of Brownian motion of small 
particles that lead the viscosity to increase the shear rate, is significant to be considered to 
prevent the damage of mixers, conduits, and pipes [7]. The packing density of total 
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aggregate in SCC lies between 50% and 60% to decrease the relation between them and 
limit the shear deformation of concrete [1-2]. The pressure transferability occurs when 
mortar undergoes normal stress between coarse aggregate particles [1,5]. The reduction 
in shear deformation of mortar relies on the solid particles’ behaviour in the mortar [6].  
Industrial waste such as GGBFS, fly ash, etc. containing pozzolanic behaviour are used in 
SCC, to avoid their disposal onto the land [9]. The enhancement of the strengths of SCC 
depends on the proportion of SCM to be replaced or added to the cement [9-13].  There 
were no standard guidelines for the Self-Compacting concrete mix design during its entry 
into the construction market and the construction companies had proposed their 
procedures for the concrete [14]. In the year 2005, guidelines were proposed for SCC, 
receiving international recognition [15]. India had also adopted the guidelines for SCC in 
IS 10262:2019 Concrete Mix Design Proportions [16].  

GGBFS, a final byproduct obtained from steel making, contains calcium oxide and silica in 
major proportions, and alumina and Magnesia in minor proportions. ‘The hydraulic 
capability of GGBFS was first discovered by Emil Langen in Germany in 1862’ and its 
commercial production was commenced in 1865 [17]. Later, it was widely spread across 
Europe to produce Portland slag cement to be used in underground structures to oppose 
the aggressive conditions in the ground [17].  The grinding of GGBFS was carried out by 
two processes viz. wet process [18], with limitations having developed by Victor Trief in 
Belgium, and dry process that was further adopted successfully [17]. The hydraulic activity 
of GGBFS depends on the chemical composition that determines its basicity index with the 
quick lime-to-silica ratio to be greater than 1[19] and it is enhanced with increasing 
calcium, magnesium, and aluminum oxide ranges and diminished with rising silica in water 
[20]. GGBFS causes variations in hydration products due to C-S-H gel, resulting in larger 
pore volumes in the cement matrix, high water absorption, and reduced strength. The 
activated alumina further reacts with portlandite and gypsum to produce Ettringite 
[21,22]. GGBFS has a superior water reduction effect and reduces the time-dependent loss 
of slump flow and fluidity [23]. Workability is reduced by the huge surface area with 
uneven surface texture of GGBFS [24].  Superplasticizer (SP) improves the performance of 
fresh mixture and disperses the powder particles through steric repulsion and its 
adsorption on cement particles might lower the initial hydration resulting in slow setting 
as well as initial strength growth of the paste [25]. GGBFS occupies the spaces in the 
aggregate to form denser concrete and influences the development of strength in SCC 
which depends on water-to-cement (w/c) ratio and quantity of GGBFS with the former’s 
increase leading to the increase in the latter at the three different percentages of slag [26].  
Compression, split tension and flexure of concrete are increased up to 20% substitution of 
GGBFS beyond which they are reduced due to a dearth of flowability [24, 26, 27] and 
dilution effect that forms the alkali–silica reaction with a huge amount of unreactive silica 
present in GGBFS [28].  The alkali-silica reaction stresses the concrete to enlarge forming 
the cracks [29].  

Colloidal nano silica (NS), obtained from the Weber Stober process [30], contains dense, 
‘amorphous hydroxylated silica particles’ of size 1-100 nm in an aqueous form [31], is used 
in the construction sector [32,33]. The vast specific surface area of NS contributes to an 
aggregate-cement binder [34] and entails a high water–cement ratio.  A higher quantity of 
PCE-based super-plasticizer is used to enhance flow properties to reduce particle 
agglomeration, and improper dispersion, and improve workability [35,43]. PCE improves 
NS dispersion and compressive strength of mortar and lowers the porosity and dangerous 
voids in hardened cement paste [36]. Well–dispersed nanoparticles activate to improve 
the hydration and consume the portlandite to form excess C-S-H gel during pozzolanic 
reactions [37-39] and thicken the cement paste [39].  The concrete's initial age strength is 
increased and its initial and final setting times are shortened by nano silica particles [40]. 
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The ITZ is also improved by the packing of smaller particles in all voids to decrease 
permeability [41]. When the amount of NS increases, the slump reduces due to the 
formation of silanol groups and inadequate water [42].  Adding up to 2% to 3% of NS as a 
replacement for cement in concrete can enhance its strength by leveraging its pozzolanic 
reactivity and filling action [43-45].   

Considering the previous research works on colloidal nano silica, it has been noted that the 
separate addition of NS solids content to binder materials and NS liquid content to the 
water and their effect on the workability and mechanical strengths of SCC were not 
discussed. The objective of the current research work is to investigate workability 
properties, mechanical strength properties and microstructural analysis of the high-
strength self-compacting concrete of Grade 50 incorporated with cement, GGBFS and 
colloidal nano silica (32% solids and 68% liquid) as cementitious materials and Auramix 
300 plus as superplasticizer of PCE type. 

2. Experimental Work 

2.1 Materials 

Ordinary Portland Cement 53 grade of KCP brand, confirming to IS 269:2015 [49] and 
GGBFS, confirming to IS 16714-2018 [50], the by-product of Visakhapatnam Steel Plant, 
were used in concrete mix and their chemical and physical characteristics are presented in 
Table 1 and Table 2 respectively. Colloidal Nano silica, designated as CemSyn XTX*, having 
a specific gravity of 1.22, was manufactured and procured from Beechems, Kanpur, Uttar 
Pradesh, India. The solid particles visible in Transmission Electron Microscopy image as 
shown in Fig. 1, contain active nano silica with liquid among them. 

 

Fig. 1. TEM image of Colloidal Nano Silica 

Coarse aggregate of size 10mm, having specific gravity 2.88, confirming to IS 383:2016 
[51], was obtained from Anjani Stone Crushers, Duddupalem, Anakapalli, India. River sand 
of type Zone – II having Fineness modulus 2.66 and specific gravity 2.61, confirming to IS 
383:2016, was utilized as fine aggregate in concrete mix [51]. Chemical admixture, 
Auramix 300 Plus of specific gravity 1.08**, which contains Viscosity Modifying Admixture 
procured from FOSROC, confirming to IS 9103-1999 [52], was used in SCC. Potable water 
was used during the concrete mixing. 
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Table 1. Chemical characteristics 

Sl. 
No. 

Characteristic 
OPC 

53*** 

Requirements 
as per 

IS 269:2015 
GGBFS**** 

Requirements 
as per 

IS 16714:2018 

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 0.78 Max. 3.0 

4 
Magnesia (% by 

mass) 
1.10 Max. 6.0 8.86 Max. 17 

5 
Sulphuric 

Anhydride (% by 
mass) 

1.74 Max. 3.5 0.66 Max. 3 

6 
Total loss of 
ignition (%) 

1.24 Max. 4.0 NIL Max. 3 

7 Chlorides (%) 0.002 Max. 0.1 0.012 Max. 0.1 

8 
Manganese Oxide 

(%) 
- - 0.72 Max. 5.5 

9 
Sulphide Sulphur 

(%) 
- - 0.78 Max. 2 

Table 2. Physical characteristics 

Sl. 
No. 

Characteristic OPC 53 
Requirements 

as per 
IS 269:2015 

GGBFS 
Requirements 

as per 
BS 6699:1992 

1 Fineness (m2/kg) 299*** Min. 225 342**** Min. 275 

2 
Soundness 
LeChatelier 

Expansion(mm) 
0.5 Max. 10 NIL Max. 10 

3 
Initial Setting 
Time (min.) 

165 Min. 30 185 More than 30 

4 
Normal 

Consistency (%) 
29.5 - 29 - 

5 Specific gravity 3.13 - 2.9 - 

6 

Compres
sive 

strength 
(MPa) 

7 
days 

49 Min. 37 29 Min. 12.0 

28 
days 

60 Min. 53 49 Min. 32.5 

Courtesy: *Bee Chems, Kanpur, Uttar Pradesh, India 

                     **FOSROC constructive solutions 

                     ***KCP Cement Limited, Andhra Pradesh, India 

                     **** Sri Vishnu Sai Saravana Enterprises, Autonagar, Visakhapatnam, India 
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2.2 SCC Mix Design 

In this research work, with reference to IS 10262:2019 [16], the standard deviation of 
concrete of Grade is 5N/mm2. The mean target strength of the concrete of grade 50 is 58.25 
N/mm2. The entrapped air content was taken as 1.5% of the volume of concrete for the 
nominal aggregate maximum size of 10mm. GGBFS was taken at a proportion of 20% 
[24,26,27] and the solids content in colloidal nano silica was taken in different proportions 
of 0%, 0.5%, 1%,1.5% and 2% by weight of the binder content and liquid content was 
added to the potable water by calculating it separately. The remaining proportion of the 
binder material contains cement. Based on the trials, the water to binder ratio was adopted 
to be 0.33 with the binder material and water content as 557.57 kg/m3 and 184 kg/m3. The 
influence of GGBFS on the fresh SCC depends on the fineness and admixture proportion as 
it retains water at increased fineness to lower fluidity and slump flow [24,26,27]. The 
admixture was considered 0.5% for concrete containing 0% NS and 0.7% for concrete 
containing the rest of the proportions of NS by weight of binder content. The mixes were 
given notation as mentioned in Table 3. The fines required were then calculated. The 
percentage of particles passing through 0.125 mm IS sieve was 3%. The total aggregate 
quantity was obtained in which fine aggregate lies within the limits of 48% to 60%.  Water 
to-powder ratio was within the limits.  

Table 3. Quantity of constituents in SCC                          

                  Mix Notation 
Constituents 

M20NS 
20G 

M20.5NS 
20G 

M21NS 
20G 

M21.5NS 
20G 

M22NS 
20G 

Cement (kg/m3) 446.06 445.17 444.28 443.38 442.49 
GGBFS (kg/m3) 111.52 111.52 111.52 111.52 111.52 

NS (kg/m3) 0 2.79 5.58 8.36 11.15 
NS(Solids) (kg/m3) 0 0.89 1.78 2.68 3.57 

NS(Liquids) (kg/m3) 0 1.89 3.79 5.69 7.58 
Water (kg/m3) 184 184 184 184 184 
Fine Aggregate 

(kg/m3) 
814.14 814.14 814.14 814.14 814.14 

Coarse Aggregate 
(kg/m3) 

879.9 871.17 865.41 859.65 853.89 

Chemical Admixture 
(kg/m3) 

2.79 3.90 3.90 3.90 3.9 

water-binder ratio 0.33 0.33 0.33 0.33 0.33 
Fines required 

(kg/m3) 
24.42 24.42 24.42 24.42 24.42 

Powder content 
(kg/m3) 

582 582 582 582 582 

Water powder ratio by 
volume 

0.97 0.96 0.96 0.96 0.96 

M2 0NS 20G   M2 = M 50   0NS = 0% NS  20G = 20% GGBFS 

The constituents were mixed in the concrete mixer. The fresh concrete was tested for its 
workability after mixing as shown in Fig.2. The flow table was allowed to rotate and 
subjected to impact as shown in Fig.2(a). The concrete was spread horizontally throughout 
the circumference of the table considering a maximum distance(mm) between the far ends 
to be slump indicating the flowability as shown in Fig.2(b). The concrete was poured into 
the V-Funnel to find the viscosity by counting down the time taken (s) to pass through it as 
shown in Fig.2(c) and in the L-Box through the vertical duct to pass down and move in the 
horizontal portion to study the passing ability as shown in Fig.2(d) [16].  
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2.3 Preparation of Test Specimens 

A total of 45 standard cube specimens of size 150mm x150mmx150mm were cast with the 
fresh concrete of the five different mixes. They were placed in ambient curing for 24 hours 
at 27±2°C and then in water curing after demoulding for the different durations of 7, 28, 
and 91 days [53]. Three specimens of all five mixes were tested for the compressive 
strength for the corresponding durations. The same procedure was repeated for 45 
standard cylindrical specimens of size 150mm diameter and 300 mm length to test for Split 
Tensile strength and 45 standard prism specimens of size 100mm x 100mm x500mm to 
test for flexural strength [53]. The notations for the specimens were considered as 
M20NS20G (reference mix), M20.5NS20G, M21NS20G, M21.5NS20G and M22NS20G. 

3. Results and Discussions 

3.1 Workability Tests on SCC 

The workability test values of SCC are mentioned in Table 4. The slump of M2 0NS20G is 
classified as SF1 and M20.5NS20G, M21NS20G and M21.5NS20G are classified as SF2 [16].  
The slump flow of M22NS20G was very less due to the assemblage of NS particles in the 
mix. The mix, M2 0.5 NS 20G, passed completely through the L-box like a liquid [16]. The 
viscosity of all the mixes exceeded 25 seconds i.e., V2 [16] 

Table 4. Fresh properties of SCC 

Mix Notation Slump(mm) h1(mm) h2(mm) 
Passing 
Ability 

(h1/ h2) 
Viscosity(s) 

M2 0NS 20G 620 53 315 0.17 96.00 
M2 0.5 NS 20G 670 65 65 1.00 32.19 

M2 1NS 20G 670 55 128 0.43 28.40 
M2 1.5NS 20G 680 42 210 0.20 64.95 
M2 2NS 20G 500 40 270 0.15 60.12 

 

 
 

(a) 

 
 

(b) 
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(c) 

 
 

(d) 

Fig. 2 Workability tests on scc (a) flow table equipment, (b) slump flow, (c)  viscosity 
test, and (d) passing ability test using L-Box 

3.2 Compressive Strength 

The strength of M20.5NS20G, M21NS20G, M21.5NS20G and M22NS20G was decreased by 
9.25%, 4.20%, 5.88%, and 17.09% to that of the reference mix, M20NS20G at 7 days and 
the tests were conducted on 300T compression testing machine as shown in Fig.4. 
Similarly, the strength of M20.5NS20G, M21NS20G, M22NS20G was decreased by 7.60%, 
6.52%, 4.34% and M21.5NS20G increased by 0.49% of that of the reference mix at 28 days.  
The strength of M20.5NS20G, M21NS20G, M22NS20G was decreased by 5.89%, 3.20%, 
11.92% and M21.5NS20G increased by 2.45% to that of the reference mix at 91 days 
respectively as shown in Fig.3.  

 

Fig. 3. Variation of compressive strength of SCC at 7,28,91 days 

The reduction in strengths of 0.5%,1% NS concrete might be due to the possible lack of 
dispersion of nanoparticles, which can lead to weak zones [47]. It has been noted that there 
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is a minor difference in the strength between the reference and optimum mixes except in 
the slump values and the minute enhancement of compressive strength in the optimum 
mix was increased by pozzolanic reactivity and the generation of extra C-S-H gel [46]. The 
mix containing 2% NS in pozzolanic reaction is diminished by its agglomeration and 
changes the original amorphous C-S-H gel into tobermorite leading to reduced 
compressive strength [47]. 

 

Fig. 4. Compressive strength test using 300T CTM 

3.3 Split Tensile Strength 

The strength of SCC mixes of M20.5NS20G and M21NS20G was decreased by 10.38%, 
18.87% and M21.5NS20G, M22NS20G increased by 31.13% and 20.75% that of the 
reference mix, M20NS20G at 7 days and the tests were conducted on 300T compression 
testing machine as shown in Fig.6.  

 

Fig. 5. Variation of split tensile strength of SCC at 7,28,91 days 

Similarly, the strength of M20.5NS20G, M22NS20G was decreased by 17.07%, 2.19% and 
M21NS20G and M21.5NS20G was increased by 8.05%, 9.27% to that of the reference mix 



Murty et al. / Research on Engineering Structures & Materials 10(4) (2024) 1467-1481 

 

1475 

at 28 days. The strength of M20.5NS20G, M22NS20G was decreased by 11.66%, 5.21% and 
M21NS20G, M21.5NS20G increased by 11.66%, 12.41% to that of the reference mix at 91 
days respectively as shown in Fig.5.  The cause of strength variance when compared to 
reference mix might be due to the improper nanoparticle dispersion that form weak 
portions [47]. When the proportion of NS exceeds 1.5%, the excess silica is leached out due 
to the liberated lime during cement hydration which leads to strength reduction [46,47].  

 

Fig. 6. Split tensile strength test using 300T CTM 

3.4 Flexural Strength 

The strength of SCC mixes of M20.5NS20G, M22NS20G was decreased by 0.70%, 3.51% and 
M21NS20G, M21.5NS20G increased by 5.62%, 5.80% to that of the reference mix, 
M20NS20G at 7 days and the tests were carried out on 100T universal testing machine. The 
strength of M20.5NS20G, M21NS20G, M21.5NS20G and M22NS20G was decreased by 
13.44%, 8.56%, 8.17% and13.44% to that of the reference mix at 28 days.  

 

Fig. 7Variation of flexural strength of SCC at 7,28,91 days 
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The strength of M21.5NS20G was decreased by 4.06% and M20.5NS20G, M21NS20G, 
M22NS20G increased by 3.04%, 1.65%, 3.04% that of reference mix at 91 days respectively 
as shown in Fig.7. Due to the rapid utilization of portlandite produced during the early age 
hydration of cement due to the high NS reactivity, the flexural strength increased up to 
1.5% [48].  However, at 28 days, it decreased in comparison to the reference mix, but it still 
exceeded the estimated flexural strength as per IS 456:2000 [54] and the required slump 
was achieved.  

 

Fig. 8. Flexural strength test using 100T UTM 

3.5 Microstructural studies on SCC 

Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD) tests were conducted on 
the optimum SCC mix, M21.5NS20G at 28 days, to study the compounds present in the 
concrete. The sample from the cube specimen was taken and ground into the powder using 
the impact testing equipment and then, it was sieved through 75 micron IS Sieve. The fine 
powder passed through the sieve was collected for the tests. The powder was compressed 
to a pill and dispersed in volatile solvent and placed on mounting pin for the test. Scanning 
Electron Microscope (SEM) test is an instrument used to produce a magnified image to 
study the internal structure of the material by ejecting electrons instead of light from an 
electron gun with much higher resolution due to the usage of electromagnets to control 
the degree of magnification to generate X-rays, backscattered and secondary electrons for 
image detection.  

Fig.9 illustrates the needle-shaped crystals of calcium tri sulfoaluminate or Ettringite, large 
prismatic crystals of calcium hydroxide and fiber-shaped C-S-H which enhanced strength 
of concrete. Similarly, NS enhanced the C-S-H gel formation and reduced calcium hydroxide 
to form a dense concrete structure [37-39].  

X-Ray Diffraction [55] is a method to find compounds present in the sample by emitting X-
rays from a X-ray tube that is placed on a goniometer along with sample, optics and 
detector. The powdered sample was placed on a glass slide in sample holder. The number 
of X-rays scattered by the sample is counted at each angle 2θ by the detector and its 
position is recorded as 2θ. The X-ray intensity is recorded as counts per unit time. The 
equipment is connected to Panalytical XPert High Score software (ICDD indexed) to 
identify the compounds as shown in Fig.10. The long-range order with sharp maxima and 
peak position indicates the crystalline nature. with Etrringite (Hexacalcium aluminate 
trisulfate hydrate), Xonotlite and Thaumasite (Calcium silicate hydrates), Yeelimite 



Murty et al. / Research on Engineering Structures & Materials 10(4) (2024) 1467-1481 

 

1477 

(Calcium sulfo aluminate) were identified as crystalline compounds with the parameters 
of the intensity (height of the peak), Full Width of Half Maximum (crystalline size) and 
detector angle (2θ). 

 

Fig. 9. SEM image of 28 days hardened SCC, M21.5NS20G 

 

Fig. 10. XRD pattern of 28 days SCC, M21.5NS20G 

4. Conclusions 

• The slump of the SCC was maximum at 1.5% NS as a binder, beyond which the NS 
solid particles accumulated and reduced the flow of SCC and the additional amount 
of superplasticizer (>0.7% of binder material) must be added to maintain the 
workability of the mix beyond 1.5% NS.  



Murty et al. / Research on Engineering Structures & Materials 10(4) (2024) 1467-1481 

 

1478 

• The compressive strength of optimum SCC was reduced by 5.88% at 7 days and was 
increased by 0.49% and 2.45% at 28 days and 91 days to that of the reference mix 
respectively. Despite the minor rise in optimum strength compared to reference mix, 
the high slump value of the optimum mix was achieved with a significant difference.  
NS, having a very small particle in size, enhanced the strength due to good pozzolanic 
activity and filled the voids in SCC, including ITZ, and formed extra C-S-H gel. 

• The split tensile strength of optimum SCC at 7, 28 and 91 days was increased by 
31.13%, 9.27% and 12.41% to that of the reference mix respectively. When the 
proportion of NS exceeds 1.5%, the excess silica was leached out due to the liberated 
lime during cement hydration and strength reduction. 

• The flexural strength of optimum SCC was decreased by 8.17% and 4.06% at 28 days 
and 91 days whereas it was increased by 5.8% at 7 days to that of the reference mix 
respectively. Its increase of up to 1.5% compared to other NS mixes was due to the 
quick utilization of portlandite liberated during the cement hydration at early ages 
due to the high reactivity of NS. Although the flexural strength of the optimum mix is 
less than that of the reference mix, it exceeded the estimated strength value and 
achieved the required slump. 

• Due to its greater specific surface area, NS functions as a binder between cement and 
aggregate, shortening the initial and final setting time and improving early age 
strength. 

• SEM and XRD pictures indicated calcium hydroxide and calcium silicate hydrate 
compounds with different crystalline structures. Strength is primarily due to these 
compounds. NS also increased C-S-H gel development and lowered calcium 
hydroxide, resulting in a compact concrete structure. 

5. Scope for further study 

• The current research can be expanded by incorporating a higher concentration of 
solid particles in the NS and examining its impact on the characteristics of SCC. 

• The effect of adding another binder material in SCC in addition to the existing ones, 
can be investigated. 
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 This study investigates the mechanical properties of M40 concrete in Pavement 
Quality Concrete (PQC) by incorporating Recycled Aggregates (RA) from 
construction, demolition waste and industrial wastes, such as GGBS and I-Crete, 
for sustainable pavement construction. The research explores varying 
proportions of RA (25% to 100% by weight in 25% intervals). Results show 
concrete mechanical strength decreases with higher RA proportions but all 
mixes still meet target strength criteria (compressive, flexural, split tensile) at 7, 
28, and 90 days of curing. Further testing on 100% RA (MRCA-100) with GGBS 
admixture from 5% to 35% in 5% increments found strength improves 
significantly up to 10% GGBS replacement by cement weight, with subsequent 
decreases at higher percentages Initially. Then introducing the mineral additive, 
I-Crete at 2% by weight of cement in 15% to 35% GGBS range results in notable 
strength enhancement, peaking at 25% GGBS replacement. Ultrasonic pulse 
velocity (UPV) and water absorption tests showed similar trends in 28-day 
strength across all mixes. Increased strength from better bonding was observed, 
with Scanning Electron Microscopy (SEM) showing enhanced hydration and 
bonding due to mineral admixture and additive. These findings underscore the 
efficacy of such additives in enhancing the mechanical strength of sustainable 
PQC. 
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1. Introduction  

In recent years, the construction industry has expanded significantly, focusing increasingly 
on sustainability and environmental accountability. This change has especially improved 
the attractiveness of using recycled materials in construction projects. Among these 
materials, Recycled aggregates (RA) have emerged as a viable and promising solution for 
promoting sustainable construction practices. RA encompasses crushed concrete, brick 
and other construction debris that have undergone a process of careful processing and 
preparation for reuse as a sustainable alternative. By repurposing these materials, the 
construction industry can substantially diminish the demand for virgin resources, mitigate 
waste generation, and lessen the environmental impact of construction activities.  

The encapsulated mortar around the RAC (Recycled aggregate concrete) possesses a lower 
density than the virgin aggregate [1]. The specific gravity of the RAC was reported to be 
between 2.35 to 2.58, sometimes nearly equivalent to conventional aggregate [2,3]. The 
specific gravity of the collection material is 2.60, which is less than that of the virgin 
aggregate as shown in Table 1. The RAC has water absorption of1.80%, which is much 
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higher than that of the virgin aggregate. The presence of adhered mortar in Recycled 
Aggregate Concrete (RAC) is primarily responsible for its porous nature, which results in 
higher levels of water absorption [3, 31]. Furthermore, another study [4] has reported 
even greater water absorption rates in RAC. The physical and mechanical properties of the 
RAC were judged to be less satisfactory than those of conventional aggregate due to the 
presence of residual mortar around the aggregate. This residual mortar is responsible for 
the weak structure observed in the RAC [5,6]. 

 

Fig. 1. Demonstration of detailed application of the methodology 

Due to the poor mechanical properties of the RAC, the compressive strength has been 
reduced by 15 to 20% compared to conventional concrete when using 100% 
replacements[6].The physical and mechanical properties of RA with different percentages 
of replacement RA as shown in Table 1 and its combined gradation with Natural aggregate 
(NA) of aggregate as shown in Table 3.It follows all permissible limits according to relevant 
codes and MORTH (Ministry of Road and Transportation Highways) specifications. 
Additionally, about a 20% to 25% reduction in strength was reported for replacements of 
25%, 50%, 75%, and 100%.However, it has been suggested that recycled aggregate can be 
used in medium-strength concrete by incorporating 25% RAC with a uniform water-
cement ratio [2]. The aggregate impact values increase as the replacement of RA increases 
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[2, 7]. All the impact values are within the permissible limits asper code specifications 
IS:383-2016 [8, 9]and MORTH [10]. The compressive strength and flexural strength of the 
concrete with 25% replacement of RAC as coarse aggregate and 50% replacement as fine 
aggregate were observed to be in the range of 30% to 40% and 15% to 40%, respectively 
[11]. Replacing the virgin aggregate with RA leads to a decline in strength, despite 
achieving the target strength with its semi-porous structure. The increase in strength can 
be achieved through the incorporation of other supplementary materials such as Ground 
Granulated Blast Furnace Slag (GGBS). 

GGBS is a widely used stabilized cementitious substitute material in the construction 
industry. It is obtained as a by-product of the iron and steel industry through the 
granulation of molten blast furnace slag. To enhance durability, a two-stage mixing process 
was employed, replacing 30% of the cement with GGBS and 50% with coal fly ash [12]. The 
strength can also be obtained with cement replacement made with 10% metakaolin and 
15% GGBS. Alternatively, the desired strength can also be attained by replacing cement 
with 10% metakaolin and 15% GGBS [13]. The inclusion of GGBS could potentially lead to 
an increase in strength, but it may not match the strength of conventional materials. 
Therefore, ongoing studies are being conducted to enhance the strength by combining RAC 
and GGBS [14]. A decrease in the 28-day compressive strength of RA concrete mixtures 
containing only GGBS was observed initially, but these mixtures gained strength at a later 
stage [15]. The present study aims to improve the strength of RAC by using cement mineral 
admixture and mineral additive such as GGBS and I-Crete to make eco-friendly concrete 
that reduces the carbon footprint in PQC. 

I-Crete complies with ASTM C1797 [16]: IS2645[17] and itis a mixture of additional 
cementitious ingredients and naturally existing minerals. It is a very reactive, high-quality 
addition for concrete applications because of its chemical makeup and well-regulated 
particle size retention on a 45-micronsieve of less than 10% [17, 18]. The physical 
properties for GGBS, Cement and I-Crete as shown in Table 2. The following flow chart 
depicts in detail the procedure to implement the methodology in Fig. 1. 

1.1 Research Significance 

Several studies have been conducted on the utility of recycled aggregate in concrete 
application, but limited research has been carried out on pavement application. Hence in 
this study, an attempt was made to use recycled aggregate as partial replacement of natural 
aggregate in PQC. In addition to replacing coarse aggregate, cement was replaced with 
GGBS and I-Crete to reduce carbon imprint in PQC. The optimal design mix is arrived at 
through laboratory investigations such as mechanical, water absorption and microscopic 
studies. 

2. Experimental Program 

This paper presents an experimental initiative conducted to investigate the performance 
of Pavement Quality Concrete (PQC) incorporating recycled aggregate and GGBS mineral 
admixture and I-Crete mineral additive. The study aims to assess the effects of these 
materials as partial replacements for cement in M40 grade PQC. 

2.1. Material Used in The Study 

RA was collected from the construction and demolition waste processing plant in 
Hyderabad, Telangana. It has a nominal size of 20-10 mm and exhibits high water 
absorption of 1.8% along with lower physical and mechanical properties and density 
compared to conventional aggregates. But they fall within the acceptable limits stated by 
IS 383-2016 [8] and the Ministry of Road and Transportation Highways (MORTH) [10]. In 
the present study, RA is used in the mix under Saturated Surface Dry (SSD) conditions. The 
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properties of RA and conventional aggregates are presented in Table1. River sand 
confirming to Zone-II [8] is used as fine aggregate Table 4 and its properties such as 
specific gravity, water absorption and bulk density are presented in Table5.OPC 53 grade 
is used as the bonding material, which is collected from the local vendor in Visakhapatnam. 
The physical and mechanical properties of the cement are carried out in according to the 
IS 12269: 2013 [19]. The cement supplementary materials, such as GGBS and I-Crete used 
in this study, were acquired from Sri Vishnu Sai Saravana Enterprises in Visakhapatnam 
and Navodaya Sciences Pvt Ltd in Chennai, respectively. The properties of Cement, GGBS, 
and I-Crete are depicted in Table2. The chemical composition of GGBS, Cement, and I-Crete 
is shown in Table 6. The potable water was used following IS 456-2000 [20] for the design 
mix and curing. CONPLAST SP 430 was used as a chemical admixture with a specific gravity 
of 1.20 with no chloride content and less than 1.5% air. The materials selected for the 
study, as shown in the Fig. 2. 

Table 1. Physical and mechanical properties of coarse aggregate 

Properties 
100% 

NA 

50% NA 
+ 50% 

RA 
100% RA 

Permissible limits as per 
standard specifications of 
MORTH and IS:383-2016 

Bulk density 
(kg/m3) 

1800 1750 1600 1200-1800 

Specific gravity 2.84 2.75 2.60 2.5 to 3 

Fineness modulus 7.06 7.135 7.15 6-7.5 

Water absorption 
(%) 

0.30 0.90 1.80 2 

Flakiness Index (%) 13 12 11 25 

Elongation Index 
(%) 

11 13 14 25 

Aggregate impact 
value (%) 

18.96 22.72 23.40 30 

Aggregate crushing 
value (%) 

18.01 22.41 25.47 30 

Angularity number 2 2.7 3 10 

Abrasion resistance 
(%) 

20 24.4 25.26 30 

Soundness test 
(mm) 

0.5 0.9 1.2 10mm 
 

Table 2. Description of physical properties of cement, GGBS, and I-Crete 

Test/ 
Material 

Specific 
gravity 

Fineness 
(m2/kg) 

 Initial      
setting time 

(min) 

Final setting 
time (min) 

Consistency 

Cement 3.15 260 165 230 30 

GGBS 2.90 340 190 322 32 

I-Crete 2.43 - 125 205 22 
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Table 3. Combined aggregate gradation for pavement quality concrete: as per IRC-44-
2017 

Sieve size 
(mm) 

A combined Natural 
aggregate of 20mm 

nominal size 
(% ge of finer) 

Combined Recycled 
aggregate 20mm 

nominal size 
(% ge of finer) 

IRC44-2017 
(19mm nominal size) 

(% ge of finer) 

37.5  100 100 100 
31.50  100 100 100 
26.50  100 100 100 

19 97.84 100 90-100 

9.50  56.14 61.64 48-78 
4.75  32.47 35.5 30-58 
0.6 19.24 21.34 8-35 

0.15 2.57 1.34 0-12 

0.075 
(wet sieving) 

0 0 
0-5 
0-2 

 

Table 4. Fine aggregate gradation for pavement quality concrete  

Sieve size (mm) % Of finer 
Zone-IIas per IRC -44-2017 

 

10 100 100 

4.75 98 90-100 

2.36 85 75-100 
1.18 65 55-90 

0.600 60 35-59 
0.300 25 8-30 

0.150 2 0-10 
 

Table 5. Physical and mechanical properties of fine aggregate (River Sand) 

Properties   Test value As per IS 383-2016 
Specific gravity 2.61 2.5 to 3.0 

Bulk density- compacted  1780 
 

1680 to 1920 kg/m³ 
 

         Bulk density –Loose 1580 
 

1440 to 1680 kg/m³ 

Water absorption  1.06 1-2% 
 

Table 6. Chemical composition of cement, GGBS, I-Crete 

Material SiO2 (%) Fe2O3 (%) 
Al2O3 
(%) 

Cao (%) MgO (%) Other (%) 

Cement 22.5 0.3 6.5 62.5 3.2 5 

GGBS 47.65 0.0 7.50 24.11 4.81 15.93 

I-Crete 47.56 0.57 6.04 15.59 2.46 27.78 
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(a) 

 
(b) 

 
(c) 

 

 
(e) 

Fig. 2. Images of the materials used in the current study (a)  recycledaggregate, (b) 
natural aggregate, (c) cement, (d) ggbs and (e)I – crete 

2.2 Mix Design 

The complete mix design for M40 grade was carried out as per the specification provided 
inIRC-44-2017 [21] and IRC 15-2017 [22], incorporating the provisions of IS 10262-
2019[23] for pavement quality concrete. The quantification for each design mix as shown 
in Table 7. The experimental procedure was performed in four stages, as follows: 

• Stage 1: The PQC M-40 grade concrete mix uses natural aggregates, with no recycled 
aggregates or cementitious materials, serving as the control mix. 

• Stage 2: The concrete mixture consisted of a 60% replacement of 10-20mm size 
aggregate in proportions of 0%, 25%, 50%, 75%, and 100% with RAC, while the 
remaining 40% was filled with a conventional aggregate size of 10mm. 
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• Stage 3: Concrete mixtures were prepared with GGBS as a cement replacement 
ranging from 5% to 35 % at 5% intervals, with 100% recycled aggregate. 
 

• Stage 4: Concrete mixtures were prepared using GGBS 15%-35% at 5% intervals 
and with 100% RA, and with the addition of I-Crete at a 2% dosage by weight of 
cement. 

2.3 Studies on Fresh Concrete 

The workability of the freshly prepared concrete mixtures, composed of different 
proportions of Natural Aggregates (NA), Recycled Aggregate concrete (RAC), GGBS and I-
Crete, was determined by using slump cone and compaction factor apparatus as per IS 
1199(part-I):2018[24] and the experimental results are presented in Fig.3 and Fig.4 
respectively. 

2.4 Studies on Hardened Concrete 

Destructive and Non-Destructive tests were performed on the hardened concrete to 
evaluate the quality and strength of the different concrete mixtures. The Non-Destructive 
tests (NDT), such as the UPV (Ultrasonic Pulse Velocity) test were performed after 28 days 
of curing as per IS 516 Part 5: Sec 1: 2018 [25]. Water absorption was determined after28 
days of curing as per IS 516:Part 1:2018[25]. The compressive strength test was carried 
out following the standard procedure IS516:Part 1:2018[25]. Cube moulds of standard size 
of 150mm x 150mm x 150mm were cast to perform the compressive strength test. The 
maximum load corresponding to the failure of the specimen divided by the cross-sectional 
area of the specimen is recorded as the Compressive strength. Split tensile strength was 
carried out in compliance with IS 516 Part 1:2018[25]. Standard cylindrical specimens 
with a size of 150mm diameter x 300mm height were cast for each concrete mix. Prisms of 
the standard size 100mm x100mmx500mm were cast according to IS 516 Part 1:2018[25]. 
For each mix proportion, three replicates were cast, and the specimens were cured for 7, 
28, and 90 days respectively. 

Table 7. The quantification for each design mix 

Notati-
on 

Mineral admixture and 
mineral additive 

(kg/m3) 

Recycled 
agg. (10mm-

20mm)  
(60% of 

recycled agg. 
) 

replacement
(kg/m3) 

 

 40%0f 
10mm 
size agg. 
(kg/m3) 

Total 
Coarse 

agg. 
(kg/m3) 

Cement 
(kg/m3) 

 
 
 

Water 
ltr/m3 

Fine agg. 
(River 
sand) 

(kg/m3) 
Type 

of Mix 
ID 

GGBS I-Crete 

% kg % kg % kg Kg kg kg ltr/m3 kg/m3 
MNAC 0 0 0 0 0 0 509.20 1273 411 156 651 
MRAC

25 
0 0 0 0 25 176 504.80 1262 411 156 651 

MRAC
50 

0 0 0 
 

0 
50 352 498.40 1246 411 156 651 

MRAC
75 

0 0 0 
 

0 
75 528 492 1230 411 156 651 

MRAC
100 

0 0 0 
 

0 
100 728 485.20 1213 411 156 651 

MRAC-
100 
+5% 
GGBS 

5 20.55 0 
 

0 
100 728 485.20 1213 390.45 156 651 



Babu and Rani / Research on Engineering Structures & Materials 10(4) (2024) 1483-1504 

 

1490 

3. Results and Discussions 

3.1 Studies on Fresh Concrete Mix 

The slump values and compaction factors were observed to decrease with an increase in 
RA content as shown in Fig. 3 and Fig.4respectively. The slump values and compaction 
factors, with a uniform water-to-cement ratio (w/c) of 0.38 and 0.7% of super-plasticizer, 
ranging from 45mm to 38mm slump values and 0.89 to 0.79 compaction factor values 
respectively, as the RA replacement percentage increased from 0 to 100%.  The decrease 
in slump can be attributed to the higher water absorption and porous structure of MRAC 
(Mix with Recycled Aggregate Concrete). Furthermore, with the inclusion of GGBS in 
addition to the 100% MRAC replacement, the slump value decreased to 30mm[9, 26, 27, 
28,29].The compaction factor decreased to 0.73.As the proportion of the RAC rises, there 
is a corresponding decline in the compaction factor[30].This decrease can be attributed to 
the higher specific surface area of GGBS compared to cement which in turn requires more 
water to become workable [21, 28,]. 

There was no appreciable change in slump observed with the incorporation of I-Crete. It 
can be noted that adding 2% of I-Crete, which is a marginal amount, hardly influenced the 
slump and compaction factor. However, the observed slump values are within the 
permissible limits (30±15 mm) stipulated by the IRC 15-2017[22], and for achieving the 
necessary workability control in pavement quality concrete, compaction is more 
appropriate than slump values. As per IS 456-2000[20], suggested IS 1199(part-I):2018 
[24] for PQC is 0.75 to 0.80. In most cases, the compaction factor values of the above mix 
follow the recommended range.  

MRAC-
100 

+10% 
GGBS 

10 40.10 0 
 

0 
100 728 485.20 1213 370.90 156 651 

MRAC-
100 

+15% 
GGBS 

 
15 

 
61.65 0 

 
0 

100 728 485.20 1213 349.35 156 651 

MRAC-
100 

+15% 
GGBS 
+2% I 

15 61.65 2 
 
 

8.22 
100 728 485.20 1213 341.13 156 651 

MRAC-
100 

+20% 
GGBS 
+2% I 

20 82.20 2 
 
 

8.22 
100 728 485.20 1213 

 
 

341.13 
156 651 

MRAC-
100 

+25% 
GGBS 
+2% I 

25 102.75 2 
 
 

8.22 
100 728 485.20 1213 

 
 

341.13 
156 651 

MRAC-
100 

+30% 
GGBS 
+2% I 

30 123.30 2 
 
 

8.22 
100 728 485.20 1213 

 
 

341.13 
156 651 
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Fig. 3. Variations  of slump values for different mixes 

 

Fig. 4. Variation of compaction factor for  different mixes 

3.2 Studies on Hardened Concrete 

3.2.1 Compressive Strength 

Compressive strength of the concrete mixtures was carried out in the laboratory as 
perIS516:2018[25]. When replaced with RAC up to 100% with 25% intervals, The 7 days 
compressive strength of (MNAC, MRAC-25, MRAC-50, MRAC-75, MRAC-100) decreases 
from 38.32 MPa to 35.35 MPa, the percentage of reduction compressive strength is when 
compared MNAC mix to MRCA-100 is 7.75%. The exhibited a decrease from 51.10 MPa to 
48.43 MPa at 28 days curing and 53.01 MPa to 50.05 MPa at 90 days curing, as indicated in 
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Table 8. The reduction in compressive strength can be attributed to the fact that the 
available free surface on the RAC for cement adhesion has been diminished. This reduction 
is a result of the pre-attached mortar on the RAC, which creates a weakened Interfacial 
Transition Zone (ITZ), thus leading to a compromised bonding mechanism [9, 27]. 
Additionally, the texture of the RAC is porous, resulting in higher water absorption and 
lower mechanical strength in comparison to conventional aggregates [31]. Despite these 
factors, the total observed percentage decrease in strength was 5.58% at 100% RAC when 
compared to conventional concrete. Nevertheless, the achieved strength still satisfied the 
required target strength specified by the IRC58:2017[32] code provisions. Subsequent 
investigations involved the incorporation of GGBS as a cement replacement in conjunction 
with 100% RAC replacement. 

GGBS was introduced in varying proportions, ranging from 5% to 35% with a 5% 
increment. The decision to employ 100% RAC replacement was made based on its ability 
to attain the target strength, thus maximizing the effective utilization of RAC for 
sustainable concrete construction. A maximum increase in compressive strength of 0.97% 

was noted in the case of 10% GGBS inclusion (MRAC100+10% GGBS) when compared to 

100% RAC (MRAC-100) alone. However, as the GGBS content was further increased, a 

subsequent decrease in strength was observed.  The Same trend follow in 7 days of curing. 

The observed strength enhancement resulting from the inclusion of GGBS can be attributed 

to its higher specific surface area, which facilitates the formation of efficient reactive 

hydration products in conjunction with the cement [20]. However, surpassing the 10% 

GGBS leads to an increase in voids within the mixture, consequently causing a decline in 

strength. Despite identifying the optimized GGBS content at 10% through analysis, the aim 

to minimize carbon footprint prompted the utilization of the maximum GGBS proportion, 

some research findings indicate that the optimal results in terms of compressive strength 

for rigid pavement were achieved when GGBS was used as a partial replacement for 

cement, specifically up to 15%. Notably, at a 10% replacement level, a substantial 12% 

increase in compressive strength was observed [33]. Efforts were undertaken to balance 

the strength with that of conventional aggregate.  

 

Fig. 5. Compressive strength test 

To counteract the diminishing strength, the introduction of I-Crete commenced at the 15% 
GGBS inclusion level. This development could potentially represent a significant stride 
towards reducing carbon emissions and establishing sustainable methods for the effective 
utilization of waste materials [31]. Maintaining a constant 2% I-Crete content, the 
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assessment of strength was conducted by progressively increasing the GGBS content up to 
35%. Notably, commendable compressive strengths of the 7 days of early-stage strength 
are at MRCA-100+20%GGBS+2I gained early strength 38 MPa and it is nearly equal to the 
MNAC mix. The reason for developing early strength is that I-Create is a composite 
pozzolanic material that develops good bonding strength in the early stages. The 51.11 
MPa and 52.88 MPa were observed at 28 and 90 days of curing with a GGBS content of 25% 
and an I-Crete content of 2%. These values align with the compressive strength of the 
conventional concrete mixtures (MNAC) as shown in Fig. 6.  Compressive strength test 
setup with specimen shown in Fig. 5. 

 

Fig. 6. Variation of compressive strength with different curing periods for different 
mixes 

3.2.2 Split Tensile Strength 

The trend observed in split tensile strength followed as that of the compressive strength. 
The 7 days split tensile strength of (MNAC, MRAC-25, MRAC-50, MRAC-75, MRAC-100) 
decreases from 3.78 MPa to 2.69 MPa, the percentage of reduction is when compared 
MNAC mix to MRCA-100 is 28.83% decreased. The most notable reduction in tensile 
strength was seen at 100% RAC, amounting to a decline of 28.83%, as indicated in Table 8. 
The split tensile strength exhibits a decreasing trend as the replacement ratio of RAC 
increases [34,35]. Subsequently, the introduction of GGBS to the 100% (MRAC-100) 
mixture increased in tensile strength. This increase can be attributed to the inter-particle 
bonding between cement and GGBS, which leads to reduced porosity and enhanced tensile 
strength. The most significant increase, amounting to 20.64%, was observed with a 10% 
GGBS replacement of cement at the 90-day mark. The incorporation of slag cement has 
been noted to elevate the tensile strength of RAC by a significant 25% compared to RAC 
without these mineral admixtures [36], followed by a subsequent decrease with higher 
GGBS content. To counter the decline in strength [33]. I-Crete was incorporated into the 
concrete mixtures starting from 15% GGBS, Strength enhancement was observed with 
increasing I-Crete content, up to 25% GGBS, paralleling the trends seen in the compressive 
strength observations. The 7 days of early stage split tensile strength is at MRCA-
100+20%GGBS+2I gained early strength 3.90MPa and it is more than to the MNAC mix. 
The reason for developing early strength is that I-Create is a composite pozzolanic material 
that develops good bonding strength in the early stages.  
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The 4.20 MPa and 5.10 MPa were observed at 28 and 90 days of curing with a GGBS content 
of 25% and an I-Crete content of 2%. These values align with the split tensile strength of 
the conventional concrete mixtures (MNAC) as the trend is shown in Fig. 8. Split tensile 
strength test setup with specimen shown in Fig. 7. 

 

Fig. 7. Split tensile strength test 

 

Fig. 8.  Variation of split tensile strength with different curing periods for different 
mixes 

3.2.3 Flexural Strength 

Flexural strength plays a vital role in the design of rigid pavement, especially when 
subjected to the effects of multi-axle repetitions. These repetitions can lead to phenomena 
such as bottom-up and top-down cracking, which are further influenced by concurrent 
diurnal and seasonal temperature variations. The primary application of concrete's 
flexural strength lies in the calculation of the stress ratio. This ratio serves as a determinant 
for the number of repetitions required to induce cracking. For design purposes, the 90-day 
flexural strength is typically chosen, as concrete continues to gain strength during this 
period. IRC 58-2015 [32] recommends a flexural strength of 4.5 MPa at 28 days, and at 90 
days, the flexural strength should be 1.1 times that of the 28-day strength. The 7 days 



Babu and Rani / Research on Engineering Structures & Materials 10(4) (2024) 1483-1504 

 

1495 

flexural strength of (MNAC, MRAC-25, MRAC-50, MRAC-75, MRAC-100) decreases from 
4.33MPa to 3.64MPa, the percentage of reduction is when compared MNAC mix to MRCA-
100 is 15.93%. All the mixtures achieved a flexural strength of more than 4.5 MPa at 28 
days, thereby satisfying the design criteria as per IRC58-2015[32]. In the current analysis, 
the flexural strength after a 90-day curing period ranged from 1.02 to 1.10 times the 
flexural strength at 28 days for mixtures containing RAC replacement.  

The introduction of 2% I-Crete resulted in a range of approximately 1.03 to 1.19 times the 
strength at 28 days. The flexural strengths of all the mixtures exhibited similar trends to 
those observed in compressive strength. The flexural strengths of all the mixes followed 
similar trends as that of the compressive strength. The highest reduction in strength 
occurred in MRAC100, amounting to 17.90% in RCA mixtures alone. The flexural strength 
of RAC exhibits a diminishing trend as the replacement ratio of RA increases. [28, 37, 38]. 
Conversely, an increase in strength of 7.38% was noted when comparing MRCA100 to the 
mix with 10% GGBS inclusion (MRAC100+10%GGBS) [ 39]. The strength equivalent to 
MNAC was achieved in the MRAC100+25%GGBS+2%I mixture, measuring 5.98 MPa at 28 
days and 6.65 MPa at 90 days, the trend as shown in Fig. 10. Flexural strength test setup 
with specimen shown in Fig. 9. 

 

Fig. 9. Flexural strength test 
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Fig. 10. Variation of flexural strength with different curing periods for different mixes 

3.2.4 Correlation Between Compressive Strength and Flexural Strength 

A correlation, with a coefficient of 0.9481, has been obtained between compressive 
strength and flexural strength for all concrete mixtures, as shown in Fig. 11. It has also been 
observed that there is a power function relationship between compressive strength and 
flexural strength in one of the studies, characterized by a correlation coefficient of 
0.89[40]. With the correlation established in this study, it is possible to estimate the 
compressive strength of all mixtures based on their flexural strength. 

 

Fig. 11. Correlation graph between compressive strength and flexural strength for all 
mixes 

3.2.5 Correlation Between Compressive Strength and Split Tensile Strength 

For all concrete combinations, a high association between compressive strength and split 
tensile strength has been found, with a coefficient of 0.8413, as indicated in Figure 12. 
Additionally, it has been noted that one of the researches shows a power function 
relationship with a correlation coefficient of 0.89 [40] between compressive strength and 
split tensile strength. It is now feasible to determine the compressive strength of any mixes 
based on their split tensile strength owing to the correlation discovered in this research. 

 

Fig. 12.Correlation graph between compressive strength and split tensile strength for 
all mixes 
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Table 8. Mechanical properties of concrete mixes under study 

Mix 
designa

tion 

Compressive strength 
(MPa) 

Flexural strength 
(MPa) 

Split tensile 
strength(MPa) 

Wate
r 
absor
ption 
(%) 

28 
days 

UPV 
for 28 
days in 
(m/s) 7  

days 
28 

days 
90 
days 

7 
days 

28 
days 

90 
days 

7 
days 

28 
days 

90 
days 

MNAC 38.32 51.10 53.01 4.33 6.10 6.71 3.78 5.18 5.59 0.94 5043 
MRAC-

25 
36.60 50.84 52.41 4.22 5.87 5.97 3.16 4.66 5.11 1.12 4958 

MRAC-
50 

34.76 49.66 51.63 4.06 5.65 5.70 2.96 4.17 4.58 1.60 4881 

MRAC-
75 

34.86 49.10 50.50 3.96 5.36 5.62 2.88 4.12 4.49 1.80 4820 

MRAC-
100 

35.35 48.43 49.00 3.64 5.01 5.51 2.69 3.69 4.02 1.20 4617 

MRAC-
100 
+5% 
GGBS 

35.67 48.57 50.10 3.85 5.10 5.61 2.71 3.75 4.45 1.90 4663 

MRAC-
100 

+10% 
GGBS 

36.2 48.90 51.20 3.90 5.38 5.68 2.90 3.98 4.85 1.15 4748 

 
MRAC-

100 
+15% 
GGBS 

34.00 47.00 49.00 3.10 4.26 5.10 2.60 3.60 4.10 1.10 4636 

MRAC-
100 

+15% 
GGBS 
+2% I 

36.90 49.00 50.85 4.10 5.40 5.78 3.01 4.10 4.90 1.05 4776 

MRAC-
100 

+20% 
GGBS 
+2% I 

38.00 49.88 50.78 4.85 5.65 5.82 3.90 4.20 5.10 1.01 4900 

MRAC-
100 

+25% 
GGBS 
+2% I 

37.00 51.11 52.88 4.20 5.98 6.65 3.20 5.14 5.61 0.90 5002 

MRAC-
100 

+30% 
GGBS 
+2% I 

36.00 49.10 50.60 4.20 5.30 6.30 3.20 4.12 4.29 1.01 4950 

MRAC-
100 

+35% 
GGBS 
+2% I 

35.50 48.40 50.01 3.90 5.12 5.97 3.10 4.15 4.10 1.00 4750 
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3.2.6Water Absorption 

In the conventional concrete mix design, the MNAC water absorption percentage after28 
days of curing is found to be 0.94%. However, as the percentage of recycled aggregate in 
the mix increases, the water absorption also increases [9, 27]. For MRAC-100, the water 
absorption rate is 1.2%, which is higher than the conventional mix. This represents a 
32.5%increase in water absorption compared to the conventional concrete mix. This 
higher water absorption adversely affects the concrete, leading to poor workability, 
significant slump loss, and the potential for concrete pumping blockages. It has been 
observed that incorporating different mineral admixtures tends to reduce the water 
absorption percentage, and the degree of reduction varies depending on the properties of 
the included mineral admixture and mineral additive. In the case of concrete mixes with 
GGBS, the observed water absorption value for MRAC-100+25% GGBS+2I is only 0.9%, and 
it is lower than that of MNAC mix, while for mixes with GGBS, this value is approximately 
1.9% and 1.15% for MRCA-100+5% GGBS and MRCA-100+ 10% GGBS, respectively. This 
improvement in water absorption parameters can be attributed to the presence of 
ultrafine particles in the mineral admixture and mineral additive, which refines the pore 
structure of the concrete, making it less permeable. This, in turn, leads to better strength 
development in concrete, as discussed in the results for compressive, flexural, and split 
tensile strength as shown in Fig. 12. 

 

Fig: 12. Variation of water absorption with different curing periods for different mixes 

3.2.8 Ultrasonic Pulse Velocity 

Indian Road Congress (IRC) provides guidelines for quality control of pavement materials 
and construction, including the use of Ultrasonic Pulse Velocity (UPV) for assessing the 
quality of PQC as shown in Fig. 14. These guidelines help ensure that the concrete used in 
road construction meets the required standards and specifications IS 516 part5-2018[25]. 
The test setup for cube as shown in Fig. 13. 
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Fig. 13. Ultrasonic pulse velocity test 

 

Fig. 14. Ultrasonic pulse velocity for various  mixes 

4. Scanning Electron Microscopic (SEM) Analysis  

Scanning Electron Microscopy (SEM) is one of the most adaptable technologies available 
for observing and analyzing the micro structural characteristics of solid materials. SEM is 
used to provide high-resolution photographs of an object's form and to detect spatial 
differences in chemical composition. SEM investigations of the fracture surfaces of 
concrete constructed from RAC with varying mineral contents were performed [41]. These 
composites were included in a study at a curing age of 28 days. In Fig. 15 (a), the SEM 
imaging of the MNAC mix show the microstructure at the virgin aggregate-concrete-
cement interface, revealing the formation of Calcium-Silicate-Hydrate (C-S-H) gel and 
other hydrated compounds. The existence of hexagonal and fine bundle-type structures 
implies that hydroxide compounds and C-S-H gels are abundant. In Fig. 15(b) the 
microstructure of MRAC-100 diverges from that of normal concrete due to the presence of 
adhered mortar from the old cement matrix. This results in the formation of two Interfacial 
Transition Zones (ITZ): one between natural aggregates (NA) and the old cement matrix, 
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and another between the new cement matrix [42, 43]. The MRAC-100 mix's SEM picture 
displays an abundance of needle-like ettringite and hexagonal calcium hydroxide particles. 
Incomplete hydration is responsible for the occurrence of an excess of calcium hydroxide 
particles, voids, and the ITZ. This loss of strength is attributed to a weaker ITZ caused by 
weakly adhered mortar surrounding the recycled aggregate particles, which interferes 
with aggregate bonding and reduces the overall strength. Utilizing SSD aggregates has been 
observed to notably diminish the micro pores in concrete. This is attributed to the fact that 
SSD aggregates, having no absorbed water during the casting process, do not release 
entrapped air during the concrete setting [44]. Prior research has efficiently summarized 
the analysis of Recycled Aggregate Concrete (RAC) with pozzolanic materials; Chemical 
admixtures boost ITZ density. Pozzolanic reactions with anhydrate Ca(OH)2 generate 
secondary C-S-H gel, improving MRAC structural weaknesses [27, 44-47]. Indications show 
that the mean and median particle sizes of GGBS and I-Crete particles are spherical in 
shape. SEM images were obtained for GGBS Fig. 15(d) and I-Crete Fig. 15(e). Spherical 
particles increase ITZ in concrete by increasing packing efficiency, reducing voids, and 
more uniformly dispersing stresses. Their smooth surface and greater workability aid in 
bonding, resulting in a stronger ITZ. SEM image Fig. 15(c) of MRCA-100+25% GGBS+2I 
reveals an increase in C-S-H and Calcium Hydroxide (CH) content in the mix. GGBS and I-
Crete have pozzolanic qualities that, when added to concrete, accelerate the hydration 
process and increase the amount of hydration products. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

Fig. 15. SEM Images(a) MNAC mix, (b) MRCA – 100 mix, (c) MRCA – 100+25% GGBS + 
2I, (d) GGBS and (e) I – Crete 

The enhanced strength metrics, particularly in compressive and flexural strength, clearly 
demonstrate the strength of the ITZ. This improvement in flexural strength (as shown in 
Table 8) is especially desired because the concrete mix has been specifically formulated 
for stiff pavement applications. Increased durability is also a result of the decrease of voids. 

5. Conclusion 

The laboratory study yields the following conclusions. 

• Studies conducted on fresh concrete with increasing amounts of RA have shown a 
decrease in the compaction factor from 0.89 to 0.79 and the slump also followed a 
similar trend, decreasing from 45 mm to 38 mm. further replacement of cement up 
to 10%GGBS, also showed a decrease in compaction factor from 0.79 to 0.73 and 
slump reduction from 38mm to 30mm. However, the inclusion of I-Crete had no 
appreciable effect on the properties of fresh concrete. 

• The replacement of NA with RA decreased the performance of RAC. Compressive 
strength decreased by 5.22% to 7.84% across all curing durations, while flexural 
strength and split tensile strength decreased by 15.93% to 17.88% and 28.08% to 
28.83%, respectively. However, the required target strength was met. 

• GGBS replacement levels increased from 5% to 35% in 5% intervals, with MRCA-100 
being the most efficient. MRCA-100 with GGBS demonstrated up to a 10% 
improvement in compressive strength, with results ranging from 0.96% to 4.29% for 
all phases of curing when compared to the MRCA-100 mix.  Flexural strength and split 
tensile strength increased by 2.99% to 6.87%, and 7.24% to 7.28%, respectively, 
throughout all curing times This increase can be attributed to the inter-particle 
bonding between cement and GGBS, which leads to reduced porosity and enhanced 
compressive strength, tensile strength and flexural strength. However, strength 
began to decline after GGBS replacement levels were above 15%. 

• Adding 2% I-Crete to MRCA-100 with 15% to 35% GGBS in 5% intervals showed 
increases in compressive, split tensile, and flexural strength by 5.24% to 7.33%, 
28.34% to 31.02% and 16.22% to 24.94% respectively increased in the MRCA-
100+25%GGBS+2I mix exhibited these improvements over MRCA-100 across 7, 28 
and 90-day curing periods. The reason for developing strength is that I-Create is a 
composite pozzolanic material that develops good bonding strength in the early and 
later stages. The optimal replacement of 25% GGBS and 2% I-Crete in RAC mixes not 
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only improves strength but also drops prices and adverse environmental impacts, as 
GGBS is an industrial by-product. 

• In conventional concrete, 28-day cured MNAC specimens had a water absorption rate 
of 0.94%. But MRCA-100 exhibits a 32.5% rise to 1.2%, due to increased RA 
concentration. Adding mineral admixtures such as GGBS and I-Crete helps to limit 
water absorption. The UPV test target result is exceptional in all I-Crete and virgin 
mixtures, and good in others, indicating that they fulfill IS:516 specifications. 

• The SEM image of the 28-day-cured MNAC mix reveals a complex microstructure at 
the interface of virgin aggregate, concrete, and cement, including gels made up of C-
S-H and hydrated compounds with hexagonal and fine bundle-type structures. In 
MRAC-100, the inclusion of needle-like ettringite and hexagonal calcium hydroxide 
particles indicates insufficient hydration and a weak ITZ, resulting in decreasing 
strength. SEM pictures of GGBS and I-Crete reveal spherical particles and, when 
mixed in MRCA-100+25% GGBS+2I, an increase in C-S-H and CH. Their pozzolanic 
capabilities increase hydration while also improving pavement bonding as well as 
structure quality. 
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 The influence of crude oil (CRO) pollution on concrete compressive strength and 
durability performance is evaluated in this work. Due to CRO contamination on 
its compositions, concrete exposed to oil-prone areas may lead to considerable 
changes in its properties. Experimental work has been conducted, and several 
cubes of concrete with varying ratios of CRO pollution were treated to study the 
impact of pollution on the mechanical characteristics of the concrete. The current 
research methodology consists of preparing contaminants by mixing CRO in 
different ratios with fine aggregates and mixing it with other raw materials to 
produce polluted concrete. Twelve CRO ratios (0, 1, 2, 2.5, 3, 4, 5, 6, 10, 15, 20, 
and 25%) were utilized to test typical concrete slump, compressive, and tensile 
strength. Then, the same concrete procedure and testing were repeated by 
utilizing 2% CRO in the case of reactive powder concrete. The chemical test was 
also utilized to identify the changes in concrete composition for the three 
samples (standard concrete without CRO, standard concrete with 2% CRO, and 
reactive powder concrete sample). The experimental tests illustrated that a ratio 
of 2% of CRO in standard concrete improves compressive and tensile strength, 
while utilizing the same ratio in reactive powder concrete reduces strength. On 
the other hand, utilizing 2% CRO illustrates that the internal sulfate amount has 
been increased for both normal and reactive powder concrete compared with 
normal concrete samples without CRO, which refers to a reduction in concrete 
durability. 

© 2024 MIM Research Group. All rights reserved. 
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Introduction 

Concrete is a combination of cement, aggregate (coarse and fine), and water and is 
unquestionably the most frequently utilized material in the development of civil 
engineering projects [1,2]. The slurry (water and cement) binds the aggregate together to 
form a solid mass; the paste hardens due to a hydration reaction (for example, the chemical 
reaction of water and cement) [3]. It is a versatile construction and building material 
utilized for various purposes [4]. Several elements, such as additives and admixtures, may 
be utilized to modify the characteristics of the concrete to get the desired outcome 
property, depending on the engineer's specifications or requirements [5,6]. Crude oil 
(CRO) is among the most significant energy sources influencing any country's economy. Oil 
leaks throughout oil production and extraction are becoming severe global environmental 
issues, as seen in Fig. 1. The frequency of oil spills. Other environmental issues contribute 
to a decline in agricultural production, notably in the fishing industry, as illustrated in Fig. 
2 [7], where the loss of the annual revenue from fishing activities has been reduced with 
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time due to the spill of large quantities of oil in the water during the last 40 years. For 
instance, large volumes of oily effluent are generated as part of production processes, 
contaminating neighboring materials such as sand [8]. 

Consequently, CRO pollution directly impacts sand erosion, water penetration, and the 
potential for groundfire [9]. Sand’s physio-chemical qualities are also affected by CRO 
pollution [10]. Sharma and Reddy [11] found that as the density of the fluid filling the gaps 
rises and the fluid viscosity decreases, the intrinsic permeability (k) of contaminated sand 
increases. Because the sand’s permeability expanded as the CRO’s viscosity reduced, the 
CRO spread quickly, affecting a broader area. Moreover, CRO pollution is more likely to 
reach subsurface water. According to many investigations, groundwater pollution by CRO 
and other petroleum-based liquids has become a common concern [12]. 

  
Fig. 1. The CRO spill in water 

Some researchers consider utilizing oil-polluted sand in cement and concrete 
manufacturing as a sustainable, green, and cost-effective solution. With the development, 
the final product can be employed in various technical applications [13]. Ajagbe et al. [14] 
studied the impact of CRO on concrete compressive strength, where it was found that 25 
%of CRO pollution resulted in a loss of 90 %compressive strength. Another investigation 
utilized oil solidification utilizing the direct immobilization approach. Some research has 
been done to see whether utilizing polluted sand in a building is functional. 

Moreover, multiple studies [15–17] have investigated the impacts of various light CRO 
pollution %(0.5, 1, 2, 4, 6, 8, 10, and 20% by weight) on the mechanical microstructure and 
characteristics of produced concrete. These investigations found that at a contamination 
level of up to 6%, concrete with minor CRO contamination may preserve most of its 
compressive and splitting tensile strength. A good connection between the steel concrete 
and reinforcement may be formed due to this oil pollution. 

The impacts of utilized motor oil on concrete characteristics and behavior are investigated 
by Hamad et al. [18]. The impact of utilized motor oil on hardened and fresh concrete 
features has been studied. The findings illustrated that utilizing motor oil improved the 
fluidity and slump of the concrete mixture and the air content of new concrete, acting as 
an air-entraining agent. The strength qualities of hardened concrete have been affected 
less by adding oil once a chemical-based air-entraining additive was applied. They 
discovered that adding used engine oil to concrete mixture materials did not influence the 
structural behavior of reinforced elements, as the ultimate loading or displacement 
diagrams were not changed. Ayininuola [19] investigated the impact of gas oil and bitumen 
on the concrete’s compressive strength in which sand was polluted with gas and bitumen 
at various weight proportions. Oil-subjected concrete exhibits a reduction in compressive 
strength over time. According to Jassim and Jawad [20], the maximum decrease in the 
strength magnitudes of high and normal concrete samples subjected to gas and CRO for 
four months was approximately 25.19 %and 12.86%,  respectively.  
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Fig. 2. Relationship between oil spill in water and reduction of fishing activity [7] 

Ajagbe et al. [14] evaluated the concrete’s compressive strength utilizing fine aggregates 
polluted with CRO at various percentages of the sand utilized in the combination. As the 
proportion of contaminants increased, the findings revealed a modest rise in concrete 
strength and increased loss rate. Abousnina et al. [17] observed that when fine sand 
concrete was polluted with light CRO, the cohesiveness rose dramatically to 1 %oil 
pollution and subsequently declined as the percentage of CRO grew. However, the 
frictional angle fell by 1%. The mortar with 1 %oil pollution had the maximum 
compressive strength, whereas mortar with 10 % had just an 18 %drop in strength 
compared to unpolluted specimens. Depending on Osuji and Nwankwo [21], the existence 
of CRO in concretes prevents the creation of bonds between component minerals, resulting 
in segregation. Consequently, the existence of CRO in concrete caused differences in 
workability. The greater the CRO amount in the fine aggregates, the more workable it is. In 
addition, compared to controlling cubes, polluted concrete cubes had lower compressive 
strengths, which illustrates that CRO is a compressive strength inhibitor in concrete 
manufacturing. The lower the compressive strength, the greater the CRO percentage in the 
fine aggregates. The ideal CRO pollution for normal compressive strength is as low as 0.3 
percent [21]. 

Compared to the controlling concrete’s slump, Shafiq et al. [22] observed that adding 
utilized motor oil raised the concrete slump by 18%to 38%and air amount by 26 to 58 
percent. The oxygen permeability and porosity of concretes utilizing motor oil also 
decreased. In addition, the compressive strength achieved was similar to that of the control 
sample. Shahrabadi1 and Vafaei [23] investigated the compressive strengths of typical 
normal-weight concrete utilizing kerosene-contaminated sands. In all exposure settings 
investigated, they observed that 2 %of kerosene-polluted specimens had a loss in concrete 
compressive strength of up to 27%. 

Because of its exceptional durability and strength characteristics, reactive powder 
concrete (RPC), a high-performance fiber-reinforced concrete, is receiving increasing 
attention these days. Recent studies have demonstrated that utilizing steel fibers as 
reinforcement has effectively overcome concrete fragility [24]. Therefore, high-resistance 
concrete reinforced with fiber (UHPSFRC) is a good alternative for its favorite features, 
such as high resistance against pressure and tensility [25]. 

In an RPC blend mix proportion, the coarse aggregates of traditional concrete are 
eliminated, requiring that the amounts of silica fume, Portland cement, and fine aggregate 
be significantly increased to enhance the homogeneity and improve the concrete granular 
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mixture density. After being exposed to CRO products, Tuama et al. [5] looked at the 
mechanical characteristics of the hardened concrete mixture for reactive powder concrete 
(RPC) and regular concrete (NSC). After 180 days of exposure, two categories of CRO 
products (gas oil and kerosene) have been examined. The findings demonstrated that the 
mechanical properties (modulus of elasticity and modulus of rupture) of the RPC mix, 
which were reduced by around (3.41-6.32%) compared to the control RPC mix, were not 
significantly impacted by exposure to each petroleum product. After being exposed to 
petroleum products for the same amount of time, the NSC mix lost around (13.82-21.95%) 
of its mechanical properties (modulus of elasticity and modulus of rupture) compared with 
the control NSC mixture. 

Oil spills and leaks constantly happen, especially in facilities that store, transport, or 
process oil products. Contamination may arise in several ways, but the most crucial 
consideration when dealing with polluted concrete (apart from environmental concerns) 
is whether the building is still structurally sound. Furthermore, the concrete underneath 
these leaks or spills changed. However, more research is needed on the exposure of 
concrete to CRO products and comparing the behavior of both concrete and reactive 
powder concrete after exposure to CRO. Therefore, the main goal of the current research 
is to explore the changes in concrete properties, strength, and durability caused by adding 
different CRO ratios to the concrete mixture (0, 1, 2, 2.5, 3, 4, 5, 6, 10, 15, 20, and 25%). 
After that, A 2% CRO ratio was selected to be mixed with reactive powder concrete to 
investigate the differences between normal and reactive powder concretes. The current 
research focused on investigating the behavior of fresh and hardened concretes (normal 
and reactive powder concretes) after exposure to CRO. 

2. Experimental Works  

2.1 Materials 

2.1.1 Cement 

Ordinary Portland Cement [26] has been utilized in the research to work as a binder 
material in the presence of water, and the chemical and physical characteristics of OPC are 
shown in Tables 1 and 2. 

Table 1. Compounds and chemical analysis of cement 

Chemical analysis Percentage by Weight Limitation of (EN 197-
1:2011) 

Lime (CaO) 62.79 --- 
Silica (SiO2) 20.58 --- 
Alumina (Al2O3) 5.6 --- 
Iron Oxide (Fe2O3) 3.28 --- 
Magnesia (MgO) 2.79 5% max 
Sulfate (SO3) 2.35 2.5 if C3A ≤5 

2.8 if C3A >5 
Chloride content 0.02 ≤ 0.10 % 
Loss on Ignition (L.O.I.) 1.94  5% max 
Insoluble Residue (I.R.) 1.00 --- 
Lime Saturation Factor (L.S.F.) 0.9 --- 
Main Compounds (Bogue’s Equation) 
Tricalcium Silicate (C3S) 50.12 --- 
Dicalcium Silicate (C2S) 21.26 --- 
Tricalcium Aluminate (C3A) 9.29 --- 
Tetracalcium Aluminoferrite 
(C4AF) 

9.98 --- 
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Table 2. Physical Krasta cement features 

Physical features Test findings Limitation of (EN 
197-1:2011) 

Specific Surface Area (Blaine Method) m2/kg 314   
Setting times (hr: min) Initial=122 ≥ 45 min 

Final=3:13 ≤ 10 hrs 
Soundness Utilizing Autoclave Method 0.61 ≤ 10 mm 
Compressive Strengths 
2 Days (MPa) 21.0 > 20 
28 Days (MPa) 45.8 ≤ 42.5 

2.1.2 Water 

For concreting, fresh, drinkable water has been utilized; the water facilitated the cement 
hydration, resulting in the concrete setting and hardening. 

2.1.3 Fine Aggregate 

In this work, natural sand was used as fine aggregate. The chemical and mechanical 
properties of sand are given in Table 3. The fine aggregate used has gradation that lies 
within the upper and lower limits of the ASTM C33/C33M specification [27] and Iraqi 
specification (IQ.S 45/1984) zone (2), as shown in Table 4. Fine aggregate has been tested 
at Al-Mustaqbal University in the Construction Material Laboratories. 

Table 3. Chemical and mechanical properties of fine aggregate 

Properties Test results IQ. S No. 45/1984 zone (2) 
Specific gravity 2.6 ------ 
Fineness modulus 3.8 ≤ 5 % 
Sulfate content 𝑺𝑶𝟑 0.22% ≤ 0.5 % 
Absorption 2% ------ 

Table 4. Grading of fine aggregate 

Sieve 
no. 

Sieve 
size 
(mm) 

Passing % 
Fine 
aggregate 

IQ. S No. 45 Zone (2) ASTM C 33/C 33M 

3/8 in 9.5 100 100 100 
NO.4 4.75 91 90 - 100 90 - 100 
NO.8 2.36 83 75 - 100 80 - 100 
NO.16 1.18 74.8 55 - 90 50 - 85 
NO.30 0.60 57.2 35 - 59 25 - 60 
NO.50 0.30 24.2 8 - 30 5 - 30 
NO.100 0.15 7.2 0 - 10 0 - 10 

2.1.4 Coarse Aggregate (Gravel) 

This work used coarse aggregate with a maximum aggregate size of 19 mm. The coarse 
aggregate was cleaned, washed with drinkable water, and dried before use. The 
mechanical and chemical properties of coarse aggregate are given in Table 5. The sieve 
analysis of coarse aggregate lies within the lower and upper limits of the Iraqi specification 
(IQ.S No.45/1984) [28], as shown in Table 6. 

 

Table 5. Mechanical and chemical properties of coarse aggregate 

Properties Test results IQ. S No. 45/1984 
Specific gravity 2.66 ------ 
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Sulfate content SO3 0.03% ≤ 0.1 % 
Absorption 0.6% ------ 
Clay content 0.2% ≤ 3% 

Table 6. Grading of coarse aggregate 

Sieve Size (mm) Passing %  
Coarse aggregate IQ. S No. 45/1984 

37.5 100 100 
19 100 100 - 95 
9.5 43 60 - 30 
5.0 3 10 - 0 

2.1.5 Crude Oil 

Crude oil (CRO) utilized in the current study has been selected from length= 1.3 cm and 
diameter= 0.02 cm Refinery of Al-Durra and kept in air-tight steel and plastic containers to 
prevent losses and contamination. Table 7 demonstrates the features of CRO utilized. It has 
American Petroleum Institute gravity (API gravity) =11.43, specific gravity=0.99, density= 
62 lbs/cu ft, and viscosity=4.8 centipoise at 30 ⁰C. 

Table 7. Feature of Al-Dura CRO 

Factors Value 

Gravity Degree < 35 

Specific Gravity 15 degrees centigrade 0.812 

Sulfur amount (% by weight) 0.30 

% by volume 0.40 

Wax amount (% by weight) 7.0 

Carbon Residue (% by weight) 2.10 

Melting point (degree centigrade) 57 

Viscosity (21-degree centigrade) 6.81 

Acidity (Mg/KOH/g) 0.05 

2.2 Preparation of Concrete Mixture  

In compliance with the British Standards, a concrete mix design with a water-cement ratio 
of 0.5 has been selected and batched in weight. The mix design includes specimens of 0 % 
contaminated cubes cured in freshwater as a control, 0 % contaminated cubes cured in Al-
Dura CRO-polluted water as a control, and various levels of artificially contaminated cubes 
cured in freshwater (1, 2, 2.5, 3, 4, 5, 6, 10, 15, 20, and 25) percent. These three specimens 
have been compared regarding newly mixed concrete and compressed strength in 
hardened concrete. The concrete ingredients were mixed in a clean, dry manual tilting 
drum, yielding 144 cubes. Table 8 illustrates the material mix proportions. After 
identifying the optimum CRO percentage that causes an increase in the compressive 
strength of standard concrete, the same CRO proportion (2%) was utilized for reactive 
powder concretes, as illustrated in Table 9. On the other hand, the reactive powder 
concrete specimens were tested in two conditions: the first without CRO and the second 
with the addition of 2% CRO. 

Table 8. Standard concrete mix design for 1 m3 concrete 

Mix ID  Cement 
(kg/m3) 

Sand 
(kg/m3)  

Gravel 
(m3) 

Water 
(kg/m3) 

CRO 
Proportion 

CRO 
(kg/m3) 

NM 1 300 650 1200 150 0% 0 
NM 2 300 650 1200 150 1% 6.5 
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NM 3 300 650 1200 150 2% 13 
NM 4 300 650 1200 150 2.5% 16.25 
NM 5 300 650 1200 150 3% 19.5 
NM 6 300 650 1200 150 4% 26 
NM 7 300 650 1200 150 5% 32.5 
NM 8 300 650 1200 150 6% 39 
NM 9 300 650 1200 150 10% 65 
NM 10 300 650 1200 150 15% 97.5 
NM 11 300 650 1200 150 20% 130 
NM 12 300 650 1200 150 25% 162.5 

Table 9. Reactive powder concrete mix design 

Mix ID  Cement 
(kg/m3) 

Sand 
(kg/m3)  

Silica Fume 
(kg/m3) 

Water 
(kg/m3) 

Super Plasticizer3 
by Wt. of 
Cementitious (%) 

CRO (kg/m3) 

RM  980 10504 245 156.8 7 13 

 

2.3 Workability and Slump Test 

A slump mold in the shape of a frustum of a cone 30.5 cm high, 20.3 cm base diameter, with 
a smaller hole of 10.2 cm diameter at the top - was utilized to produce the slump result. 
The mold had a smooth surface and was equipped with appropriate fort parts and grips to 
make lifting easier. The mold was securely held against its base, and three layers of 
concrete were poured into it. A standard 1.6 cm diameter steel rod has been utilized to 
tamper with every layer 25 times. The cone was gently inverted and dumped onto a flat 
plate after filling it. The slump is the reduction in the height of the slumping concrete’s 
center, which was analyzed and evaluated to the closest 0.5 cm, as shown in Fig. 3.  

 

Fig. 3. Slump test 

2.4 Physical Tests  

2.4.1 Concrete Strength Test 

Concrete's great compressibility is one of its most distinguishing features. The 
compressibility of a concrete cube with dimensions of 150 x 150 x 150mm to produce 
specific compressive strengths following 28 days has traditionally been referred to as the 
concrete performance test. Various procedures may determine the concrete's compressive 
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strength, including direct and indirect methods and destructive and nondestructive tests. 
The destructive technique utilized in this study was the cube compressive test with a size 
of 15x15x15 cm based on ASTM standard [29], as shown in Fig. 4, and reactive powder 
concretes were tested at 7, 14, 28, and 56 days. 

2.4.2 Splitting Tensile Strength 

This test uses six cylinders with a 15 cm diameter and 30 cm height to measure tensile 
strength based on ASTM [30], as shown in Fig. 4. Every age uses three cylinders, and the 
reading for that age is determined by averaging the readings from the three cylinders. 
Splitting Tensile strength tests are performed on specimens of reactive powder concrete 
and regular concrete at 28 and 56 days. 

   

Fig. 4. Photograph of compressive strength testing and splitting tensile strength 

2.5 Chemical Tests 

The samples of the two concrete types, standard concrete (NM 1 and NM3) and reactive 
powder concrete (MR), representing samples exposed to CRO, were the most effective. Fig. 
5 illustrates the test device, which gives the concentration of the materials involved in the 
composition of the samples.  

 

Fig. 5. Chemical testing apparatus 

3. Results and Discussion  

3.1 Workability and (Slump Test) Results 

When the slump values recorded for every polluted specimen are compared to the 20 mm 
value recorded for the controlling specimen, as demonstrated in Table 10, the polluted 
specimens exhibit higher slump. This observation is because sand is generally utilized in 
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concrete mixtures with a dry surface, but CRO increases the liquids in the produced 
mixture. The slump values increase with increasing CRO in the fine aggregate for both 
standard and reactive powder concrete. With 6 to 25 % CRO pollution, the concrete slump 
ultimately crumbled. It is also safe to assume that CRO caused the rise in the slump and 
interfered with the cement-water binding interactions, delaying or inhibiting the complete 
hydration of the cement particles [31,32]. Increased slump value is compatible with 
increased workability from very low to high when utilizing 25 % CRO as an additive on 
regular concrete. However, it caused a slight increase in the workability and slump value 
for reactive powder concrete due to the presence of a superplasticizer, which already 
added more workability to the concrete mix. 

Table 10. The slump test findings for normal and reactive powder concrete 

Sample ID Slump mm Workability [33] 

NM 1 20 Very low 
NM 2 45 Low 
NM 3 50 Low 
NM 4 55 Medium 
NM 5 60 Medium 
NM 6 85 Medium 
NM 7 105 High 
NM 8 120 High 
NM 9 165 High 

NM 10 178 High 
NM 11 180 Very High 
NM 12 200 Very High 
RM0 80 Medium 
RM 85 Medium 

 

3.2 Compressive Strength Test Results 

Fig. 6 reveals the compressive strength findings for different CRO ratios at 7, 14, 28, and 
56 curing days. Sample NM3 with 2% CRO presents the best compressive strength for all 
selected ages, while sample NM7 with 25% presents the worst compressive strength due 
to the prevention of bonds between the cement hydration gel. On the other hand, the 
reactive powder concrete samples have been tested in two conditions. The loss of moisture 
and subsequent decrease in water content/moisture might prohibit the concrete cube 
from absorbing water during curing in water, which could explain the fall in strength. The 
phenomenon affects the cement hydration reaction of the concrete cubes. A limited 
strength enhancement of the concrete with CRO might have resulted from the dilatation of 
the gel and the weakness of the cohesive forces in the paste [14,34]. The negative impact 
of CRO is due to the contamination of fine aggregate with CRO, a component of the 
concrete’s matrix microstructure. 

The strength dropped once the concrete was exposed to CRO [35,36]. Therefore, sand that 
contains more than 15% CRO by weight findings has less than 42 % strength, as 
experimentally detected for unpolluted concrete, and should not be utilized for most 
construction applications (road, bridge, loaded elements) and used just for unloaded 
elements. The change in the compressive strength can be obtained from Equation 1 and 
the findings illustrated in Table 11. Nevertheless, efforts might be necessary to enhance 
the strength of the CRO concrete utilized in low-strength applications with less than 
5%contamination. However, a CRO application on reactive powder concrete significantly 
decreased compressive strength compared with standard concrete with the same CRO 



Marshdi et al. / Research on Engineering Structures & Materials 10(4) (2024) 1505-1521 

 

1514 

ratio, as demonstrated in Fig. 7 and Table 11, which illustrates the highest increase in 
compressive strength for all selected curing ages.  

Change in (Fc, Fsp, Fr, Ec)% =(
(Fc,Fsp, Fr, Ec)

(Fc, Fsp, Fr, Ec) (at air)
×100 - 100)%   (1) 

Based on [37], a single formula, which is presented below, was utilized to establish a 
connection between the data on strength and the properties of durability: 

𝐷𝐼 =
𝑎

(𝑓𝑐
′)𝑏

 (2) 

Whereas DI is the durability index (for example, water penetration depth (mm), chloride 
permeability (Coulombs), or the coefficient of chloride diffusion, De; 𝑓𝑐

′ the compressive 
strength; and a=1400 and b=2.18 are the experiential constants for normal concrete; and 
(a=1000000 and b=2.78) for reactive powder concrete. A good correlation was noted 
between compressive strength and durability characteristics, which is expressed in the 
above expression. However, increasing the compressive strength causes an increase in the 
concrete's durability due to reducing its permeability. Fig. 8 illustrates that increasing the 
durability index refers to a reduction in compressive strength; the durability index at 7 
curing days is the highest, and increasing the curing days to 14, 28, and 56 reduces the 
durability index significantly. However, applying crude oil in reactive powder concrete 
shows a negative impact on the durability index that is shown in Fig. 9. 

 

Fig. 6. Compressive strengths of standard concrete with or without CRO contamination 
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Fig. 7. Durability index for normal concrete samples with different CRO ratios 

 

Fig. 8. Compressive strengths of reactive powder concrete with or without CRO 
contamination 

 

Fig. 9. Durability index for reactive concrete samples with different CRO ratios 
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Table 11. The change in the compressive strength values. 

Sample ID 
Improvement percentage % 

7 Day 14 Day 28 Day 56 Day 
NM 1 0.00 0.00 0.00 0.00 
NM 2 7.45 11.73 9.38 2.86 
NM 3 14.61 17.32 15.63 11.37 
NM 4 25.36 11.73 5.31 0.86 
NM 5 36.10 25.70 9.38 0.00 
NM 6 39.69 11.73 -6.25 -11.43 
NM 7 -10.82 -10.89 -19.59 -28.57 
NM 8 -14.04 -9.05 -25.00 -23.71 
NM 9 -14.54 -16.20 -28.13 -28.57 

NM 10 -17.62 -12.29 -21.88 -22.86 
NM 11 -21.92 -29.05 -25.00 -42.86 
NM 12 -35.53 -39.11 -31.25 -37.14 

RM -1.67 -5.10 -8.92 -12.31 

 

3.3 Tensile Strength Results 

The behavior of the standard concrete after exposure to different CRO ratios in both tensile 
and compressive strength is illustrated in Table 12 and Fig. 10, with enhanced tensile 
strength after applying less than 4% of CRO. Fig. 10 illustrates the tensile strength in all 
selected CRO ratios for standard concrete at 28 and 56 curing ages, improving as the 
concrete ages. However, samples NM2, NM3, NM4, and NM5 illustrate increased tensile 
strength for two selected periods. Sample NM3, with a 2% CRO ratio, has the highest value, 
while samples NM6-NM12 illustrate a significant decrease in the tensile strength of 
standard concrete samples, and sample NM12 records the lowest value. Relying on the 
works of Bangham [38], Onabolu [39] found that the loss in surface energy brought on by 
the CRO adsorption onto the surface of C-S-H gel might also have had a role in the material’s 
decreased compressive strength. The control (curing) medium's strength values have 
always been more significant once compared to the other values. In contrast, the other 
curing media degrade with time as the curing age rises.  Utilizing 2% CRO improves tensile 
strength in a standard concrete sample. Utilizing the same ratio in reactive power concrete 
leads to decreased tensile resistance at 28 and 56 curing ages, as demonstrated in Fig. 11 
and Table 12. 

 

Fig. 10. Tensile strengths of standard concrete with or without CRO contamination 
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Fig. 11. Tensile Strengths of reactive powder concrete with or without CRO 
contamination 

Table 12. The change in the tensile strength values 

Sample ID 
Improvement percentage % 

28 Day 56 Day 
NM 1 0.00 0.00 
NM 2 1.25 4.85 
NM 3 14.58 10.45 
NM 4 0.42 2.24 
NM 5 3.33 0.00 
NM 6 -0.42 -1.12 
NM 7 -1.25 -4.85 
NM 8 -4.17 -4.10 
NM 9 -5.00 -10.45 

NM 10 -7.50 -12.31 
NM 11 -10.42 -16.79 
NM 12 -18.33 -25.00 

RM -3.10 -3.13 

 

3.4 Chemical Observation 

By analyzing interactions between the concrete matrix components utilizing the FTIR 
spectroscopy method [40], it was possible to quantify their chemical compatibility before 
and after exposure to CRO. The chemical linkages in the composite materials may be 
examined utilizing FTIR. The findings of the chemical tests demonstrated a significant 
increase in the concentration of sulfate in normal concrete sample NM1 with the absence 
of CRO (1424.79 cm-1), as illustrated in Fig. 12, and both samples of normal and reactive 
powder concrete after exposure to CRO (1900 and 1850.4 cm-1) as illustrated in Fig. 13 
and 14, respectively. The concentration of sulfates may harm the concrete, and its reaction 
with concrete components is accompanied by an increase in volume, which leads to the 
cracking of the concrete. Sulfate attack is one of the leading contributors to the reduction 
in durability of concrete. The resistance of concrete materials to sulfate attack may 
typically be determined by laboratory testing by looking at factors such as the loss of mass, 
the drop in strength, and the expanding strain of concrete specimens. On the other hand, 
one cannot utilize these signs to make a quantitative prediction about the carrying 
capability of actual concrete buildings that are being attacked by sulfate [41] immediately. 
Based on Figs (13-14), utilizing CRO causes an increase in internal sulfate amount in 
concrete in comparison with normal concrete without CRO; therefore, utilizing CRO leads 
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to reduced durability due to increased sulfate amounts, and these results are compatible 
with results obtained by [40].   

 

Fig. 12. Chemical analysis for standard concrete without CRO sample (NM1) 

 

Fig. 13. Chemical analysis for standard concrete with 2% CRO sample (NM3) 

 

 

Fig. 14. Chemical analysis for reactive powder concrete with 2% CRO sample (RM) 

Wavenumber cm-1 

Wavenumber cm-1 

Wavenumber cm-1 
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4. Conclusion  

The impact of CRO contamination on concrete compressive strength has been studied, and 
the following points were concluded from the study: 

• CRO was found to influence the concrete's strength depending on the different 
practical and analytical procedures utilized. Once concrete meets liquids other than 
potable or fresh water, it is proven harmful to the cement-based material, mainly 
for OPC. Its low environmental and chemical resistance and low compressive 
strength due to slow strength development lead to early deterioration. 

• The magnitude of the concrete slump rises incompatible with the quantity of 
polluted CRO ratio for both standard and reactive powder concrete. 

• The concrete strength varies depending on the quantity of CRO utilized, and a ratio 
of 2 % was found to be an enhancement ratio that caused an increase in the 
compressive strength.  

• The compressive strength of reactive powder concrete deteriorated after exposure 
to 2% of CRO; the lowest compressive strength was obtained after 56 curing days. 

• The durability index increased slightly when utilizing 2% CRO based on the 
durability index, but the internal sulfate amount has increased compared with 
normal concrete without CRO.  
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 This study develops a new higher-order shear deformation theory (HSDT) to 
analyze the static behavior of functionally graded (FG) beams under various 
mechanical loading conditions. The new theory is meticulously designed to 
effectively represent complexities in stress, strain, and deformation analysis, 
with a focus on maintaining or enhancing accuracy while reducing the 
computational burden for practical applications. The material properties of the 
FG beams are assumed to vary continuously across the thickness as per a power 
law distribution (P-FGM). The governing equilibrium equations are derived 
using the principle of virtual work. Navier’s solution method is then utilized to 
obtain the analytical solutions. Extensive numerical studies are conducted to 
study the influences of key geometric and material parameters on the static 
response. The deflection, axial stress and tangential stress distributions are 
computed for different combinations of length-to- thickness ratio, material 
grading index, and applied loads. The results are validated by comparison with 
existing literature where good agreement is observed, demonstrating the 
accuracy of the proposed HSDT formulation. Parametric analyses provide useful 
insights into the individual and coupled effects of beam slenderness, material 
inhomogeneity and transverse loading on the static performance of P-FGM 
beams. This study enhances understanding of the structural behavior of FG 
beams through an efficient and accurate analytical approach. 
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1. Introduction 

Functionally graded materials (FGMs) comprise a class of advanced composites 
distinguished by continuous spatial variations in composition and microstructure, 
resulting in corresponding property gradients across the volume [1,2]. This concept 
enables tailored optimization of material response and functionality by customizing the 
microstructural distribution. FGMs serve to mitigate challenges arising from the use of 
composite materials with abrupt interfaces in harsh conditions. These issues encompass 
stress singularities, property mismatches, inadequate adhesion, and delamination [3]. 
Owing to these advantages, FGMs have garnered substantial interest and adoption across 
diverse fields such as civil engineering, aerospace, automotive industry, general 
engineering applications, nuclear power plants, and more [4,5]. The graded morphology 
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provides new dimensions for designing next-generation materials to meet demanding 
thermomechanical requirements across an array of critical applications. 

Several researchers have dedicated their efforts to the mechanical analysis of Functionally 
Graded (FG) materials, specifically focusing on plates, beams, and shells. Their 
investigations have employed a range of theories and methods, encompassing both 
analytical and numerical approaches grounded in classical principles such as first-order 
shear deformation theory, higher-order shear deformation theories, and the Quasi-3D 
theory. In the context of FG beams, their studies have delved into the examination of free 
vibration and bending characteristics. Theoretical frameworks employed in these studies 
include well-established models such as the Euler-Bernoulli theory and the utilization of 
Timoshenko beam elements [6-9].  

U. Kumar Kar and J. Srinivas have pioneered an elasticity solution for a rotating micro-
beam subjected to thermo-mechanical loading. Their innovative approach incorporates bi-
directional functional grading with graphene nanoplatelets (FG-GNPs), showcasing the 
potential for enhanced structural performance in challenging environments [10]. Zenkour 
[11] provided a precise solution for plates composed of FGM using a generalized sinusoidal 
shear deformation theory. Pei-Liang B et al. [12] employed a new FEM framework to 
analyze the mechanical responses of nanobeams made of axially functionally-graded 
material (FGM) under different boundary conditions. Chitour et al. [13] introduced a novel 
hyperbolic quasi-3D shear deformation plate theory for analyzing the bending behavior of 
functionally graded sandwich plate structures submitted to sinusoidal loads, while Chikh 
et al. [14] investigated the static response and free vibration of a functionally graded beam 
on elastic foundations. Thai et al. [15] explored the free vibration and bending of FG beams 
using higher-order beam theories, and a refined plate theory was developed for examining 
thermoelastic effects and wave propagation in functionally graded plates. 

Ongoing research extends to dynamic analysis [16,17], stability behavior [18,19], and 
formulation of theories considering additional effects like porosity [20]. Investigations into 
beams with variable thickness and nonuniform geometries have also been undertaken [21-
22]. Simultaneously, the sustained research focus on FGM beams in the mechanics, 
materials, and structures communities highlights their potential for tailored gradation 
patterns and advanced responses. This ongoing interest underscores the pivotal role FGMs 
play in advancing material science and structural design methodologies across various 
engineering applications [23-27].  

This study unfolds through two integral components: a comprehensive comparative 
analysis and an in-depth parametric investigation. The primary objective of the 
comparative study is to elucidate and validate the precision and efficiency of the employed 
high-order shear deformation theory by systematically contrasting it with existing 
theories. In contrast, the parametric study systematically dissects the mechanical behavior 
of functionally graded beams under a spectrum of mechanical loads. It meticulously 
considers various factors, such as the material index (k) linked to the power-law 
distribution of Young's modulus, the thickness ratio (L/h) of the beams, and the specific 
beam type. This approach empowers the comparative evaluation, ensuring the theoretical 
formulation's accuracy is substantiated against alternative methodologies. Additionally, 
the parametric studies methodically delve into examining the influences of parameters, 
including the power-law distribution index, thickness ratio, beam configuration, and 
loading conditions, on the mechanical response of FGM beams. The study explores the 
coupled effects of material gradation, geometry, and external stimuli on static and dynamic 
performance metrics, providing a nuanced understanding of the interplay between these 
influential factors. This multi-faceted approach enhances the study's comprehensiveness 
and contributes to advancing the understanding of functionally graded beams' intricate 
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mechanical behavior. The integration of a comparative framework and a thorough 
parametric exploration not only substantiates the theory's precision but also provides 
valuable insights into the nuanced factors influencing the mechanical response of 
functionally graded beams 

2. Geometry of A Functionally Graded Beams 

  An FG beam possesses a length (L) and a rectangular cross-section denoted by b × h, 
where (b) represents the width and (h) corresponds to the height [15]. The coordinates x, 
y, and z correspond to the length, width, and height of the beam, respectively, as depicted 
in Figure 1. 

 

Fig. 1. Geometry and coordinate system of FG beam 

The effective material properties of FGM beams, including Young's modulus (E) and mass 
density (ρ) that undergo smooth variations solely in the z direction. are expressed by 
[28]: 

( ) ( )
2 2

h h
P z P P P V zm c m c= + − −  
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= + + =
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z kV z V Vc m
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The FGMs' volume fraction is assumed to conform to a power-law function along the 
thickness direction.    

3. Displacement Field and Constitutive Equations 

In this study, the emphasis is on investigating the displacement model of FG beams. A high-
order shear strain theory, commonly known as the refined theory, is utilized to represent 
the model. The representation of the displacement model is encapsulated in the following 
equation: 

   

 
= − +
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(3) 

uo, w and θ Are the three unknown displacement of the mid-plane of the FG beams. The 
specific form of the shape function f(z) is assumed by Himeur et al [29]: 
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The kinematic relations corresponding to the displacement field described in Equation (3), 
relying on the principles of small-strain elasticity theory, are expressed as follows: 
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Where: 
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Based on 2D displacement field expressed in Eq. (5), the linear constitutive relations of 
FGM beams are assumed as: 
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4. Displacement Field and Constitutive Equations 

The principal equations of equilibrium are employing the concept of virtual displacements 
as follows Merdaci et al [30]: 

      = + −  =  


( ) 0V dV q w x dxx xx xz xztot V
 

(9) 

Through the integration of Equations (5) and (7) into Equation (9) across the thickness of 
the beams, a rephrased representation of Equation (9) is as follows: 

 


    
   − + + −       
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(10) 

Where q is the distributed transverse load. The stress resultants Nxx, Mxx, Sxx and Qxz are 
defined by: 
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By substituting Equation (5) and Equation (7) into Equation (11), the stress and moment 
resultants Nxx, Mxx, Sxx and Qxz are defined as follows 
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Where the stiffness components are given as follows 
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By performing integration by parts on Equation (10) and setting  (𝛿𝑢0, 𝛿𝑤0, 𝛿𝜃) equal to 
zero, the principal differential equations from Equation (14) are obtained: 
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By inserting Equation (12) and Equation (13) into Equation (14), the principal equations 
are expressed as follows: 
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5. Analytical Solution 

Beams are typically categorized based on the type of support they receive. In the case of 
simply supported FG beams, the analytical solution to the partial differential equation is 
achieved using the Navier method, which relies on the double Fourier series. The variables 
u0, v0 and θ, can be expressed by assuming the following variations. 







 
 
 
 
 
  

 
 

=  
= 

 

cos( )0

sin( )0
1

sin( )

u U xm

v W xm
n

X xm
 

(16) 

Where λ=mπ/a; Um, Wm and Xm represent arbitrary parameters to be determined. Also, 
the transverse load q is expanded in a Fourier series as: 

= 
2

( )sin( )
0

a
q q x x dxm

a
 (17) 

The values of 𝑞𝑚 using Equation  (17) are set as follows: 

• Sinusoidally distributed load 

= =,0 1q q mm  
(18) 

• Uniform distributed load 


=

4 0qqm
m  

(19) 

• Central patch load 

( )( )
4 0 sin 0.02 / 2
q

q m lm
m




=
 

(20) 

  
• Central concentrated load  

( )
4 0 sin / 2 ; 0 0

Q
q m Q q lm

a
= =  (21) 

By substituting Equation (16) and Equation (17) into Equation (22), the resulting 
equations are as follows:  

 

   
   
   
   
   
      

= =
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(22) 
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The elements Lij are expressed as follows: 











 

= −

= −

= −

= −

=

= − −

2
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822 11

4
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4 2
8 233 11 1 155
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s
L K A C

L D

L K A F

L H K A G K A
 

(23) 

6. Numerical Results and Discussion 

The analysis focuses on the bending behavior response of simply-supported FG beams 
under various loading conditions, encompassing sinusoidal distributed, uniform, central 
patch, and concentrated loads. Multiple parametric studies are undertaken, and the 
obtained solutions are juxtaposed with available data from existing literature. The present 
FGM beams investigated in this study consist of a composite blend comprising Alumina 
(Al2O3) as the ceramic phase and Aluminum (Al) as the metal phase. The mechanical 
properties, including Young’s modulus and Poisson’s ratio, are specified in Table 1. To 
facilitate the analysis, the vertical displacement and stresses of the beams under various 
distributed loads (q) are expressed in non-dimensional terms. This allows for a more 
convenient comparison and understanding of the results. 

Table 1.  Material properties used in the FG Beams [31] 

Properties Alumina (Al2O3) Aluminum (Al) 

Young’s modulus E (GPa) 380 70 
Poisson’s ratio ν 0.3 0.3 

6.1 Validation of The Results 

Tables 2, 3, and 4 provide the non-dimensional numerical results for the deflection, axial, 
and tangential stress of the Functionally Graded Material (FGM) beams under uniform and 
sinusoidal loads. These results are presented for various values of the power law index (k). 
The model excels in comparison to other shear deformation theories, specifically for thick 
beams and those with a higher power law index, due to its inclusion of thickness stretching 
effects. The findings indicate that a higher power law index results in a greater stiffness for 
FGM beams, resulting in reduced deflection and stress under uniform load. This 
understanding is vital for customizing FGM beams for specific purposes, as a higher power 
law index offers advantages such as increased stiffness and the ability to withstand higher 
axial loads. 

Table 2.  The maximum non-dimensional central deflection of FG SS beams (under 
uniform distribution load) 

L/h Method 
K 

0 0.5 1 2 5 10 

5 

Chikh Abdelbaki [32] 3.1654 4.8285  6.2594  8.0675  9.8271  10.9375  

Li et al. [33] 3.1657 4.8292 6.2599 8.0602 9.7802 10.8979 

Present 3.1653 4.8285 6.2594 8.0682 9.8317 10.9400 

20 
Chikh Abdelbaki [32] 2.8962 4.4644 5.8049 7.4420 8.8181  9.6905  
Li et al. [33] 2.8962 4.4645 5.8049 7.4415 8.8151 9.6879 

Present 2.8963 4.4642 5.8052 7.4419 8.8181 9.6906 
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Table 3.  The maximum non-dimensional axial stresses of FG SS beams (subjected to an 
evenly distributed load) 

L/h Method 
K 

0 0.5 1 2 5 10 

5 
Chikh Abdelbaki [32] 3.8017  4.9920  5.8831  6.8819  8.1095  9.7111  
Li et al. [33] 3.8020 4.9925 5.8837 6.8812 8.1030  9.7063  
Present 3.8035 4.9943 5.8877 6.8853 8.1146 9.7158 

20 
Chikh Abdelbaki [32] 15.0129  19.7003  23.2052  27.0989  31.8127  38.1383  
Li et al. [33] 15.0130 19.7005 23.2054 27.0989 31.8112 38.1372  
Present 15.0133 19.7008 23.2059 27.1001 31.8136 38.1398 

Table 4.  The maximum non-dimensional tangential stresses of FG SS beams (Subjected to 
a load uniformly distributed) 

L/h Method 
K 

0 0.5 1 2 5 10 

5 
Chikh Abdelbaki [32] 0.7312 0.7484 0.7312 0.6685 0.5883 0.6445 
Li et al. [33] 0.7500 0.7676 0.7500 0.6787 0.5790 0.6436 
Present 0.7422 0.7592 0.7428 0.6802 0.6008 0.6570 

20 
Chikh Abdelbaki [32] 0.7429 0.7599 0.7429 0.6802 0.5998 0.6572 
Li et al. [33] 0.7500 0.7676 0.7500 0.6787 0.5790 0.6436 
Present 0.7565 0.7695 0.7540 0.6930 0.6130 0.6130 

Tables 5, 6, and 7 meticulously detail the outcomes for functionally graded (FG) beams 
subjected to sinusoidal loads, unraveling the nuanced effects of varying power law index 
values. The presentation extends beyond mere reporting, incorporating a comprehensive 
systematic comparison with results from established beam theories, such as Chikh 
Abdelbaki [32], Li et al. [33], L. Hadji et al. [34], Sayyad et al. [35], and Reddy [36]. This 
exhaustive evaluation underscores the precision and reliability of the proposed high-order 
shear deformation theory in predicting the static bending behavior of FG beams under 
sinusoidal loads. 

A granular analysis of the outcomes unveils insightful trends, particularly in the realm of 
deflection. Notably, there is a discernible increase in deflection with a rising volume 
fraction index, as evidenced in both Table 2 and Table 5. This insight underscores the 
pronounced influence of the power law index on the bending behavior of FG beams. The 
correlation is further elucidated—a higher power law index corresponds to a higher 
concentration of metal in the beam, resulting in a decrease in the beam's stiffness. 
Consequently, the beam deflects more under the same load. Similarly, the in-plane normal 
stress (𝜎xx) consistently decreases with a diminishing volume fraction index (k), as 
observed in Table 3 and Table 6. This observation sheds light on the intricate relationship 
between the power law index and the distribution of normal stress within FG beams. The 
linkage becomes clearer—a lower power law index corresponds to a higher concentration 
of ceramic in the beam, which, having a lower modulus of elasticity than metal, leads to 
less stress under the same load. 

( )
3

100 , , , , 0, 0 .
4 2 2 20 00

E h l h l h hmw w xx xx xz xz
q l q lq l

   = = =
   
   
   

 (24) 

The examination of non-dimensional tangential stresses in Table 4 and Table 7 further 
enriches the understanding, revealing a decrement in these stresses as the volume fraction 
index (k) increases. These findings collectively contribute to a nuanced comprehension of 
the power law index's impact on various stress components within FG beams under 
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sinusoidal loads. The mechanistic connection emerges—a higher power law index 
translates to a higher concentration of metal in the beam, resulting in a higher shear 
modulus than ceramic and, consequently, less shear stress under the same load. 

Table 5.  The maximum non-dimensional central deflection of FG SS beams under a 
sinusoidal load  

L/h Method 
K 

0 1 5 10 

5 

Hadji et al. [34] 2.5019  4.9458 7.7715 8.6526 
Sayyad et al. [35]  2.5019  4.9441 7.7739 8.6539 
Reddy [36] 2.5020 4.9458 7.7723 8.6530 
Present 2.5019 4.9458 7.7752 8.6544 

20 

Hadji et al. [34] 2.2839 4.5774 6.9539 7.6421 
Sayyad et al. [35]  2.2839 4.5774 6.9541 7.6422 
Reddy [36] 2.2838 4.5773 6.9540 7.6421 
Present 2.2839 4.5776 6.9538 7.6425 

Table 6.  The maximum non-dimensional axial stresses of FG SS beams under a sinusoidal 
load. 

L/h Method 
K 
0 1 5 10 

5 

Hadji et al. [34] 3.0913 4.7851 6.6047 7.9069 
Sayyad et al. [35]  3.0922 4.7867 6.6079 7.9102 
Reddy [36] 3.0916 4.7857 6.6057 7.9080 
Present 3.0927 4.7877 6.6092 7.9118 

20 

Hadji et al. [34] 12.171 18.814 25.794 30.923 
Sayyad et al. [35]  12.171 18.814 25.795 30.923 
Reddy [36] 12.171 18.813 25.794 30.999 
Present 12.171 18.815 25.796 30.923 

Table 7.  The maximum non-dimensional tangential stresses of FG SS beams under a 
sinusoidal load. 

L/h Method 
K 

0 1 5 10 

5 

Hadji et al. [34] 0.4755 0.4755 0.3840 0.4208 
Sayyad et al. [35]  0.4800 0.5248 0.5274 0.4237 
Reddy [36] 0.4769 0.5243 0.5314 0.4226 
Present 0.4836 0.4836 0.3928 0.4294 

20 

Hadji et al. [34] 0.4760 0.4760 0.3847 0.4215 
Sayyad et al. [35]  0.4806 0.5245 0.5313 0.4263 
Reddy [36] 0.4774 0.5249 0.5323 0.4233 
Present 0.4842 0.4842 0.3934 0.4302 

 

The difference in deflection between the present method and other methods Chikh 
Abdelbaki [32] and Li et al. [33] as a function of the power law index k is illustrated in 
Figures 2 (a, b). The deviation between the deflections of FGM beams estimated by the 
present method and other methods depends on the power law index (k).  

The difference between methods for the estimated deflection values reaches a maximum 
of (0.0515 for L/h = 5 and 0.003 for L/h = 20) for k = 5. Between the present method and 
Li et al [32] method, the difference reaches up to 0.0046 for L/h = 5 and 0.0 for L/h = 20. 
Between the present method and Chikh Abdelbaki [32] method, the difference is 0.008 for 
L/h = 5 and 0.0004 for L/h = 20, both for a value of k < 2. The difference is insignificant 
between methods, with the gap not exceeding 0.008 for l/h = 5 and 0.0004 for L/h = 20. 



Chitour et al. / Research on Engineering Structures & Materials 10(4) (2024) 1523-1539 

 

1532 

 

 

Fig. 2. Difference of non-dimensional center deflections w between different methods 
as a function of the power-law index k of FG S-S beams under uniform load: (a) L/h=5, 

(b) L/h=20 

FG beams with side-to-thickness ratio L/h=5,20 is chosen in Figures 3 (a, b) and 4 (a, b). It 
can be seen that the deviation on the axial and tangential stress between the present model 
and previous one Chikh Abdelbaki [32] and Li et al. [33] is bigger for k>2 than that on for 
k<2. Moreover, it is also observed that the deviation on the axial and tangential stress 
between the present model and previous is effectively significant for thick FG s beams. The 
comparative analysis indicates a close correspondence between the results obtained from 
the proposed beam theory and the actual solutions, notably aligning well with the works 
of Chikh Abdelbaki [32] and Li et al. [33]. Consequently, the new beams theory can be 
applied to analyze the bending of FG beams.     

In Figures 5, 6, 7, and 8, the effect of various types of mechanical loads (sinusoidal 
distributed, uniform, central patch, and concentrated load) on non-dimensional center 
deflections and axial stress and transversal stress is depicted, for simply supported FG 
beams. Figure 5 gives the changing rules of the central deflection with the power law index 
k. Central deflection increases monotonically with the rising value of power law index k. 
Meanwhile, these curves would tend to be a steady value in a value of k=5. It means that, 
the increasing of power law index k (beam rich in metal) would reduce the mechanical 
resistance of structures, rather than increasing the central deflection. 
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Fig. 3. Difference of non-dimensional axial stress between different methods as a 
function of the power-law index k of FG S-S beams subjected to an evenly distributed 

load: (a) L/h=5, (b) L/h=20 
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Fig. 4. Difference of tangential stress between different methods as a function of the 

power-law index k of FG S-S beams subjected to a load uniformly distributed: (a) 
L/h=5, (b) L/h=20) 

 

Fig. 5. Variation of the non-dimensional central deflection w versus the power-law 
index k of FG beams (L/h=20) exposed to diverse mechanical loading types 

Figures 7 show the effect of various types of mechanical loads on distribution of normal 
stresses across the thickness of the FGM beam. The volume fraction exponent considered 
is equal to k= 1 for these results. From Figure 7 the normal stresses show that the beam 
works in compression up to z/h = 0.17 cases of L/h =5 and 0.14 cases of L/h=20. Then, 
beyond this value, the beam works only in tension. The maximum values of these stresses 
(longitudinal stresses), occur on the upper and lower surfaces of the plate. 

In Figure 8, the non-dimensional transverse shear stresses 𝜏𝑥𝑧 are plotted for various 
types of mechanical loads. the maximum transverse shear stress is directly dependent on 
the type of loads. Additionally, the shear stress values are relatively higher in the case of 
concentrated load. 
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Fig. 6. Variation of the non-dimensional deflection along the length direction (L/h =20, 
k=1) of FG beams subjected to various types of mechanical load 

 

 

Fig. 7. Effect of various types of mechanical loads on distribution of normal stresses 
across the thickness of the FG beam 
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Fig. 8. effect of various types of mechanical loads on distribution of transverse shear 

stress across the thickness of the FG beam 

7. Conclusions 

This paper introduces a groundbreaking high-order shear deformation theory tailored for 
the static bending analysis of functionally graded (FG) beams under diverse mechanical 
loads. The formulation of this novel theory is meticulous, aiming to precisely capture the 
intricate stress, strain, and deformation behaviors inherent in FG beams, all while 
maintaining computational efficiency for practical applications. The governing equations, 
derived through the principle of virtual work, are solved analytically using Navier's 
method, providing a robust analytical solution that enhances our understanding of FG 
beam behavior. 

The proposed theory undergoes extensive numerical validation, comparing favorably with 
existing analytical solutions and higher-order shear deformation theories. This 
substantiates the theory's superiority in terms of accuracy and efficiency in predicting 
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higher power law indices, providing valuable insights into the nuanced structural behavior 
of FG beams. 

A pivotal finding in this study reveals that an augmentation in the power-law index (k) 
correlates with a reduction in mechanical resistance, attributed to an increased volume 
fraction of metal (Vm), without a proportionate rise in central deflection. This nuanced 
relationship between material composition and mechanical behavior underscores the 
intricate nature of FG beams. The proposed theory surpasses Higher-Order Shear 
Deformation Theory (HSDT) in accuracy and efficiency, especially in scenarios involving 
thick beams and higher power law indices where the thickness stretching effect is more 
pronounced. 

The numerical examples presented confirm the theory's accuracy in predicting deflections 
and stresses in FG beams subjected to uniformly distributed loads. Additionally, load type 
influences are explored, highlighting higher deflection and shear stress values under 
concentrated loads. In conclusion, the analytical solutions provided by the proposed high-
order theory constitute a robust framework for comprehensively analyzing the static 
bending of FG beams under various mechanical loads. The theory's reliability, accuracy, 
and computational efficiency position it as an invaluable tool for advancing research in 
composite materials and structural mechanics. 
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 Civil engineering structures are susceptible to natural calamities such as 
earthquakes, floods, and strong winds. Base isolation is a proven method for 
protecting structures during earthquakes. It involves inserting a flexible layer 
between the foundation and superstructure to isolate the structure from 
earthquakes, thereby changing the system's dynamic characteristics. The 
present study compares the dynamic performance of passive base isolators, 
specifically High Damping Rubber Bearings (HDRBs) and Lead Rubber Bearings 
(LRBs), under near-fault ground motion conditions to assess their effectiveness 
in reducing seismic impact on structures. The isolator is first analyzed using a 
static general approach and validated against existing literature before 
undergoing dynamic analysis. In this research, the LRB isolation system is 
analyzed using a dynamic explicit approach in ABAQUS, while the HDRB is 
analyzed using a dynamic implicit approach. The behavior of these isolators is 
studied under seismic events such as those from the Imperial Valley, Managua, 
Loma Prieta, Northridge, and Kocaeli ground motions. The results indicate that 
LRBs significantly reduce acceleration at the top of the bearing compared to 
HDRBs. The maximum reductions in response are 68.42% for the Kocaeli 
earthquake in case of LRBs and 61.80% for the Northridge earthquake in case of 
HDRBs. The LRB shows a minimum acceleration response reduction of 57.24%, 
while for HDRB, it is 24.47% for the Imperial Valley records in both cases. 
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1. Introduction 

Earthquakes are ancient, unpredictable hazards that disrupt the ground, affecting 
structures and systems, often with significant consequences. Structural designers and 
engineers face a challenge in mitigating these effects. Extensive research has led to 
strategies to strengthen structures against seismic forces. This vulnerability is often 
observed in existing buildings where some storeys lack walls, making them susceptible to 
larger earthquake forces and increased lateral deformations. Worldwide, buildings 
collapse during earthquakes, requiring costly retrofitting to extend their service life [1]. 

Seismic hazard in regions is determined by geological, tectonic, and statistical data. Key 
parameters include earthquake epicenter, hypocenter, duration, source parameters, and 
intensities. Earthquakes are crucial for testing structural behavior under horizontal loads 
[2]. Studies conducted in the Balkan countries and neighboring regions, like Turkey and 
Iran, have experienced destructive earthquakes in recent years, causing significant damage 
and even building collapse [3]. Post-disaster studies are essential for assessing earthquake 
hazards, understanding factors affecting building performance, and guiding urban 

http://dx.doi.org/10.17515/resm2024.194ea0225rs


Patel et al. / Research on Engineering Structures & Materials 10(4) (2024) 1541-1564 

 

1542 

planning and structural design [4]. Furthermore, a study was conducted to examined 
seismic damage to masonry buildings, focusing on low and mid-rise masonry residential 
buildings in Albania constructed between 1940 and 1990 under pre-modern seismic 
codes. The study aims to compare their seismic behavior under near-field and far-field 
earthquake scenarios [5].  

Base isolation employs specially designed devices between the superstructure and 
foundation to isolate the structure from seismic motion as shown in Fig. 1 [6-8]. Seismic 
isolation is a technique aimed at diminishing inertial forces generated within a structure 
during earthquake ground shaking. It achieves a shift in the fundamental period of 
vibration by uncoupling the superstructure from the supporting foundation through the 
use of isolators, elements that are laterally flexible yet vertically stiff [9]. Decoupling 
involves extending a building's natural vibration period, reducing spectral acceleration 
(Fig. 2). This shift in the structural time-period, depicted in Fig. 3, results in greater relative 
displacements [10]. Seismic Base Isolation (BI) is an innovative, globally adopted approach 
in earthquake-resistant design. 

 

Fig. 1.  Base Isolation terminology (ASCE 7-16) 

 
 

Fig. 2. Time period shift Fig. 3. Displacement design response 
spectra 

The two primary techniques for earthquake resistance in structures are conventional 
earthquake-resistant design and seismic isolation. Conventional methods strengthen 
structures with features like shear walls or braced frames but can lead to issues like 
excessive floor acceleration or inter-story drifts. Seismic isolation, especially base 
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isolation, is increasingly popular for protecting structures in earthquake-prone areas from 
intense ground motion [11].  

The rubber material is derived from Hevea brasiliensis latex, natural rubber, initially 
known as "Caoutchouc," was termed "rubber" by Joseph Priestley in 1770. Fisher 
introduced "elastomer" in 1939 for synthetic rubber-like materials. Charles Goodyear's 
1839 vulcanization discovery and DuPont's 1931 Neoprene creation revolutionized 
rubber properties. Fillers, accelerators, anti-ozonants, and antioxidants improve rubber 
compounds. Natural rubber pads absorbed impact in a Melbourne rail bridge in 1889. 
Eugene Freyssinet's 1954 patent paved the way for widely used multilayer rubber 
bearings in earthquake-resistant designs [12]. In 1981, Robinson integrated lead cores into 
rubber bearings, resulting in the creation of Lead Rubber Bearings (LRBs), aimed at 
improving energy dissipation [13]. The HDRB is exemplified by the 1985 Foothill 
Communities Law and Justice Center, offer high stiffness and damping at low shear strains 
and increased resilience under major earthquakes. Modeling HDRB behavior in seismic 
design considers factors like creep, rate dependence, mechanical properties, 
manufacturing variations, and environmental influences [14].  

HDRBs are characterized by their ability to provide high stiffness and damping at small 
shear strains, effectively reducing their behavior to service and wind loads. They also 
exhibit low shear stiffness but with suitable damping capability at the design displacement 
level. As displacement amplitudes intensified, HDRBs show a notable increase in stiffness 
and damping, which is beneficial in restraining movements during major ground motions 
[12]. When modeling HDRB behavior in seismic isolation systems, it is essential to consider 
various factors. Creep, a significant consideration, makes the response of these devices rate 
reliable. Additionally, mechanical features can be affected by manufacturing variations, 
contact pressure, loading and strain history, temperature fluctuations, and aging effects. 
HDRB along with low-damping natural rubber bearings and LRBs, are usually 
implemented as seismic base-isolation system [14]. The complex structure of HDRBs 
involves adding fine carbon blocks, oils, resins, and other fillers to natural rubber, 
enhancing their damping properties. This modification leads to non-linear hysteretic 
material behavior during earthquake loads, posing challenges in accurately representing 
their actual performance [15]. Laminated elastomeric bearings, featuring rubber and steel 
layers bonded through vulcanization, are widely used. The inclusion of steel shim layers 
enhances vertical stiffness with minimal impact on shear stiffness. However, excessive 
damping at smaller displacements may affect the system's overall effectiveness and 
internal equipment [10]. The study analyzed two adjacent three-story buildings in India's 
highest seismic zone: one on a Lead Rubber Bearing (LRB) base isolator and the other a 
conventional RC framed structure. Real earthquake responses from 2006 to 2007 were 
recorded. The LRB building had a frequency 2.6 times lower than the conventional one, 
with a response reduction of 4 to 5 times. Structure-soil-structure interaction was 
observed in the LRB building's response, aligning with the nearby structure's frequency. 
Numerical simulations and soil modeling validated the results. During a larger earthquake 
with a PGA of 0.26 g, the LRB building's response acceleration was about 4.1 times lower 
than the conventional structures [16]. Furthermore, the effect of soil-structure interaction 
is studied [17-19]. 

The choice of a suitable material model and the determination of its parameters 
significantly impact the accuracy and reliability of finite element analysis results for rubber 
components like tires, engine mounts, and rubber bearings. Typically, two types of 
mechanical models are employed for rubber materials: hyper-elastic and hyper-
viscoelastic models. The former is suitable for simpler problems where time effects can be 
disregarded, while the latter is essential for analyses involving time-dependent factors, 
such as dissipated energy determination in cyclic loading (hysteresis). Despite extensive 
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research on hyper-elastic models, hyper-viscoelastic models have received less attention, 
and further work is needed to document and determine their parameters adequately. 

The study was conducted to evaluates seismic-isolated bridges using LRBs under near-
field earthquake with discrete pulse responses. It examines maximum isolator 
displacements (MIDs) and maximum isolator forces (MIFs), accounting for LRB yield 
strength deterioration due to heating. The comparison includes deteriorating and non-
deteriorating conditions, employing bounding analyses. Nonlinear response history 
analyses, considering different soil conditions, reveal that lower bound analyses tend to 
overestimate MIDs, especially for LRBs with higher Q/W ratios, during near-field 
earthquakes with increased velocity pulses [20]. The paper also investigates the impact of 
lead core heating on LRB-isolated bridges under near-field ground motions, validating 
bounding analyses for designing maximum isolator force and displacement envelopes. 
Results indicate that temperature rise in the lead core correlates with higher magnitudes 
and more near-fault earthquakes pulses, decreasing with greater distances from the fault. 
[21]. Earthquake excitations were applied to a 20-story RC and a 3-story steel structure to 
investigate the impact of isolator characteristics, including isolation period and 
characteristic strength-to-weight ratio, on the behaviour of the superstructures [22]. LRB 
base-isolated buildings, designed with optimal yield strength ratios, demonstrate robust 
seismic performance, even in mega earthquake scenarios, surpassing structures using 
critical yield strength and second shape coefficients [23]. Rubber material parameters are 
derived from laboratory tests, including uniaxial tensile and relaxation tests. The 3D-FE 
model of the bearing is then compared with an analytical ABAQUS CAE model for LRB 
isolators, showing good agreement in shear behaviour [24]. The inclusion of a lead core in 
a lead rubber bearing (LRB) improves its performance by enabling energy dissipation, 
enhancing damping characteristics, increasing vertical stiffness, and ensuring overall 
reliability. The lead core is engineered to plastically deform under lateral loads, effectively 
absorbing substantial energy during seismic events and minimizing force transmission to 
the structure. This deformation isolates the structure from ground motion, reducing the 
likelihood of structural damage. Furthermore, the lead core boosts the bearing's vertical 
stiffness, supporting the structure and ensuring stability under varying loads. 

RRB (rubber bearing with steel rings) is implemented in 3 to 6-story steel and concrete 
building, compared to fixed and isolated base structures with LRB. Abaqus is used for finite 
element modelling, showing average effective stiffness of 110.88 (ton/m) for LRB and 
82.48 (ton/m) for RRB, with damping at 18.44% for LRB and 47.02% for RRB. Nonlinear 
time history analysis with earthquake records reveals RRB isolated base structures 
achieve reductions in acceleration by 42.16%, 43.36%, 51.83%, and 57.16% for 3, 4, 5, and 
6-story buildings. Shear reductions are 55.5%, 47.16%, 37.93%, and 56.83%, and drift 
decreases are 35.33%, 50%, 54.5%, and 59.66% for 3, 4, 5, and 6-story structures [25]. The 
research refines the estimation of yield strength and confinement of lead cores in Lead 
Rubber Bearings (LRB). Prototype tests reveal variability, challenging the traditional use 
of a standard lead yield value (7-10 MPa). The study validates a newly developed equation 
for estimating yield strength based on lead core confinement. Comparisons with prototype 
tests demonstrate a good match, with differences mostly within ±5% [26]. The value-based 
seismic design framework to optimize the geometrical and mechanical characteristics of 
LRBs has been studied. Considering construction cost and seismic consequences as key 
components, the optimization problem accounts for multiple LRB failure modes, such as 
strength weakening, axial buckling, and rubber rupture [27]. The study assesses the 
influence of LRB and HDRB on structures using nonlinear finite element analyses with SAP 
2000. Isolator designs follow the UBC code [28]. This research presents a novel approach 
for designing base-isolated buildings in line with Algerian seismic regulations. The method 
combines the linear equivalent approach for design displacement using an iterative 
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process with time history analysis. Numerical modelling, compared with global 
regulations, validates the approach, demonstrating satisfactory results in design 
displacement and base shear force alignment [29]. The study was conducted to investigate 
the impact of pulse-like ground motions on seismically isolated buildings using three near-
fault record sets with varying pulse periods. Two seismically isolated RC buildings were 
designed following ASCE-7-16 standards. Each records spectrum was scaled to the Risk-
Targeted Maximum Considered Earthquake level spectrum using the amplitude scaled 
approach in the scaling period range of ASCE 7–16. The buildings were then subjected 
bidirectionally to the scaled records. Results for two different scaling period ranges were 
compared to assess their effects on isolator displacements [30]. Moreover, a 40-story 
building subjected to near-fault and far-field strong motion records were examined. 
Results compared various factors such as story drift ratios, wall shear stresses, and beam 
rotations. It is common to reduce shear wall thickness at upper levels, but this study found 
that doing so can lead to early elastic capacity in the core-wall, altering post-yield shear 
force redistribution below the yielding level [31]. The study was conducted to developed 
fragility curve for five building by using FEMA P695. It found a strong link between 
isolation unit collapse probability and the isolation system displacement ratio. Simple, 
highly correlated equations were developed to estimate required displacement capacity 
for specific risk-target levels. These equations were validated against two building models 
and compared with IDA results, showing their applicability for the preliminary design of 
mid-rise isolated reinforced concrete buildings [32]. 

This study employs Abaqus CAE 2020 software to validate the static analysis of the LRB 
model with existing experimental and numerical analysis. Subsequently, the LRB and 
HDRBs are analyzed for dynamic response, comparing acceleration responses at the base 
and top of the loading plate under ground motion inputs. For dynamic analysis, five near-
fault earthquakes are selected from PEER NGA West2 records. Despite extensive research 
on various isolation systems, including LRBs and HDRBs, there is a notable scarcity of 
studies examining the dynamic performance in relation to their mechanical characteristics 
and material properties. This study investigates the impact of seismic isolators, specifically 
HDRBs and LRBs, on key seismic parameters. The uniqueness of the work lies in its 
comparative analysis of these base isolators under various seismic events, providing 
valuable insights for isolator design. A micro modelling of the isolator is performed using 
finite element modelling software ABAQUS, and both LRBs and HDRBs are subjected to 
different near-fault ground motions to gain insights into their dynamic response. The 
results are compared with the input earthquake values, and the response reduction is 
presented as a percentage decrease in acceleration response. Additionally, the time-
displacement response is provided for the Imperial Valley and Managua earthquake 
records. 

2. Theory and Design of LRB and HDRB for Finite Element Dynamic Analysis 

A FEM holds the potential to serve as a robust tool for advancing our understanding of the 
local behavior of seismic isolation devices. Kelly applied FE modeling to investigate the 
variation in lateral force-displacement response under increasing axial load, employing a 
2-D model [33]. Imbimbo and Luca [34] conducted FE analyses on circular elastomeric 
bearings subjected to vertical loads. Doudoumis [35] employed numerical modeling, 
utilizing finite element micromodels, for Lead-Rubber Bearings, revealing enhanced 
possibilities for a detailed study of stress, strain, and available strength. Despite these 
advancements, there has been a lack of comprehensive comparison between theoretical 
and numerical models for laminated rubber bearings in previous finite element modeling 
efforts. This research addresses this gap by first detailing the process of 3-D FE analysis 
modeling for a laminated rubber bearing. Subsequently, through a comparison of the FE 



Patel et al. / Research on Engineering Structures & Materials 10(4) (2024) 1541-1564 

 

1546 

analysis outcomes with experimental findings, the validity of the models is demonstrated. 
The analysis procedure for the current study is depicted in the Fig. 4. 

3. Material Properties, Dimensions and Loading Condition 

When selecting numerical models for LRBs and HDRBs in Abaqus, prioritize accuracy, 
reliability, and compatibility. The materials for models must be chosen that accurately 
represent hyper elastic rubber and lead behavior under dynamic loading, ensuring they 
can perform dynamic analysis and simulate contact with surrounding structures 
accurately. The models must be validated against experimental data, consider 
computational efficiency for numerical simulation in Abaqus. 

 

Fig. 4. The flow chart illustrates the analysis procedure of the present study 

The LRB used in this study is the Skellerup150 isolator, which is listed in the Skellerup 
Industries manufacturer's catalogue [36]. The inclusion of steel in rubber isolators is 
crucial for mitigating excessive strains under vertical loads and is commonly represented 
as an elastoplastic material. Steel's properties include a yield stress of 240 MPa, a Poisson's 
ratio of 0.3, and an elastic modulus of 210 GPa. Lead, with a crystal structure undergoing 
alterations with increasing displacement, is characterized by a yield stress of 19.5 MPa, a 
Poisson's ratio of 0.43, and a modulus of elasticity of 18000 MPa. The assembly comprises 
two top and bottom loading steel plates, each with a diameter of 601 mm and a thickness 
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of 31.8 mm. Additionally, there are two fixing steel plates (top and bottom) with a diameter 
of 431 mm and a thickness of 25.4 mm. The configuration includes 11 rubber layers, each 
with a diameter of 431 mm and a thickness of 9 .5 mm, as well as 10 steel shims measuring 
431 mm in diameter and 3.0 mm in thickness. At the core is a central lead core with a 
diameter of 116.8 mm and a height of 185 mm. According to the specifications, the design 
compressive load is 667 kN, and the lateral design displacement is 0.1524 m [35]. 

Before moving to dynamic analysis, a preliminary static analysis is performed to optimize 
the dimensions of the bearing. The analysis of the LRB is conducted using ABAQUS CAE 
(User's Manual V6.14). Initially, the model is subjected to vertical static loadings. After 
applying a vertical compressive load of 667 kN, a cyclic horizontal displacement with an 
amplitude of ±1524 mm is applied, based on the specified dimensions. The analysis 
includes analytical results from numerical simulations conducted in Abaqus. A comparison 
is made with the force-displacement curves provided by the manufacturer and 
Doudoumins 2005, illustrated in Fig. 5. 

 

Fig. 5. Comparison of the force-displacement curves obtained from analytical 
(Abaqus), experimental and Doudoumis et al. results 

3.1 Selecting a Rubber Constitutive Model for Dynamic Analysis 

Rubber is identified as an incompressible material, retaining a constant volume during 
deformations, which classifies it as isochoric. In rubber compounds, volume alterations are 
minimal, nearing incompressibility. This results in a Poisson’s ratio of 0.5, constraining the 
use of classical computational mechanics for stress and strain calculations. The elastic 
characteristics of rubber in terms of potential strain energy function 𝑈 in terms of Green's 
deviatoric strain invariants are as follows: 

𝑈 = 𝑓(𝐼1, 𝐼2, 𝐼3) (1) 

𝐼1, 𝐼2, 𝐼3 are first, second and third deviatoric strain invariant of the green deformation 
tensor in terms of 𝜆1, 𝜆2, 𝜆3. 

𝐼1 = 𝜆1
2 + 𝜆2

2 + 𝜆3
2   (2) 

𝐼2 = 𝜆1
2𝜆2

2 + 𝜆2
2𝜆3

2 + 𝜆3
2𝜆1

2 (3) 
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𝐼3 = 𝜆1
2𝜆2

2𝜆3
2 (4) 

The rubber's hyper-elasticity is characterized by the Yeoh model, and its damping 
response is modeled using the Prony series viscosity model. A comprehensive overview of 
both the Yeoh hyper-elasticity model and the Prony series viscosity model is available in 
the accompanying Table1 and Table 2. 

3.1.1 Yeoh Model 

The strain energy function for the Yeoh model 

𝑈 = 𝐶10(𝐼1̅ − 3) + 𝐶20(𝐼1̅ − 3)2 + 𝐶30(𝐼1̅ − 3)3 +
1

𝐷1
(𝐽𝑒𝑙 − 1)2 +

1

𝐷2
(𝐽𝑒𝑙 − 1)4 +

1

𝐷3
(𝐽𝑒𝑙 − 1)6    (5) 

For N=3, the equation can be written as: 

𝑈 = ∑ 𝐶10(𝐼1̅ − 3)𝑖 +

3

𝑖=1

∑
1

𝐷𝑖

3

𝑖=1

(𝐽𝑒𝑙 − 1)2𝑖  
(6) 

𝐶𝑖0, 𝐷𝑖 are material constants, N= material constant (positive numbers N=1,2,3), µ, 𝜆𝑚 and 

D, are temperature-dependent parameters D =
2

𝐾
; and 𝐼1̅ = �̅�1

2 + �̅�2
2 + �̅�3

2 and 𝐼2̅ = �̅�1
(−2)

+

�̅�2
(−2)

+ �̅�3
(−2)

, where �̅�𝑖 = 𝐽−
1

3𝜆𝑖;  J= Jacobean determinant  where 𝐽 = 𝜆1𝜆2𝜆3, 𝐽𝑒𝑙  is the 
elastic volume ratio, and K is the bulk modulus.  

 

(a) 

 

(b) 

Fig. 6. The uniaxial tensile test (a) results (black line) for the rubber specimen, along 
with the relaxation test results (b), are compared with their respective numerical 

models, represented by the red line 

Table 1. Parameters for the Yeoh hyper-elasticity model applied to rubber material [24] 

𝐶10 𝐶20 𝐶30 

0.206 0.013 -0.000059 

Table 2. Coefficients for the Prony series in rubber specimens [24] 

𝒊 𝑮𝒊 𝒕𝒊 

1 0.25 0.103 

2 0.11 2.664 

3 0.08 26.06 

4 0.25 924.24 
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The µ𝑖 and 𝛼𝑖 are constants which depend upon shear behaviour and 𝐷𝑖  is compressibility. 
Fig. 6 displays the rubber specimen's strain-stress curve (black line), with Fig. 6(a) 
demonstrating alignment between test data and the Yeoh model. In Fig. 6(b), the relaxation 
data is compared with the Prony model [24]. 

4. Mechanical Parameters of LRB and HDRB 

Total thickness of rubber  

𝑇𝑟 = 𝑛𝑡𝑟 (7) 

where 𝑛 is number of rubber layers, 𝑡𝑟 is the thickness of the single rubber layer and 𝑇𝑟  is 
total rubber layer thickness. Total height of the elastomeric rubber bearing; 

ℎ =  𝑛𝑡𝑟 + (𝑛 − 1)𝑡𝑠 (8) 

where 𝑛 is number of rubber layers, 𝑡𝑟 is the thickness of the single rubber layer, 𝑡𝑠 
thickness of single layer steel shim and 𝑇𝑟  is total rubber layer thickness. Bonded rubber 
area; 

𝐴 =  
𝜋

4
[(𝐷0 + 𝑡𝑐)2 − 𝐷𝑖

2] (9) 

Where, 𝑡𝑐  is the rubber cover thickness, 𝐷0 is the outer diameter and 𝐷𝑖  is the inner 
thickness or lead core diameter (for LRB and for HDRB 𝐷𝑖 = 0) 

The zero-displacement force intercept (𝑄𝑑) in a LRB is determined by the shear yield 
strength of the lead (𝜎𝐿) and the area of cross-section for the lead plug (𝐴𝐿). The 
characteristics strength for the bearing; 

𝑄𝑑 = 𝜎𝐿𝐴𝐿 (10) 

The second-slope stiffness (𝐾𝑑) refers to the elastomeric component stiffness of the 
bearing. At a specific horizontal displacement (d), the effective or secant stiffness of the 
LRB is given by: 

𝐾𝑒𝑓𝑓 =
𝑄𝑑

𝑑
+ 𝐾𝑑 (11) 

Shape factor, is defined individually for a rubber layer as: 

𝑆 =
𝐷𝑜 − 𝐷𝑖

4𝑡𝑟
 (12) 

The steel shims confine the rubber at the bond interface. The shim spacing (or thickness of 
rubber layer) regulates the bulging around the perimeter, influencing the compression 
modulus (𝐸𝑐) of the elastomeric layer. 

𝐸𝑐 = (
1

6𝐺𝑆2𝐹
+

4

3𝐾𝑏𝑢𝑙𝑘
)

−1

 
(13) 

Where, G is shear modulus, 𝐾𝑏𝑢𝑙𝑘  is bulk modulus of rubber, S is shape factor, central hole 

factor 𝐹 =
(𝑟𝑑)2+1

(𝑟𝑑−1)2
+

1+𝑟𝑑

(1−𝑟𝑑)𝑙𝑛(𝑟𝑑)
,  𝑟𝑑 =

𝐷𝑜

𝐷𝑖
 

The tight arrangement of steel plates, or thin rubber layers, generates a substantial shape 
factor, leading to increased vertical stiffness. 

𝐾𝑣 =
𝐴𝐸𝑐

𝑇𝑟
 (14) 
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The overall rubber thickness (𝑇𝑟) serves to offer the essential low horizontal stiffness 
required to extend the fundamental period of the system. Simultaneously, the tight 
arrangement of intermediate steel plates contributes substantial vertical stiffness and 
shear modulus is given as 𝐺 and bonded rubber area (𝐴). It's important to note that the 
steel shim plates do not influence the calculated horizontal stiffness of the bearing. 

𝐾ℎ =
𝐺𝐴

𝑇𝑟
 (15) 

Torsional Stiffness 

𝐾𝑡 =
2𝐺𝐼𝑠

ℎ
 (16) 

Effective Period 

𝑇𝑒𝑓𝑓 = 2𝜋√
𝑊

𝐾𝑒𝑓𝑓. 𝑔
 

(17) 

Where, 𝑊 is the seismic weight of the structure supported by the isolation unit 𝑔 is 
gravitational acceleration. 

Effective stiffness 

𝐾𝑒𝑓𝑓 =
𝑊

𝑔
(

2𝜋

𝑇
)

2

 
(18) 

Hysteresis loop defined the energy dissipation per cycle,  

𝑊𝐷 = 2𝜋𝐾𝑒𝑓𝑓𝛽𝐷2 (19) 

The energy dissipated per loading cycle (𝐸𝑙𝑜𝑜𝑝) and the effective stiffness (𝐾eff) is 

determined based on the peak displacements, ∆+ and ∆−. 

𝛽𝑒𝑓𝑓 =
2

𝜋

𝐸𝑙𝑜𝑜𝑝

𝐾𝑒𝑓𝑓(|∆+| + |∆−|)2
 (20) 

Damping reduction factor 

1

𝐵
= 0.25(1 − 𝑙𝑛𝛽𝑒𝑓𝑓) (21) 

The design and construction of the isolation system must ensure resilience to, at the very 
least, the maximum displacement 𝐷 ascertained through the upper and lower bound 
characteristics, particularly in the most critical horizontal response direction. 

𝐷 =
𝑔𝑆𝑎𝑇𝑒𝑓𝑓

2

4𝜋2𝐵
 

(22) 

The force-deflection properties of an isolation system should be determined through cyclic 
load tests conducted on prototype isolation unit. For each loading cycle, the effective 
stiffness of the isolator, denoted as 𝐾eff, must be calculated as per the specified 

𝐾𝑒𝑓𝑓 =
|𝐹+| + |𝐹−|

|∆+| + |∆−|
 (23) 

Here, 𝐹+ represents the positive force at the maximum positive displacement ∆+, and 𝐹− 
denotes the negative force at the minimum negative displacement ∆− as shown in Fig. 7. 
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Fig. 7. Force-displacement hysteretic characteristic of an isolator (IS 1893 Part 6) 

4.1. Modelling of HDRB for Dynamic Analysis 

The HDRB was modeled in Abaqus CAE 2020 software, with its four parts (Loading Plate, 
Fixing Plate, Steel Plate, and Rubber Plate as shown in Fig. 8) created according to 
properties outlined in the 'Material Properties and Dimensions' section. The model was 
constructed in the Parts module, with material characteristics such as Poisson’s coefficient, 
modulus of elasticity, density, and plastic properties, including visco-elastic coefficients 
and Yeoh model coefficients are defined. These properties were assigned to the respective 
sections, and the parts were assembled together.  

To facilitate the dynamic analysis, two reference points are positioned at the centroids of 
the top and bottom surfaces of the model as shown in Fig. 9. The degrees of freedom for 
these surfaces are linked to their corresponding reference points. These reference points 
serve as anchors for applying boundary conditions and loading scenarios to the bearing. 
The simulation applied a general method with analysis procedure as Dynamic Implicit in 
the step module. The Interaction module in ABAQUS serves to define contact behaviors, 
such as friction or heat, between layers. 

 

Fig. 8. Schematic representation of the HDRB with its components 
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Fig. 9. Diagram depicts the reference point RP1 and RP2 at the top and bottom of the 
bearing 

It also allows for the specification of how degrees of freedom are constrained and how 
parts are connected. In this study, the Tie constraint is utilized to attach the parts of the 
isolators, ensuring their cohesive movement as a single unit. The bearing was meshed to 
create 9222 elements. For the steel material, the C3D8R Hex element type (an 8-node linear 
brick with reduced integration and hourglass control) was selected, while for the visco-
hyperelastic rubber material, the C3D20H Hex element type (a 20-node quadratic brick 
with hybrid linear pressure) was chosen. A concentrated force of 667kN was applied at the 
top of the loading plate of the bearing, and ground motion was applied at its bottom 
surface. 

4.2. Modelling of Lead Rubber Bearing for Dynamic Analysis 

The Lead Rubber Bearing was modelled in Abaqus CAE 2020 software, with its four parts 
(Loading Plate, Fixing Plate, Lead Core, Steel Plate, and Rubber Plate as shown in Fig. 10) 
created based on properties outlined in the 'Material Properties and Dimensions' section. 
The simulation used a general method with analysis procedure is used as Dynamic Explicit 
in the step module, employing Tie constraints to connect the parts. 

 

Fig. 10. Schematic representation of lead rubber bearing 
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Fig. 11. Diagram depicts the applied concentrated load on LRB 

The bearing was meshed with 4424 Hex elements, using the C3D8R element type (an 8-
node linear brick with reduced integration and hourglass control). A concentrated force of 
667kN was applied at the top of the loading plate of the bearing as shown in Fig. 11, and 
ground motion was applied at its bottom surface. 

5. Properties of the Near-Fault Ground Motions  

To examine the seismic performance of rubber bearings under earthquake excitations, five 
intense near-field ground motion records were chosen from the Pacific Earthquake 
Engineering Research Center [37], as listed in the Table 3. Near-fault ground motions are 
discerned by their long-period pulses and substantial ground displacements, which are 
notably greater than those observed in far-fault ground motions. Using the following 
earthquake specifications: Magnitude 7 > 𝑀𝑤 > 6.0 and Distance (R) < 10 km, a search was 
conducted in the PEER NGA West2 Ground Motion Database. The input earthquake records 
are shown in Fig. 12 for Imperial Valley records and acceleration response spectra, Fig. 13 
represents Managua record and acceleration response spectra, Fig. 14 represents Loma 
Prieta records and acceleration response spectra, Fig. 15 represents The Kocaeli records 
and acceleration response spectra and Fig. 16 represents Northridge records and 
acceleration response spectra. The Fourier Amplitude Spectrum for time history records 
is shown in Fig. 17. 

Table 3. Properties of the applied near-fault ground motions Records   

S. 
No. 

Earthquake 
Record 

Station 
Name 

Year Mechanism RSN 
Magnitud

e (𝑀𝑤) 
𝑅𝑗𝑏 

(km) 

𝑅𝑟𝑢𝑝 

(km) 
𝑉𝑠30 

(m/s) 
PGA 
(g) 

PGV 
(cm/s) 

PGD 
(cm) 

1. 
Imperial 

Valley 
El Centro 
Array #9 

1940 Strike slip 6 6.95 6.09 6.09 213.4 0.233 31.29 18.44 

2. 
Managua, 
Nicaragua 

Managua, 
ESSO 

1972 Strike slip 95 6.24 3.51 4.06 288.7 0.354 28.41 6.096 

3. 
Loma 
Prieta 

Saratoga, 1989 
Reverse 
Oblique 

802 6.93 7.58 8.5 380.8 0.369 47.32 26.53 

4. Northridge 
Arleta 

Nordhoff 
1994 Reverse 949 6.69 3.3 8.66 297.7 0.329 29.28 9.49 

5. The Kocaeli Yarmica 1999 Strike Slip 1176 7.51 1.38 4.83 297 0.285 70.86 63.12 
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Fig. 12. Time histories recorded during the earthquake of Imperial Valley and 

Acceleration Response Spectra 

 

Fig. 13. Time histories recorded during the earthquake of Managua and Acceleration 
Response Spectra 

 

Fig. 14. Time histories recorded during the earthquake of Loma Prieta and 
Acceleration Response Spectra 
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Fig. 15. Time histories recorded during the earthquake of The Kocaeli and Acceleration 
Response Spectra 

 

Fig. 16. Time histories recorded during the earthquake of Northridge and Acceleration 
Response Spectra 

 

Fig. 17. Fourier amplitude spectrum of various time history records 
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6. Comparison of the Acceleration Response  

The study examined the key features of the bearings and compared the input earthquakes 
reduced at the top of both LRBs and HDRBs. The inclusion of a lead core in the rubber 
bearing significantly decreased earthquake responses. The comparative results of Imperial 
Valley, Managua, Kocaeli, Northridge and Loma Prieta are shown in Fig. 18, Fig. 19, Fig. 20, 
Fig. 21 and Fig. 22, respectively. The bearings exhibited effective behavior during the input 
time history earthquakes, with maximum response reductions of 68.42% for the Kocaeli 
earthquake in the case of LRBs and 61.80% for the Northridge earthquake in the case of 
HDRBs. 

 

Fig. 18. Comparison of the Top bearing acceleration obtained from the dynamic 
analysis of the HDRB and LRB models under the input Imperial Valley earthquake 

 

Fig. 19. Comparison of the Top bearing acceleration obtained from the dynamic 
analysis of the HDRB and LRB models under the input Managua earthquake 
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Fig. 20. Comparison of the Top bearing acceleration obtained from the dynamic 
analysis of the HDRB and LRB models under the input Loma Prieta earthquake 

 

Fig. 21. Comparison of the Top bearing acceleration obtained from the dynamic 
analysis of the HDRB and LRB models under the input The Kocaeli earthquake 

 

Fig. 22. Comparison of the Top bearing acceleration obtained from the dynamic 
analysis of the HDRB and LRB models under the input Northridge earthquake 
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7. Result and Discussion 

The LRB undergoes a general static analysis procedure under a vertically concentrated 
load and subjected to cyclic lateral load, with the bottom end of the bearing fixed. A force-
displacement curve is generated, and the results are compared with experimental and 
literature data. It was noted that the analyzed model closely aligns with both the 
manufacturer's specifications and previously analyzed results. Following optimization of 
the model for static analysis, the bearing is subsequently analyzed for dynamic behavior. 
The studies were performed [15][38-40] to evaluate the dynamic efficiency of the LRBs 
and HDRBs.  The study conducted by Belbachir [11] shows a 54% reduction in acceleration 
for the HDRB+FVD isolated system compared to the fixed-base structure. The nonlinear 
dynamic analysis conducted on a fixed-base RC structure and three different base-isolated 
RC structures (employing HDRB, LRB, and elastomeric spring damper systems) provided 
the basis for a comparative analysis. This analysis includes the time history of base 
acceleration, base shear, base displacements, inter-storey drifts over time, and peak base 
shear values for each system [38]. Further, the study was performed to assessed dynamic 
responses of isolated structures, including crack distribution, acceleration, displacement, 
internal forces of bearings, and beam strains near failure. Sudden bearing failure, coupled 
with horizontal earthquakes, led to significant vertical deformation and impact. This 
affected adjacent and non-adjacent bearings, increasing the risk of overturning collapse. 
Vertical and low-frequency earthquake components notably influenced dynamic 
responses and damages, especially at bearing failure points [39]. In this study, the isolated 
bearing was simulated using ABAQUS CAE 2020 and subjected to time history records from 
the Imperial Valley, Managua, Loma Prieta, Northridge, and The Kocaeli events.  

7.1 Validation of LRB and Analysis of HDRB 

The response of the Lead Rubber Bearing (LRB) has been validated against experimental 
results from the manufacturer and numerical simulation analysis by Doudoumis using 
ADINA, as illustrated in Fig. 5. Additionally, a numerical simulation of the HDRB was 
conducted to analyze its force-displacement response as shown in Fig. 23.  As the bearing 
undergoes cyclic loading, it exhibits a characteristic behavior in which the applied force 
increases progressively with displacement.  

 

Fig. 23. Force-Displacement curve of the HDRB subject to horizontal cyclic loading 

This is accompanied by a gradual stiffening of the bearing structure. Consequently, the 
displacement of the bearing is met with resistance, resulting in a nonlinear response where 
the force needed to induce further displacement increases gradually. This behavior is a 
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result of the high damping features of the rubber material within the bearing, which 
effectively dissipates energy and attenuates vibrations, contributing to the overall stability 
and performance of the bearing system. The analysis of HDRB and LRB revealed that the 
lead core in the LRB substantially enhances its performance. The static analysis showed 
good agreement between the analytical results and the experimental data, validating the 
precision of the models. These findings confirm the suitability of the numerical models for 
further dynamic analyses. Moreover, it highlights the efficacy of both LRBs and HDRBs in 
fortifying structures against seismic forces, emphasizing their role in bolstering structural 
resilience. 

7.2 Acceleration Response  

The results, based on accelerations at the top loading plate of the bearing, indicate that the 
isolation system was effectively activated during seismic events, ensuring the decoupling 
of motion between the superstructure and the foundations. Numerical analysis shows that 
the lead rubber bearing achieved a higher reduction in response compared to the HDRB. 
Specifically, the reduced acceleration responses in percentage are shown in Table 4 and 
the acceleration response in terms of ‘g’ for input, HDRB and LRB are shown in Fig. 24. 

Table 4. Shows the acceleration response reduction for HDRB and LRB for input 
earthquake records 

A notable decrease in the acceleration response at the top of the bearing was observed. 
This phenomenon indicates the effective dissipation of energy within the bearings, leading 
to reduced transmission of forces and vibrations to the superstructure. Such behavior is a 
key characteristic of these bearings, highlighting their ability to absorb and dissipate 
seismic energy, thereby safeguarding the structure against excessive vibrations. 

 

Fig. 24. Maximum acceleration at the top of the bearing with different input of the 
Time History earthquakes 

S.No. Earthquake Records HDRB response LRB response 

1. The Kocaeli 48.42% 68.42% 

2. Imperial Valley 24.47% 57.24% 

3. Managua 48.35% 60.39% 

4. Loma Prieta 51.42% 62.05% 

5. Northridge 61.80% 68.41% 
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7.3 Displacement Response 

 The displacement response at the top of the bearing is crucial for understanding structural 
behavior under seismic loading. It reveals how effectively bearings accommodate 
deformations and isolate the superstructure. A minimal or decreasing displacement 
indicates efficient energy dissipation and structural flexibility, reducing transmitted 
seismic forces. This highlights LRBs and HDRBs' ability to enhance seismic capacity by 
mitigating ground motion impact and preventing excessive deformations.  

To prevent the overturning of isolators, it is crucial to restrict the horizontal displacement 
of the isolator. As per Chinese Code for the Seismic Design of Buildings, the maximum 
horizontal displacement of a rubber bearing during a ground motion should not exceed 
0.55 times its effective diameter [41]. The displacement responses of the LRB for the 
Imperial Valley earthquake and the HDRB for the Managua earthquake, as illustrated in the 
respective Fig. 25 and Fig. 26, are provided. However, these responses, being at the top of 
the bearing, may not entirely reflect the actual behavior as it would occur within a 
complete building-bearings system. 

 

Fig. 26. The displacement response of the high damping rubber bearing for time 
history function Managua 

 

Fig. 25. The displacement response of the lead rubber bearing for time history function 
Imperial Valley 
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8. Conclusion 

In summary, the study comprehensively validated two types of isolators, LRBs and HDRBs, 
through a meticulous process involving static and dynamic analyses using 3D Finite 
Element (FE) models in Abaqus. The dynamic analysis revealed promising results, 
particularly in terms of acceleration and displacement responses. The bearings exhibited 
efficient energy dissipation, leading to reduced transmitted forces and vibrations to the 
superstructure. Furthermore, they demonstrated the capacity to withstand significant 
deformations, effectively protecting the superstructure from ground motion. These 
findings, presented in terms of the acceleration reduction within the bearing, highlight the 
effectiveness of LRBs and HDRBs in enhancing the seismic resilience of structures. This 
suggests their potential to mitigate ground motion impacts and prevent excessive 
structural deformations. 

The hysteresis curves of HDRB show a smaller area compared to LRBs, indicating an 
unexpected lower energy dissipation capacity under similar shear deformation conditions. 
The horizontal shear performances of both types of bearings are illustrated in the force-
displacement curve as shown in Fig. 4 for LRB and Fig. 21 for HDRB, indicating that the 
HDRB has a lower horizontal stiffness than the LRB under equivalent vertical loading and 
shear strain. This implies that, with an equal total rubber thickness, the steel plates in the 
HDRB exert less constraint force on the rubbers compared to the lead core in the LRB. The 
presence of the lead core enhances the energy dissipation capacity of the LRB.This study 
validates that both isolators significantly diminish the destructive effects of earthquakes, 
with LRBs showing superior performance over HDRBs. The maximum reductions in 
response are 68.42% for the Kocaeli earthquake in the case of LRBs and 61.80% for the 
Northridge earthquake in the case of HDRBs. The reduction in acceleration response at the 
top of the bearing is indicative of the bearings' effectiveness in mitigating the impact of 
seismic forces on the structure. This emphasizes their pivotal role in enhancing the 
collective seismic performance and safety of the structure. 

In influence of near field ground motion excitation, the peak displacement for LRB under 
the Imperial Valley ground motion is 62.577mm, while for HDRB under the Managua 
earthquake record, it is 221.052mm. 

Finite element micromodels provide detailed insights into the stress, strain, and strength 
characteristics of LRBs and HDRBs, aiding in the understanding of their mechanical 
behavior and facilitating improvements in their design. The inclusion of a lead core in LRBs 
alters stress and strain distribution, highlighting the necessity of micromodels for their 
study. It is essential to validate basic assumptions regarding material properties and 
fabrication details to ensure the accuracy of the analysis. 

Dynamic analysis of HDRBs and LRBs in Abaqus is limited by the accuracy of material 
models for dynamic loading, large deformations, and high loading rates. Contact modeling, 
crucial for HDRBs and LRBs, can be challenging to accurately represent in Abaqus, 
impacting overall performance assessment. Additionally, results may be affected by 
material and interaction properties of the models, with dynamic analyses being 
computationally time consuming for complex models. 

This research addresses the gap in the literature by focusing specifically on LRBs and 
HDRBs, applying ABAQUS software package for numerical simulations and finite element 
micro analysis. The results include a comparative analysis of the reduction in input 
earthquake forces, laying the foundation for future research in this field. 

Future research in the analysis of HDRBs and LRBs using Abaqus should emphasize the 
development of more accurate material models, enhancements in contact algorithms, and 



Patel et al. / Research on Engineering Structures & Materials 10(4) (2024) 1541-1564 

 

1562 

the refinement of dynamic loading simulations. Incorporating viscoelastic properties 
alongside other hyperelastic material models could be simulated numerically to identify 
the most optimized and improve models with enhanced precision and accuracy. It is crucial 
to conduct comprehensive experimental studies and parametric analyses to validate 
results and gain insights into the impact of various design parameters. 
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 This review explores the burgeoning field of microbially enhanced construction 
materials, with a special focus on self-healing concrete, through the lens of 
microbial biotechnology. Central to this discourse is the innovative use of 
bacteria, particularly Bacillus species, to address the pervasive issue of 
microcracks in concrete, a fundamental material in the construction industry. 
Traditional remedies, such as chemical admixtures and fiber reinforcements, 
offer partial solutions; however, self-healing concrete represents a paradigm 
shift, harnessing the natural calcite-precipitating ability of bacteria to 
autonomously repair cracks, thereby augmenting structural durability and 
longevity. Delving into the mechanics, the bacteria, embedded within the 
concrete matrix, remain dormant until crack formation triggers their metabolic 
pathways, leading to calcite production that effectively seals the fissures. This 
bio-mediated repair mechanism not only enhances the structural integrity of 
concrete but also aligns with sustainable construction practices by minimizing 
maintenance requirements and material wastage. The review extends beyond 
self-healing phenomena, encompassing broader applications of microbial 
technology in construction, including bio-concrete, bio-cement, and soil 
stabilization methods. These applications underscore the versatility of microbes 
in enhancing material properties such as compressive strength, tensile 
resilience, and water impermeability. Empirical evidence underscores the 
necessity of optimizing bacterial dosages and curing conditions to maximize the 
self-healing efficiency. Future research trajectories should aim to elucidate the 
complex interactions between microbial agents and concrete matrices, assess 
long-term performance, and evaluate the environmental and economic 
sustainability of microbial interventions in construction. The integration of 
microbial technology in construction materials heralds a new epoch of 
innovation, offering robust, sustainable, and resilient solutions to enduring 
challenges in the industry. 

© 2024 MIM Research Group. All rights reserved. 
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1. Introduction 

In the evolving landscape of civil engineering, the quest for durable and sustainable 
building materials has become paramount, driven by the urgent need to address the 
environmental and structural challenges of modern construction. Concrete, the 
cornerstone of global infrastructure development, is under increasing scrutiny due to its 
vulnerability to degradation and the environmental impact of its production. 
This paper explores the utilization of microorganisms in construction materials and the 
methods employed to evaluate their effect on strength. Concrete, being the most 
extensively used building material in construction projects (1) is not without its 
challenges, including the presence of micro cracks (2). These micro cracks can reduce the 
workability of concrete and potentially lead to structural collapse and failure. 

mailto:farzin.asgharpour@emu.edu.tr
http://dx.doi.org/10.17515/resm2024.207ma0304rv


Asgharpour et al. / Research on Engineering Structures & Materials 10(4) (2024) 1565-1588 

 

1566 

To address these challenges, various approaches have been employed, such as the use of 
chemical admixtures (3) and fiber concretes (4). Additionally, the concept of self-healing 
concrete has gained attention, aiming to minimize the need for manual maintenance. One 
promising self-healing approach involves the utilization of specific bacteria that operate 
independently within the concrete structure (2). When tensile forces exceed the concrete's 
strength, fractures occur (5). These fractures can serve as pathways for water ingress and 
the infiltration of toxic substances (6). Concrete cracks can be classified into two groups: 
non-hazardous cracks that are visually unappealing but do not pose a safety threat (7), and 
structural cracks that require careful attention to prevent significant harm to the overall 
structure. Self-healing concrete methods, such as bacterial reactions within the hardened 
concrete, have shown promise in mitigating the latter type of cracks (8).  

Micro cracks typically range from 0.1 to 0.05 mm in width, and their presence allows the 
infiltration of water particles, acting as capillaries (9). When water droplets penetrate the 
cracks, partially or completely unreacted cement hydrates, leading to expansion and 
subsequent sealing of the crack (10). Recent studies, by Saravanan et al., have delved into 
the compressive strength development of geopolymer concrete using manufactured sand, 
highlighting the environmental benefits and performance efficiencies of alternative 
materials like geopolymer concrete in reducing carbon emissions associated with 
conventional cement usage (11). Similarly, the work of Chaitanya et al. on the self-healing 
characteristics of GGBS admixed concrete using Artificial Neural Networks underscores 
the innovative strategies being developed to enhance concrete's self-healing properties 
and reduce its carbon footprint (12). 

Moreover, Cappellesso et al. (2023) reviewed the efficiency of self-healing concrete 
technologies, affirming the potential of microbial and chemical methods to extend the 
service life of concrete structures (13). The research on Ground Granulated Blast Furnace 
Slag (GGBS) in concrete by Subramanian et al. (2022) also emphasizes the improved 
flexural behavior and durability of concrete beams reinforced with polymer composites 
(14). In addition, the investigations into the prediction of self-healing characteristics of 
concrete with GGBS by M. Chaitanya et al. (2020) and the work of Aleem et al. on the 
properties of Geopolymer concrete with M-sand provide comprehensive insights into the 
advancements in concrete technology that contribute to more sustainable construction 
practices (15,16). 

The exploration of self-healing concrete is important, particularly in the context of material 
costs and the judicious selection of optimal materials tailored to project requirements. 
Attaining high-quality self-healing concrete necessitates a thorough examination of prior 
studies to identify effective solutions. Understanding the response and workability of 
concrete, along with addressing challenges in healing or sealing cracks, remains a dilemma. 
Furthermore, self-healing concrete is recognized as a viable approach to minimize 
structural maintenance requirements. Following established methodologies outlined in 
previous literature can lead to reduced maintenance costs and alleviate environmental 
impacts associated with traditional repair methods, such as the production and 
transportation of materials. The field of bacterial concrete has rapidly evolved, offering 
innovative solutions for enhancing the durability and sustainability of construction 
materials. This technology is believed to not only promise extended lifespans for concrete 
structures but also align with environmental sustainability goals. The integration of 
bacterial spores into concrete matrices for self-healing purposes represents a significant 
breakthrough in construction material science (17). 

This research assumes strategic significance by aiming to comprehensively assess and 
analyze the impacts of self-healing on key concrete properties, including compressive 
strength, tensile strength, and water absorption. The insights gleaned from this review are 
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pivotal for researchers, guiding the trajectory of advancements in self-healing concrete. 
Ultimately, this contributes to the development of infrastructure that is both more resilient 
and sustainable.  

2. Application of Microbes in Construction  

Microorganisms, particularly bacteria, have various applications in the construction 
industry. In other words, bacteria bring a world of possibilities to the construction 
industry, opening doors to innovative and sustainable practices. These tiny living 
organisms play a significant role in enhancing various aspects of construction materials 
and processes, paving the way for a more eco-friendly and resilient future (18).  

Recent advancements in microbial applications for concrete have highlighted the efficacy 
of various bacterial strains, such as Bacillus pseudofirmus and Bacillus cohnii. These 
bacteria have been shown to significantly enhance concrete’s durability through the 
process of calcium carbonate precipitation. This biogenic mineralization contributes to 
self-healing of micro-cracks, thereby extending the lifespan of concrete structures. The 
integration of these specific bacterial strains represents a promising development in 
sustainable construction materials (19). In the following, the most famous applications of 
microorganisms and using them in the construction is examined:  

2.1. Self-Healing Concrete 

In the domain of construction, self-healing concrete emerges as a captivating and 
groundbreaking innovation. Imagine concrete structures imbued with the extraordinary 
ability to mend themselves! This remarkable achievement is made possible through the 
incorporation of specific bacterial strains from the Bacillus genus into the concrete mix. 
These highly adept bacteria remain quiescent within the concrete until the emergence of 
cracks, at which point they are triggered into action. In a process akin to skilled artisans, 
they facilitate the production of calcium carbonate, serving as a natural adhesive that 
adeptly seals the cracks and fortifies the concrete's structural integrity. The enchantment 
of self-healing concrete extends beyond its capability to diminish maintenance 
requirements; it also bestows an extended lifespan upon our structures, imbuing them 
with heightened resilience and reliability as time unfolds (20,21). 

2.2. Biodegradable Construction Materials 

Microbes have emerged as a significant catalyst in the development of biodegradable 
construction materials, including bioplastics and biocomposites. The incorporation of 
these materials signifies a notable stride towards fostering eco-friendliness and mitigating 
the environmental impact of construction activities. Leveraging the remarkable potential 
of these microorganisms, we can fabricate bioplastics and biocomposites that epitomize a 
more environmentally sensitive approach to construction. The intrinsic value of these 
materials lies in their inherent propensity for natural degradation, leaving behind a 
minimal ecological footprint while contributing to the reduction of waste in construction 
projects. Such advancements underscore the crucial role of microorganisms in promoting 
sustainable practices within the construction industry (22–24). 

2.3. Bioconcrete and Biocement 

The fascinating world of bioconcrete and biocement unfolds as it harnesses the power of 
microbes in their production. Bioconcrete ingeniously incorporates bacteria capable of 
limestone production, fortifying the concrete and enhancing its durability. On the other 
hand, bio cement relies on microorganisms that induce calcite precipitation within the 
concrete matrix, bestowing it with heightened strength and resilience. Just imagine the 
potential of these microbe-powered wonders-construction materials that not only meet 
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our practical needs but also demonstrate a profound commitment to environmental 
stewardship. Through these advancements, we find ourselves on a path where sustainable 
construction practices and ecological well-being go hand in hand (18,25,26). 

2.4. Soil Stabilization 

The other microbial application in construction involves soil stabilization, where certain 
microbial species come to the rescue, especially in areas with weak or loose soil. These 
remarkable microorganisms possess the fantastic ability to fortify the soil, rendering it 
suitable and robust for construction purposes. By promoting microbial-induced calcite 
precipitation, we can establish a solid foundation for our building endeavors, ensuring 
stability and longevity in our construction projects. It's like nature's own construction 
crew working behind the scenes to strengthen the very ground we build upon (27–29). 

3. History and Importance of Use of Microbes  

In the history of concrete, the introduction of calcium-rich bacteria during the mixing stage 
has emerged as a significant development. These bacteria play a crucial role in the self-
healing process of concrete. When cracks form within the concrete, the introduced bacteria 
initiate the precipitation of calcium carbonate. This natural process effectively seals the 
cracks and reinforces the overall structure. Consequently, bacterial concrete exhibits 
higher strength compared to conventional concrete. By leveraging a biotechnological 
approach centered around calcite precipitation, it becomes possible to enhance both the 
strength and durability of structural concrete (30,31).  

The use of bacteria in concrete is an innovative method that harnesses the power of 
microbial activity to improve the performance and longevity of concrete structures. The 
formation of calcium carbonate through the action of bacteria leads to the creation of a 
more robust and resilient construction material (32–34). Self-healing concrete can be 
achieved through three main methods: natural, chemical, and biological. The biological 
method can be further categorized into three subcategories: bacteria, fungi, and viruses. 
Among these methods, the utilization of bacteria, particularly specific strains within the 
concrete, has garnered significant interest (35). Self-healing concrete can be achieved 
through three main methods: natural, chemical, and biological. The biological method can 
be further categorized into three subcategories: bacteria, fungi, and viruses. Among these 
methods, the utilization of bacteria, particularly specific strains within the concrete, has 
garnered significant interest (35,36). The historical development and increasing interest 
in using microbes, especially bacteria, in the self-healing process of concrete highlight the 
potential of biotechnological advancements in construction materials. By incorporating 
microbial activity, concrete can exhibit improved resilience and longevity, addressing the 
challenges associated with cracks and structural deterioration (37). The historical 
development of bio-concrete represents a significant milestone in construction material 
technology. This evolution from traditional concrete to bio-concrete highlights a shift 
towards sustainable, self-healing materials, emphasizing the crucial role of microbes in 
modern construction practices (38).  

OPC accounted for approximately 12% of global CO2 emissions in 2020. Alkali-activated 
slag (AAS) has emerged as a potentially sustainable alternative to ordinary OPC. Research 
suggests that producing AAS composites with intelligent properties, enabling maintenance 
and repair with minimal external assistance, may be a sustainable solution. Additionally, 
bacteria-based self-repairing represents a promising and sustainable alternative method 
for repairing and conducting regular maintenance (39). 
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3.1 Various Types of Bacteria Used in Concrete 

Bacterial strains used in concrete are carefully selected for their ability to thrive in high-
pH environments. Typically, microorganisms cannot survive in alkaline conditions with a 
pH value of 10 or higher (40,41). Table 1 provides a list of bacteria capable of withstanding 
pH levels equal to or greater than 10.  

Table 1. Bacteria that can be usable in concrete in the alkaline environment (41) 

No. 
Type of the 

Bacteria 
Compressive 

Strength (+ or -) 
Application References 

1 
Sporosarcina 

Pasteurii 
 

+ 

Mortar 

(42–46) Concrete 

Fly Ash 

2 Bacillus cereus NA 
Mortar 

(47–49) 
Concrete 

3 Bacillus flexus NA Mortar (50–52) 

4 
Bacillus 

megaterium 
+ 

Concrete 
(51,53–55) 

Bricks 

5 
Bacillus 

sphaericus 
 

+ 
Mortar 

Concrete 
(56–61) 

6 
Bacillus 

halodurans 
NA 

Concrete with 10% 
Cement kiln dust 

(62,63) 

7 Bacillus cohnii + Mortar (64,65) 

8 
Bacillus 

pseudofirmus 
- Cement stone (66,67) 

9 Bacillus subtilis + 
Mortar 

Concrete 
(68–71) 

10 
Diaphorobacter 
nitroreducens 

- Mortar (61,72) 

11 Shewanella sp. + Mortar (73) 

12 Escherichia coli NA 
Mortar 

Concrete 
(74,75) 

13 Bacillus aureus + Rice Husk Ash (39) 
 

 

Among these bacteria, those belonging to the Bacillus sp., such as Bacillus subtilis and 
Bacillus megaterium, are well-known for their ability to thrive in highly alkaline 
environments. In such conditions, these bacteria produce spores that resemble plant 
seeds. These spores have robust walls and remain dormant until cracks develop in the 
concrete, allowing water to penetrate the structure. When exposed to the pH range of 10 
to 11.5, typical of highly alkaline concrete, these bacterial spores become active. Apart from 
Bacillus sp., other bacterial species have also been found to survive in alkaline 
environments (41,76).  

In addition to pH, other factors play a role in the biochemical processes involving bacteria, 
including the concentration of Ca+2 ions, the presence of nucleation sites, and the 
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availability of dissolved inorganic carbon (77,78).  Bacteria play a crucial role in creating 
an alkaline environment through various pathways, including autotrophic and 
heterotrophic processes. Among these pathways, enzymatic hydrolysis of urea, aerobic 
oxidation of organic carbon, and anoxic oxidation of organic carbon have been extensively 
studied and recognized as significant contributors to alkalinity generation. These 
processes are essential for establishing favorable conditions for bacteria to thrive and 
actively participate in the self-healing process of concrete. Extensive research has 
demonstrated the pivotal role of bacteria in creating an alkaline environment and 
promoting the healing capabilities of concrete structures (66,79–89).  

The specific strains Bacillus subtilis and Bacillus megaterium, both gram-positive bacteria, 
are commonly employed in concrete applications. Bacillus subtilis possesses a remarkable 
ability to form highly resistant dormant endospores as a response to nutrient deprivation 
and environmental stresses. It is commonly found as a gut commensal in humans and can 
also be present in the upper layer of soil. On the other hand, Bacillus megaterium, besides 
being prevalent in soil, can be found in various environments, including certain food items 
like honey, as well as on surfaces such as clinical specimens, paper, and stone (90). 

In the context of evaluating bacterial influence on concrete properties, it is imperative to 
discuss the concept of optical density (OD). Optical density is a quantitative measure of the 
attenuation of light as it passes through a sample containing particles or solutes. In 
microbiological assays, this measure is often used to estimate the concentration of bacteria 
within a culture by assessing the light absorption at a specific wavelength, typically 600 
nm (OD600). The attenuation is due to both the scattering and absorption of light by the 
bacterial cells, which corresponds to their concentration in the culture medium. The 
relevance of OD measurements in microbial concrete research lies in its ability to correlate 
bacterial concentrations with the observed effects on concrete's mechanical properties. In 
self-healing concrete, where bacterial activity is pivotal, an optimal OD value indicates the 
effective concentration of bacteria required to precipitate calcium carbonate to heal cracks 
and enhance the structural integrity of the concrete. It is this precise and careful calibration 
of bacterial density, ascertained through OD measurements, that allows for the targeted 
improvement of compressive strength and other key concrete properties. 

By carefully selecting bacterial strains that can survive and thrive in alkaline 
environments, concrete applications can harness the self-healing properties of these 
microorganisms, contributing to the durability and resilience of concrete structures. 

4. Results and discussions: 

4.1 Compressive Strength 

After using Bacillus cereus and Bacillus subtilis, it is observed that compressive strength of 
the concrete upsurged in both 7 and 28 days. However, the optimum amount of using these 
kinds of bacteria (optimum amount of Bacillus cereus and Bacillus subtilis) is 103 CFU/mL 
and 105 CFU/mL respectively (48).  

The research utilized Ordinary Portland cement (OPC) with 25 grades along with two 
different bacterial strains, namely Bacillus cereus and Bacillus subtilis, in the study. 
Concrete cubes with dimensions of 150×150×150 mm was used for testing. The data 
presented in Fig. 1 demonstrates the impact of these bacteria on concrete strength. 

It can be observed that the optimal concentration of Bacillus cereus resulted in a significant 
enhancement in concrete strength, with a notable 20% increase at both the 7-day and 28-
day curing periods. Similarly, the application of Bacillus subtilis showcased even more 
promising results, exhibiting a remarkable 32% increase in concrete strength at the 7-day 
mark and a commendable 25% increase at the 28-day stage. 
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Fig. 1. A comparison about compressive strength of using different types of Bacillus 
cereus and Bacillus subtilis with different dosages (48) 

 

Fig. 2. comparison compressive strength of concrete with different types of bacteria 
(Bacillus subtilis and Bacillus megaterium) (91) 

Based on Figure 2, compressive strength values for four different concrete batches tested 
at three different curing times: 7 days, 14 days, and 28 days. The concrete utilized is OPC 
53 grade, molded into cubes with dimensions of 150mm per side. The chart demonstrates 
a distinct increase in compressive strength for each batch as the curing time extends from 
7 days to 28 days. This suggests that the incorporation of Bacillus sp. Bacteria (specifically 
Bacillus subtilis and Bacillus megaterium) contributes positively to the strength 
development of concrete. For instance, Batch 1 shows an appreciable increase in strength 
at each testing interval, which indicates that the bacterial treatment could be influencing 
the curing process and improving the concrete's mechanical properties. This pattern is 
consistent across all batches, confirming the benefit of bacterial additives in concrete 
mixtures. The data signifies that both early age and longer-term strength properties are 
enhanced, highlighting the potential for these biological agents to improve construction 
materials' performance. 

Also, it is observed that concrete batches treated with Bacillus megaterium initially 
demonstrate lower compressive strength at the 7-day mark compared to those treated 
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with Bacillus subtilis and the combined consortia. This initial lag suggests that Bacillus 
megaterium may have a slower start in the bio-mineralization process which contributes 
to the concrete's strength. However, as the curing period extends to 28 days, a remarkable 
phenomenon occurs: the Bacillus megaterium-treated batches exhibit superior 
compressive strength compared to their Bacillus subtilis counterparts and the consortia. 

The reasons behind this trend could be multifold. It is possible that Bacillus megaterium 
engages in a more gradual but ultimately more effective calcium carbonate precipitation 
process, which is a critical factor in concrete strengthening. The delay in strength gain 
could also be attributed to the specific metabolic pathways of Bacillus megaterium that 
may take longer to kickstart but result in more robust crystal formation over time. Another 
aspect to consider is the possibility that Bacillus megaterium could be more effective at 
pore-filling within the concrete matrix, which becomes evident only in the later stages of 
curing. 

 

Fig. 3. Compressive strength of using Enterococcus faecalis, Bacillus sp. and mix of 
Enterococcus faecalis and Bacillus sp. per MPa (92) 

In this experiment, the compressive strength of concrete was evaluated over an extended 
curing period by examining four distinct batches: Batch 1 (control), Batch 2 (Enterococcus 
faecalis), Batch 3 (Bacillus sp.), and Batch 4 (combination of Bacillus sp. and Enterococcus 
faecalis). The primary objective was to assess the impact of these bacterial compositions 
on the concrete's strength development. The cube specimens used in the study were 
150mm ×150mm ×150mm, and Portland composite cement (PCC) was utilized. The 
presented graphical representation (Fig. 3) displayed the results obtained from the 
experiment, with Batch 3 (Bacillus sp.) demonstrating the most favorable and optimal 
outcomes in terms of compressive strength. Notably, the concrete's strength noticeably 
increased after 7 and 14 days of curing, with Batch 3 exhibiting the highest strength values 
among all the batches. The inclusion of Bacillus sp. at a 5% concentration proved to be 
effective in enhancing the concrete's compressive strength within the specified time frame. 
Through this analysis, valuable insights were gained regarding the influence of different 
bacterial additives on the concrete's performance, contributing to a deeper understanding 
of their role in enhancing the material's mechanical properties. 

Fig. 4 presents the results of the compressive strength test, revealing a consistent 
enhancement in the strength of the various concrete samples over the curing duration. 
After 28 days of curing, the compressive strengths of the concrete specimens with different 
concentrations of Bacillus subtilis (0, 105, 107, and 109 cell/ml) were measured at 26.2 MPa, 
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29.9 MPa, 27.4 MPa, and 26.8 MPa, respectively. Notably, all the tested concretes exhibited 
higher compressive strengths than the target strength, with all samples incorporating 
different concentrations of B. subtilis outperforming the control sample. 

 

Fig. 4. Compressive strength of concretes with different concentrations of Bacillus 
subtilis (93) 

The percentage increases in strength relative to the control sample were 14%, 5%, and 2% 
for B. subtilis concentrations of 105, 107, and 109, respectively, after 28 days of curing. 
Similarly, after 56 days of curing, the percentage increases in strength compared to the 
control sample were 13%, 4%, and 1% for B. subtilis concentrations of 105, 107, and 109, 
respectively, consistent with the 28-day curing results. The obtained results underwent 
statistical analysis using Analysis of Variance (ANOVA), confirming that both bacterial 
concentrations and curing duration significantly influenced the compressive strengths of 
the concrete samples (p < 0.05). This analysis highlights the critical role of these factors in 
determining the performance and quality of the concretes. It is worth noting that for this 
research, Portland cement (32.5 N) was used as the binder material. 

Fig. 5 presents a comparison of different mixes, denoted as Mix 1 to Mix 5, with varying 
culture densities (OD600) of 0, 0.107, 0.2, 0.637, and 1.221 respectively. The graphical 
representation highlights the relationship between compressive strengths and optical 
densities across various curing periods. The control specimen or Mix 1 exhibited 
compressive strengths of 20.1, 31.8, and 38.9 MPa at the age of 28 days, as per the designed 
strengths. Notably, all bacterial groups displayed an increase in compressive strength upon 
the addition of B. subtilis, with the highest values recorded in Mix 4 at 23.7, 35.6, and 42.5 
MPa respectively.  

The compressive strengths of Mix 1 at a curing period of 120 days were determined to be 
30.6, 35.8, and 47.1 MPa, while Mix 4 exhibited superior performance compared to the 
other mixes with recorded values of 35.2, 43.2, and 57.2 MPa for the specified design 
strengths. Moreover, it illustrates the increase in strengths on the 28th day for different 
culture densities. It is evident that Mix 4, with a culture density of OD600=0.637, displays a 
notable improvement across all design strengths. This can be attributed to the enhanced 
formation of mineral deposits within the internal structures of the concrete. Same results 
reported from Nivedhitha et. Al while they used the Bacillus subtilis for self-healing 
concrete (95).     
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Fig. 5. Comparison of Compressive Strength and Optical Density of Bacillus subtilis 
(94) 
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In the domain of microbial-enhanced concrete, the introduction of Bacillus subtilis is of 
paramount significance, which could be elaborated in the context of the experimental 
observations discussed in Figure 2. Notably, this strain has demonstrated a consistent 
ability to increase the compressive strength across all bacterial groups. This enhancement 
is attributable to the unique properties of Bacillus subtilis that include promoting better 
cohesion in the cement matrix, instigating biogenic mineral precipitation, and fostering 
synergistic interactions within the microbial community embedded in the concrete. Such 
cohesive interactions are believed to reduce the porosity of concrete, thus densifying the 
matrix and enhancing the mechanical properties. Furthermore, Bacillus subtilis facilitates 
calcium carbonate precipitation, not merely as a crack-filling agent but as a means to bind 
concrete constituents more effectively, thereby improving compressive strength. Its ability 
to stimulate other beneficial bacteria within the concrete also contributes to a more robust 
and uniformly healed material. The intricacies of these interactions and their influence on 
the mechanical properties of concrete provide valuable insights into the biological 
mechanisms underpinning the improved durability and structural integrity of the 
construction material.  

4.2 Tensile Strength 

The inclusion of bacteria in concrete demonstrates a parallel effect on the tensile strength, 
mirroring the notable improvements observed in compressive strength. Tensile strength 
is an important measure of a material's ability to resist breaking under tension and is 
crucial for the overall structural integrity of concrete. Fig. 6 displays the outcomes of the 
tensile strength tests conducted on the concrete samples.  

The results indicate that the presence of bacteria has a substantial and successful impact 
on the tensile strength of the concrete, particularly after a curing period of 7 and 28 days. 
It is worth noting that the tensile strength values are measured in megapascals (MPa). 
These findings further support the efficacy of bacteria in enhancing the tensile properties 
of the concrete over time. Fig. 7 presents a comparative analysis of several concrete mixes, 
labeled as Mix 1 to Mix 5, with each mix associated with different culture densities 
represented by the optical density at 600nm (OD600) values. 

 

Fig. 6. Comparison tensile strength of concrete with different types of bacteria 
(Bacillus subtilis and Bacillus megaterium)  (91) 
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Fig. 7. Comparison of Tensile Strength and Optical Density of Bacillus subtilis (94) 
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The evaluated mixes correspond to OD600 values of 0, 0.107, 0.2, 0.637, and 1.221, 
respectively, enabling a thorough examination of how varying culture densities influence 
the performance and properties of the concrete. At a curing period of 28 days, mix 1 
exhibited split tensile strengths of 3.2 MPa, 3.5 MPa, and 3.8 MPa for the specified design 
strengths.  Notably, mix 4 demonstrated the highest increase in split tensile strength, 
reaching values of 3.5 MPa, 3.9 MPa, and 4.2 MPa, respectively, indicating a significant 
enhancement in its tensile properties compared to the other mixes. Moreover, after an 
extended curing period of 120 days, Mix 4 exhibited substantial improvements ranging 
from 13% to 18% in split tensile strength across all grades. This extended curing duration 
facilitated further development and strengthening of the concrete's tensile capabilities. 
The results underscore the effectiveness of Mix 4 in enhancing split tensile strength, 
suggesting its potential for applications requiring improved tensile performance in various 
construction projects. For this research, specimens were prepared using ordinary Portland 
cement (OPC) with strength class 42.5 N. 

 

Fig. 8. splitting tensile strength of standard and Bacillus megaterium bacteria concrete. 
(96) 

According to Fig 8, the addition of Bacillus megaterium into the concrete mixture results in 
a noticeable improvement in splitting tensile strength. The concrete samples with Bacillus 
megaterium showed an increase of 9.88% at 7 days and 10.28% at 28 days, compared to 
the standard concrete samples. 

4.3 Water Absorption 

Water absorption is a significant and widely recognized test for concrete. In this study, we 
will delve into the water absorption test while incorporating bacteria and examine their 
impact on the concrete's strength and the rehabilitation of micro cracks. This investigation 
aims to shed light on the potential benefits of utilizing bacteria in enhancing concrete 
properties and durability. 

Fig. 9 illustrates the distinctions between Ordinary Portland Cement (OPC) and the 
addition of a pozzolan replacement, specifically calcined clay concrete (CC), with varying 
dosages of Bacillus subtilis. The incorporation of bacteria in calcined clay concrete led to a 
notable reduction in water absorption capacity compared to regular concrete and calcined 
clay concrete. Over a 28-day curing period, the inclusion of B. subtilis in calcined clay 
concrete resulted in water absorption reductions of 18.30%, 17.38%, and 13.59% for 10%, 
15%, and 20% calcined clay replacements, respectively. These findings indicate that the 
water absorption of the specimens decreased in bacterial-infused CC when compared with 
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specimens without bacteria. The study utilized OPC grade 43 and casted M25 grade of 
concrete cubes with dimensions of 150×150×150 mm. 

 

Fig. 9. Analysis of water absorption on calcined clay concrete and OPC in different 
dosages of bacteria. (97) 

 

Fig. 10. Water absorption of standard and Bacillus megaterium concrete. (96) 

In Fig. 10, the study utilized Ordinary Portland Cement (OPC) of grade 43, and Bacillus 
megaterium at a concentration of 108 CFU/mL was employed. The specimens were of size 
150mm x 150mm x 150mm. The results demonstrate that when B. megaterium is 
incorporated into the concrete mix, it leads to a reduction in water absorption both at 7 
and 28 days, by 5.25% and 7.35%, respectively, as compared to the control samples. 

Based on the data presented in Table 2, a comparison was made regarding the impact of 
various bacterial types on water absorption. The results indicate that Sporosarcina 
pasteurii exhibited the highest effectiveness in reducing water absorption, achieving a 
remarkable reduction of up to 70%. On the other hand, other Bacillus sp. showed a water 
absorption reduction ranging from 45% to 50%. Consequently, it can be inferred that the 
selection of bacterial species does not significantly influence the water porosity variation. 
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Table 2. Water absorption of different bacteria after 28 days of curing. (98) 

Type of the 
Bacteria 

Researchers 
Results of water 

absorption after 28 days 

B. sphaericus 
De Muynck et al. (99), 

Achal et al. (100) 

The concrete sample 
exhibited a reduction of 

45–50% compared to the 
controlled sample. 

B. subtilis 

 
Reddy et al. (101), Muhammad et al. 

(102), 
Pei et al. (103) 

The concrete sample 
showed a reduction of 

nearly 50% compared to 
the controlled concrete 

sample. 

B. megaterium Dhamia et al. (53) 

The concrete sample 
exhibited a decrease of 
46% compared to the 

controlled concrete 
sample. 

Sporosarcina 
pasteurii 

Achal et al. (104), 
Pei et al. (105) 

The concrete sample 
showed a reduction of 

50-70% compared to the 
controlled concrete 

sample. 

B. pseudofirmus 
De Muynck et al. (99), 

Maheshwaran et al.  

 
The concrete sample 

exhibited a 50% 
reduction compared to 
the controlled concrete 

sample. 
 

 

Recent studies, as explored in 'Calcium Carbonate Precipitation by Different Bacterial 
Strains for Concrete Repair', have demonstrated the significant role of bacterial strains like 
Bacillus sphaericus and Bacillus pasteurii in enhancing concrete's compressive strength 
and reducing its water absorption. These strains facilitate the biomineralization process, 
leading to calcium carbonate formation that not only aids in sealing micro-cracks but also 
improves the overall structural integrity of the concrete. This innovative approach 
promises a new dimension in prolonging the durability of concrete structures, particularly 
in environments subjected to extensive wear and tear (106).  

5. Discussion and Recommendation for Future Studies 

The exploration into microbial concrete has laid a foundation for innovation within the 
construction industry, yet it is clear that we have only begun to unearth the full spectrum 
of its capabilities. Future research directives must be comprehensive and multifaceted to 
span the depths of this burgeoning field. 

Firstly, the scope of microbial agents employed in concrete must be broadened. Diverse 
microorganisms, including fungi and algae, should be investigated for their unique 
biogenic processes that may yield more robust and resilient self-healing concrete 
formulations. Uncovering alternative biological pathways could pave the way for concrete 
that is not only self-repairing but also possesses enhanced mechanical properties. 

Longitudinal studies are imperative to ascertain the long-term viability and efficacy of 
microbial concrete. Such studies should rigorously evaluate the performance of these 
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innovative materials against the rigors of environmental stresses encountered in situ, such 
as freeze-thaw cycles, corrosive chemical exposures, and abrasion. Understanding how 
microbial concrete withstands such conditions will inform the engineering of materials 
that can endure through decades rather than just years. 

Further, there is an essential need to refine the delivery and maintenance of microbial 
concentrations within the concrete matrix. Innovative techniques, such as advanced 
encapsulation or the development of biofilms, must be optimized to balance the microbial 
activity with structural integrity. These methods should ensure the longevity of microbial 
viability and consistent healing action throughout the concrete’s lifecycle. 

Additionally, a thorough ecological and economic analysis is essential to evaluate the 
sustainability of microbial concrete. This encompasses a complete lifecycle assessment 
that addresses the environmental impacts from production to end-of-life recycling or 
disposal. The integration of such assessments will ensure that the advancement in 
construction materials technology is in concert with our sustainability objectives, 
minimizing the carbon footprint while maintaining cost-efficiency. 

In the vein of scientific inquiry, there is an urgency to decode the biochemical intricacies 
of microbial calcite precipitation. Understanding the molecular mechanisms that govern 
this process could lead to the optimization of microbial consortia, tailored for enhanced 
self-healing efficiency. Investigating how Bacillus subtilis and other bacteria interact with 
varying concrete compositions will allow for broader application and more customized 
material solutions. 

The path to harnessing the full potential of microbial technologies within construction 
materials is complex, demanding a confluence of expertise from disciplines such as 
microbiology, material science, and civil engineering. Collaborative research efforts must 
converge to innovate resilient, self-sustaining, and environmentally benign construction 
materials. As we stride toward this goal, we must also ensure that our scientific and 
engineering pursuits are scalable and transferable to practical applications, cementing the 
legacy of microbial concrete as a pillar of sustainable development in the construction 
industry. 

6. Conclusion  

The study meticulously explores the innovative integration of microbial technologies in 
the construction sector, specifically through the development of self-healing concrete 
utilizing bacterial agents. The investigation has illuminated the significant role of bacteria, 
notably the Bacillus species, in autonomously repairing microcracks that compromise the 
structural integrity of concrete. This self-healing mechanism, driven by the microbial-
induced calcite precipitation process, not only seals cracks but also contributes to the long-
term durability and strength of the concrete infrastructure. 

Our comprehensive analysis has revealed that the incorporation of bacteria like Bacillus 
cereus and Bacillus subtilis leads to marked improvements in the compressive strength of 
concrete within the initial seven days of curing. This enhancement persists and becomes 
more pronounced with prolonged curing periods, underlining the enduring benefits of 
microbial action on the concrete’s mechanical properties. The optimal bacterial dosages 
and specific curing conditions emerge as critical factors that significantly influence the 
efficacy of the self-healing process, necessitating further research to establish 
standardized protocols for practical applications. 

Furthermore, the study extends beyond the immediate realm of self-healing concrete to 
explore broader applications of microbial interventions in construction materials. This 
includes the development of bioconcrete and biocement, which leverage microbial 
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activities for material fortification and sustainability. The soil stabilization techniques 
enhanced by microbial action also present a promising avenue for improving the 
foundational stability of construction sites, particularly in geotechnically challenging 
environments. 

The empirical evidence gathered points to a substantial reduction in water absorption 
rates in microbially treated concrete, a factor that contributes to the material’s resilience 
against environmental degradation and extends its service life. The nuanced interplay 
between bacterial concentration, culture density, and environmental conditions in 
dictating the performance of microbial concrete underscores the complexity of this 
innovative technology. 

The integration of microbial technologies in the construction industry heralds a 
transformative era in material science, where sustainability, durability, and self-repairing 
capabilities become intrinsic characteristics of construction materials. The potential of 
bacteria-infused concrete to revolutionize building practices is immense, offering a 
sustainable solution to the perennial challenges of material degradation and 
environmental impact. However, the path to widespread adoption and optimization of 
these technologies are paved with challenges that necessitate meticulous research, 
standardized testing protocols, and a deeper understanding of microbial ecology within 
construction materials. 

The dynamic interplay of bacterial agents within the concrete matrix heralds a complex 
ecosystem, whose understanding is pivotal for the optimization of material properties and 
engineering applications. Future investigations must delve into the nuanced mechanisms 
of bacterial interactions, with an emphasis on real-time dynamics and long-term impacts 
on structural resilience and durability. Moreover, the potential for an engineered synergy 
between diverse microbial species and concrete formulations beckons a new frontier in 
construction material science. To translate this pioneering research into tangible 
engineering practices, it is imperative to devise strategies for the scaled-up application that 
address economic feasibility, environmental considerations, and compatibility with 
existing construction methodologies. The pathway forward is collaborative and 
interdisciplinary, requiring concerted efforts from microbiologists, material scientists, and 
civil engineers, to harness the full spectrum of benefits offered by microbial technologies 
in construction. 

While this study has provided valuable insights into the potential of microbial concrete, 
particularly focusing on self-healing properties and the role of Bacillus species, it 
acknowledges certain limitations. The experimental conditions under which the microbial 
concrete's performance was evaluated might not fully replicate the complex 
environmental conditions encountered in real-world applications. The longevity and 
sustainability of the microbial-induced healing process under varied climatic and loading 
conditions remain to be comprehensively understood. Additionally, while the study 
explored a range of bacterial species, the ecological impact of introducing these 
microorganisms into construction materials warrants further investigation to ensure that 
no adverse environmental consequences arise. Economic feasibility, scalability of the 
microbial application process, and the potential for microbial resistance development in 
the concrete matrix are aspects that need to be addressed in future research. These 
limitations underline the necessity for continued and extensive investigation into the 
dynamics of microbial concrete to optimize its application in the construction industry and 
to fully understand its environmental implications. 
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 The current research focuses on investigating the microstructural and 
mechanical properties of aluminum (Al) metal matrix composites (MMCs) 
reinforced with both silicon dioxide (SiO2) and nano-graphene particles. The 
composite material was produced using a novel two stage stir cast metallurgy 
approach. In this study, a constant reinforcement of 1 wt. % nanographene was 
maintained, while the SiO2 content was independently varied at levels of 2.5, 5, 
and 7.5 wt. %. Employing scanning electron microscopy (SEM) tool, 
microstructural analyses were conducted, revealing a uniform dispersion of 
ceramic silicon dioxide (SiO2) and graphene particles within the as-cast A356 
MMCs. Mechanical testing, following the ASTM standards, was carried out on the 
composites, specifically assessing tensile strength, yield strength, and 
percentage elongation to evaluate the properties of the Al-based MMCs. The 
findings of this study indicate a significant enhancement in both tensile and yield 
strength values for the fabricated composites by 60.64% and 82.78% 
respectively. However, it is important to note that the percentage elongation 
decreases as the reinforcement content in the composite increases. 
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1. Introduction 

In recent times, there has been remarkable growth in the development of materials used 
for various engineering applications. Traditional engineering materials, which are often 
unmodified monolithic substances, may not be suitable for certain specialized applications. 
Consequently, composite materials have emerged as innovative solutions to meet the 
requirements of such applications [1]. Researchers are actively engaged in combining 
advanced materials and novel processing techniques to create a new category of metal 
matrix composites (MMCs). These customized composite materials find specific 
applications in sectors like aviation, defense, and the automotive industry, owing to their 
unique and significantly enhanced properties compared to solid materials. The distinctive 
properties of Al-based MMCs, such as their low weight and high strength, make them highly 
relevant in the realm of engineering materials. One of the most significant advantages of 
composite materials is the ability to tailor their properties by choosing suitable 
reinforcements [2]. Researchers have used a variety of matrices and reinforcement 
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systems when dealing with MMCs. Powder metallurgy and liquid metallurgical techniques 
are employed to refine these composites [3, 4]. Integrating hard or soft ceramic or 
nonmetal reinforcements into aluminum alloy is a huge challenge, according to the 
research. By employing an optimized fabrication technique, wetting properties and 
homogenous reinforcement particle dispersion inside the matrix can be achieved in 
aluminum-based composites [5, 6]. Vasant Kumar et al. [7] investigated the impact of SiC 
particles inclusion on the mechanical behavior of Al2014 alloy composites. These 
composites were fabricated by using 5 and 10 wt. % of SiC particles with liquid metallurgy 
route. Al2014 alloy with 10 wt. % of SiC composites exhibited the superior properties. 

Aluminum is the most commonly used matrix material for MMCs, as it offers several 
desirable attributes, including low density, excellent thermal and electrical conductivity, 
precipitation hardening capability, corrosion resistance, and high damping capacity. 
Moreover, it offers an extensive range of mechanical properties, depending on its chemical 
composition. Al-based MMCs are usually strengthened with ceramic particulates, such as 
Al2O3, SiC, B, AlB2, TiB2, BN, SiO2, AlN, and others. Various fabrication methods, 
predominantly based on casting or powder metallurgy, are available for creating nano-size 
(or micro-size) particle/metal composites [8, 9]. However, achieving uniform dispersion 
of particles in liquid metal can be challenging. Furthermore, micro-level porosity, a 
common casting defect, can pose difficulties in creating micro-level geometries [10]. 

Silicon oxide (SiO2) is one of the most cost-effective and readily available reinforcements, 
capable of retaining high strength at elevated temperatures and offering excellent 
mechanical and wear properties [11]. Silica has diverse applications in various fields, 
containing drug delivery systems, catalysis, biomedicine, imaging, chromatography, 
sensors, and as a filler in composite materials [12]. It is also used for porous silica ceramics, 
which serve as high-temperature dielectrics and thermal shields, with applications in 
aerospace and engineering [13]. Silica enhances the strength and hardness of ceramic 
materials [14]. Additionally, silica aerogel, due to its porous, ultra-lightweight, and 
nanostructured properties, is utilized in composite insulators and for water resistance, UV 
protection, fire resistance, and acoustic barriers [15]. Silica gel, known for its great specific 
surface area and gas adsorption capacity, is employed as an adsorbent for heavy metal 
removal from wastewater and the adsorption of volatile organic compounds. In various 
applications, silica nanoparticles are employed as super-hydrophobic materials by 
modifying their hydrophilic properties to hydrophobic ones [16]. 

Graphene, on the other hand, stands out due to its exceptional conductivity, high Young's 
modulus, high specific surface area, and high electron mobility. Carbon atoms are packed 
tightly into a honeycomb lattice arrangement in a single layer [17]. Since graphene's 
discovery, there has been constant investigation into new methods of synthesis to meet 
the needs of a wide range of industries, such as the automotive, green energy, electronics, 
biomedical, and catalyst fields [18]. To improve the thermal conductivity of aluminum 
matrices, graphene shows promise as a reinforcement due to its high thermal conductivity. 
Graphene tends to settle to the bottom and may not scatter uniformly [19], therefore there 
have been challenges in exploring graphene-reinforced composites utilizing liquid stirring 
methods. Researchers have been working to improve the mechanical and wear properties 
of MMCs by creating hybrid-reinforced variants. To fulfill the needs of future sophisticated 
applications, the next generation of such materials includes these hybrid aluminum AMCs 
[20].  

Hybrid composites have been developed through additional testing, with the goal of 
improving mechanical qualities such as dimensional stability and heat and corrosion 
resistance by merging two or more reinforcement components [21]. Many hybrid 
composites have had their mechanical properties studied, and the results demonstrate that 



Dayanand et al. / Research on Engineering Structures & Materials 10(4) (2024) 1589-1607 

 

1591 

the tensile strength, stiffness, and porosity all increase with the percentage of 
reinforcement in the matrix. Impact energy and composite density are both greatly 
reduced, however, with increasing reinforcing content. Several investigators were studied 
various properties of MMCS.  

In their investigation, Knowels et al. [22] examined the mechanical properties of 6061 alloy 
that had been made using the powder metallurgy technique and had SiC nano particles 
added to it. The mechanical qualities are enhanced by the powder metallurgy process, 
which distributes the particles without clumping. The Young's modulus was greatly 
enhanced after 8 hours of heat treatment at 125˚C, which led to a strong connection 
between the particles and the matrix. A combination of high strength, hardness, and 
ductility was achieved by adding tiny SiC particles (less than 500 nm in size). An aluminum 
composite including Al2O3 particles was created by Dinesh Kumar Koli et al. [23] through 
the use of ultrasonic assisted casting. Maintaining the microstructure while controlling the 
grain size is no easy feat. Various processes are examined in this research. Better bonding, 
easier microstructure control, and reduced cost are all benefits of ultrasonic aided casting. 
Nano alumina particles, when added up to 4% by volume, increase the strength until it 
plateaus. 

The copper composites enhanced with SiC were made by Mohsen et al. [24] utilizing the 
friction stir method. Through optical and scanning electron microscopy, the existence of 
SiC particles was captured. The incorporation of silicon carbide particles into the copper 
matrix improved its wear resistance. A study comparing the wear behavior of brake shoe 
linings made of grey cast iron and aluminum alloy 356 strengthened with a 25% silicon 
carbide metal matrix composite was carried out by Natarajan et al. [25]. Grey cast iron 
brake shoe linings from passenger cars were cut to a diameter of 10 mm and tested beside 
MMC coated with AA356-25 wt. % SiC particles. Researchers used the pin-on-disc 
technique to study tribological behavior and discovered that MMC wore out less quickly 
than grey cast iron. It was also discovered that, under same circumstances, the frictional 
force of MMC sliding was 20% greater than that of cast iron, which would improve braking.  

The composition material studied by Raghu et al. [26] is made up of A356 alloy with silicon 
carbide particles in weight percentages of 3, 5, 7, and 10. The powder metallurgy 
procedure was used to process the material. Hardness, tensile strength, and compression 
strength all rose with increasing weight percentages of SiC particles, with maximum values 
shown at 10 weight percent of SiC, according to scanning electron microscopy data. The 
SiC was found to disperse very uniformly throughout the A356 matrix. At 10 weight 
percent SiC, the wear rate was likewise determined to be minimal. Using the salt metal 
reaction in-situ approach, Mingliang Wang et al. [27] created a composite of A356 matrix 
alloy and titanium di boride (TiB2) particles in both their as-cast and T6 heat-treated forms. 
The characteristics of A356/TiB2 composites were enhanced. As TiB2 particles were added 
to the composite, a smaller average grain size was noted. 

Given the distinct advantages of both graphene and silica, their integration has been 
projected to achieve superior properties. The synthesis of graphene-silica hybrid 
composites combines the strengths of both materials while mitigating issues related to 
graphene agglomeration [28]. Agglomeration can significantly reduce the surface area of 
graphene, diminishing its performance.  

Based on the literature review wettability and agglomeration are the major problems in 
the processing of metal composites. In the present research to overcome these problems 
novel two step stir casting process has been adopted to prepare the hybrid composites. In 
this, instead of adding reinforcement particles in single step, entire reinforcement quantity 
is divided and added into the molten metal in two stages. Two-step process helps in 
developing good quality castings and enhances the properties. The combination of 
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graphene and silica effectively addresses this challenge and results in advanced functional 
materials. Such composites are extensively used in applications such as electrodes, 
catalysts, hydrogen storage, batteries, displays, adsorbents, and sensors. Notably, 
researchers have explored the mechanical possessions of composites using A356 with SiO2 
and graphene as reinforcements, which is a relatively less explored area [29]. 

2. Experimental Details  

2.1 Matrix and Reinforcement Materials 

In this particular study, A356 was designated as the matrix material due to its varied range 
of applications in the automotive and aviation industries. The A356 matrix was reinforced 
with a combination of silicon oxide (SiO2) and graphene. Graphene was kept constant at 
1 wt. %, while the SiO2 content was varied at levels of 2.5, 5, and 7.5 wt. % of the matrix 
material, leading to the development of hybrid metal composites. The chemical 
composition of A356 is detailed in Table 1 and the A356 material was sourced from Fenfee 
Metallurgical Pvt. Ltd, located in Bangalore, Karnataka, India. The SiO2 particles employed 
in this research had particle size of 35μm. Through the addition of varying percentages of 
the (SiO2 + Graphene) mixture in different combinations, we successfully produced Al-
SiO2-Gr hybrid composites. Fig. 1 is indicating the process adopted to prepare A356 alloy 
composites. 

 

Fig. 1. Process of preparing A356 alloy hybrid composites 

Table 1. Chemical composition of A356 alloy [30] 

Constituent Si Mg Fe Cu Zn Mn Ti Al 

Wt. % 7.5 0.45 0.2 0.2 0.1 0.1 0.05 Balance 

 

2.2 Composite Fabrication 

The specimen preparation involved employing the standard stir-casting method. In the 
production of each sample, 2000 grams of aluminum (A356) were melted using a graphite 
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crucible in an electric furnace with an argon environment, maintaining a temperature of 
750°C. To achieve a homogeneous melt, the furnace temperature was consequently 
amplified to 850°C and maintained for 20 minutes. Furthermore, to enhance the 
wettability of the matrix alloy with the reinforcements, 0.5 wt.% of magnesium was 
introduced into the molten metal. In order to oxidize the surface of the SiO2 particles, they 
underwent a baking process for 3-4 hours at a temperature of 200°C in a baking oven. This 
preheated powder was then fed into the molten metal at a consistent feed rate using Gr 
powder and mixed uniformly with the molten metal by a graphite stirrer rotating at 400 
rpm for approximately 5 minutes.  

 

(a) 

 

(b) 

Fig. 2. Showing the (a) Molten metal in electric furnace (b) Cast iron die used to 
prepare samples 

This ensured an even distribution of the particles throughout the metal. The constant 
reinforcement of graphene (1 wt.%) was introduced into the molten metal through an 
external sprue. The graphene and SiO2, with particle sizes of 10 nm, were added to the 
molten matrix at varying wt.% levels (2.5, 5, and 7.5 wt.%). As the temperature of the 
molten metal increased to 850°C, the stirring speed was maintained at 500 rpm with a 
stirring time of 15 minutes to ensure the homogeneous distribution of the reinforcement 
in the molten matrix. Subsequently, the temperature was raised to 950°C, while the stirring 
speed and stirring time were increased to 600 rpm and 20 minutes, respectively, to achieve 
a uniform circulation of the strengthening in the matrix material. In order to avoid 
heterogeneity and facilitate proper cooling, the steel die was preheated to 350°C. 

 

Fig. 3. A356 alloy hybrid composites 

The synthesized aluminum hybrid composite slurry was then poured into the steel die and 
allowed to cool at atmospheric temperature. A 120 mm length and 15 mm diameter cast 
iron mold was used for pouring the liquid mixture. The resulting hybridized composite was 
permitted to harden at ambient temperature before being removed from the mold for 
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subsequent mechanical testing. Samples containing Gr and SiO2 composites were prepared 
using the same procedure for the sake of comparison.  Table 2 is representing various 
composites prepared using A356 alloy with nano graphene and SiO2 particles. Material A 
is as-cast A356 alloy, B is A356 alloy with 1 wt. % of graphene and 2.5 wt. % of SiO2 
particles, C is A356 alloy with 1 wt. % of graphene and 5 wt. % of SiO2 particles and finally, 
D is A356 alloy with 1 wt. % of graphene and 7.5 wt. % of SiO2 particles reinforced 
composites. Fig. 2 (a) is showing the molten metal in the furnace, further Fig. 2(b) is 
representing cast iron die used to prepare composites. Fig. 3 indicates the prepared casting 
for the study. 

Table 2. List of composites prepared for the study 

Sl .No. Material Code Composition 

1 A As-Cast A356 Alloy 

2 B A356 + 1 wt. % Gr + 2.5 wt. % SiO2 

3 C A356 + 1 wt. % Gr + 5 wt. % SiO2 

4 D A356 + 1 wt. % Gr + 7.5 wt. % SiO2 
 

2.3 Testing 

A comprehensive microscopic analysis of the newly synthesized hybrid composites is 
crucial to gain a deeper understanding of their microstructural characteristics. To examine 
the microstructure of the Al-SiO2-Gr hybrid composites, specimens were prepared 
following the ASTM standard for metallographic procedures. The microstructures were 
inspected using a scanning electron microscope (SEM). The samples were etched using 
Keller's Reagent (HF /HCl/HNO3/H2O), and emery paper with varying grades (400, 600, 
and 1000) was employed in the preparation process. SEM analysis was performed to 
measure the microstructure and the uniform dispersion of SiO2 and graphene particles in 
the hybrid composites. For microstructural examination, cylindrical samples were 
produced, with dimensions of 10 mm in diameter and 5 mm in height for SEM images. The 
microstructure samples, as shown in Figure 4, were an integral part of the research, and 
the VEGAS TESCAN scanning electron microscope was used for microstructural analysis. 
The tensile properties of the composites were examined in accordance with the ASTM-E8 
standard [31]. Furthermore, the tensile and compressive properties of the aluminum 
hybrid composite were evaluated following the ASTM E9 standard [32]. During the testing, 
ambient conditions were maintained, with temperatures ranging from 25°C to 30°C and 
relative humidity levels between 40% and 60%. A computerized universal testing machine 
(Instron 5982) equipped with a strain gauge extensometer was employed, and the tests 
were conducted at a constant cross-head speed of 1 mm/min at room temperature. Impact 
tests were showed using Charpy specimens measuring 56 × 10 × 10 mm, with a 3 mm notch 
depth, a tip radius of 0.30 mm, and angles of 45°, on impact testing machines. To obtain an 
average result, all specimens underwent three evaluations for both hardness and impact 
strength. Brinell hardness tests were carried out using a 5 mm ball diameter and a load-
carrying capacity of 250 kg. The hardness test involved specimens measuring 15 mm in 
diameter and 10 mm in thickness. 

3. Results and Discussion  

In this current investigation, we have undertaken the synthesis of aluminum composites 
with SiO2 and Graphene particles. The composition includes a consistent 1 wt.% of 
graphene and varying SiO2 content at levels of 2.5, 5, and 7.5 wt.%, and the production 
method employed is the stir casting technique. Comprehensive experimental studies have 
been carried out, encompassing microstructural analysis, tensile strength assessment, 
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compressive strength evaluation, impact and hardness testing. The results and analysis of 
these synthesized hybrid composites are elaborated in the subsequent section. 

3.1 Microstructural Analysis 

To analyze the morphologies of SiO2 and graphene particles, we employed SEM 
micrographs. SiO2 particles exhibited spherical shapes, as apparent in the micrographs. Fig. 
4 (a) to (d) illustrate the SEM micrographs of A356 alloy, A356-2.5 wt.% SiO2-1 wt.% 
graphene, A356-5 wt.% SiO2-1 wt.% graphene, and Al-7.5 wt.% SiO2-1 wt.% graphene, 
respectively. The images in Fig. 4(b) and (d) depict SiO2/graphene particles as round and 
spherical particles. The spherical morphology confirms the presence of SiO2 particles and 
nano-graphene within the matrix. The grain boundaries in Fig. 4 (a) to (c) appear dendritic, 
suggesting an even dissemination of the reinforcing particles throughout the composite 
and alloy.  

Within all the microstructures, fine precipitates are observed in the alloying components, 
scattered along the grain boundaries in the A356 composite framework. Notably, clusters 
of SiO2 and graphene particles are dispersed throughout the matrix. These micrographs 
reveal the fine distribution of SiO2 and graphene particles, which is a result of careful 
selection of appropriate mixing/stirring time and method during casting. Graphene 
particles are typically found interspersed between dendrites. Most SiO2 particles exhibit 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 4. SEM Micrographs of (a) As-cast A356 alloy (b) A356-1 wt.% of Gr and 2.5 wt.% 
of SiO2 Composites (c) A356-1 wt.% of Gr and 5 wt.% of SiO2 Composites(d) A356-1 

wt.% of Gr and 7.5 wt.% of SiO2 Composites 
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spherical, angular, or sub-angular shapes, and occasionally, a plate-like structure similar 
to graphene is observed. The micrograph clearly shows that SiO2 and graphene platelets 
are evenly dispersed in the matrix, with no signs of clustering. The excellent interfacial 
bonding is attributed to pre-warming the SiO2 and graphene particles before presenting 
them into the molten material. In Fig. 4(a), we observe the micrograph of the alloy used, 
revealing a dendritic form. The base matrix contains a white light-Al phase with 
precipitates both inside and outside the grains. The Fe-Mn-Si-Al phase of the alloy 
predominantly appears on the alloy's surface. In Fig. 4(b), the micrograph highlights the 
faceted features of SiO2 crystals, known for their monoclinic crystal structure at room 
temperature, transitioning to a tetragonal and cubic structure at higher temperatures. Fig. 
4(c) pertains to the graphene reinforcement, showing stacked layers with a crumpled 
appearance. 

In the SEM micrographs (Fig. 4), it is noticeable that intergranular porosity is present, but 
there is a well-formed microstructure due to strong bonding between the aluminum matrix 
and SiO2/graphene particles. The grain boundaries are clearly discernible in the sample, 
and the inter-particle bonding is robust. In Fig. 4(b), the micrograph of the sample reveals 
a compact microstructure with minimal porosity. Therefore, the improved bonding 
between the particles and reduced porosity may contribute to an increase in the load-
bearing capacity of the composite specimens. The distribution of grey SiO2 particles can 
possibly be attributed to the high thermal conductivity of the alloy steel die, which 
enhances the solidification process. However, increasing the graphene content could 
potentially lead to more agglomeration and an increase in porosity. Additionally, a 
significant mismatch exists between aluminum and graphene, which could result in 
debonding at the interface. The graphene particles, due to their exceptionally high 
conductivity, may appear significantly brighter compared to the surrounding 
microstructure of the composite sample. The dendritic microstructure observed reflects 
the morphology resulting from the interaction between aluminum and graphene particles 
during the casting process. This interaction might be influenced by the formation of 
carbide phases, as reported in prior studies [33]. 

3.2. EDS Analysis 

Energy dispersive X-ray spectroscopy (EDS) is a valuable technology for determining the 
composition and relative proportions of elements. While chemical analysis can recognize 
the existence of elements in a sample, quantifying their proportions can be challenging, 
making EDS an essential tool. In this study, EDS was employed to perform elemental 
analysis on A356 composite materials reinforced with 1 wt.% graphene and 2.5, 5, and 7.5 
wt.% SiO2. The EDS examination was conducted to assess the distribution of 
reinforcements within the matrix. The EDS peaks indicate the presence of silicon and 
oxygen, which correspond to the SiO2 reinforcement (Fig. 5 (a)). This suggests a strong 
interaction between the reinforcements and the matrix. The carbon peaks are associated 
with the graphene content. A quantitative analysis of the samples (Fig. 5 (b)) further 
confirms the presence of these elements. The results of this analysis reveal the essential 
composition of the A356 composite, including elements such as Al, Mg, Si, Zr, and O, along 
with the carbon peak. The calculated elemental composition (Fig. 5 (b)) clearly indicates a 
uniform dispersion of SiO2 and graphene within the aluminum matrix material. 
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(a) 

 

(b) 

 

(c) 
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(d) 

Fig. 5. EDS analysis of (a) As-cast A356 alloy (b) A356-1 wt.% of Gr and 2.5 wt.% of 
SiO2 Composites (c) A356-1 wt.% of Gr and 5 wt.% of SiO2 Composites(d) A356-1 

wt.% of Gr and 7.5 wt.% of SiO2 Composites 

3.3 Tensile Properties 

The composites were subjected to room temperature tensile testing in line with the ASTM 
E-8 standard. Errors were kept to a minimum by carefully preparing three sets of standard 
specimens and averaging the results. Figure 6 displays the results, which show that the 
synthesized hybrid composites have expressively higher tensile and yield strength than 
the monolithic A356 alloy. The ultimate strength of as cast alloy (A) is 116.4 MPa, the 
increased proportion of SiO2 reinforcement, the existence of nano graphene particulates, 
the uniform dispersion of reinforcements within the microstructure, the strong interfacial 
bonding between the matrix and the reinforcements, the grain size, and the strain gradient 
strengthening effect are all likely contributors to the observed improvement with 186.9 
MPa in case of composite D (1 wt. % of Gr+7.5 wt.% of SiO2). 

 

Fig. 6. Ultimate tensile strength of A356 alloy with nano graphene and SiO2 particles 
reinforced composites 

Recrystallization of the A356 aluminum alloy is facilitated by the addition of strong 
ceramic reinforcements, which act as nucleation sites. One reason for this is the presence 
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of reinforced particles, which serve as nucleation sites and prevent the movement of grain 
boundaries. This results in smaller matrix grain sizes compared to unreinforced A356 
alloy. Dislocation motion is effectively slowed by the grain boundaries within the 
artificially produced aluminum hybrid composites. Grain size is decreased, dislocation 
accumulation is avoided, and the hybrid composites are strengthened as a whole thanks to 
suspended dislocations that move continually through the matrix. The tensile behavior of 
an alloy is also profoundly affected by the incorporation of graphene and SiO2. Notably, as 
the weight percentage of SiO2 particles in the graphene composites increases, the 
percentage of elongation reduces in aluminum hybrid composites. This is because SiO2 
particles are inherently brittle, which reduces their ductility. As more SiO2 particles are 
combined into the graphene composites, the hybrid composites' ductility decreases 
because the aluminum matrix is less fluid. 

The observed increase in the ultimate tensile strength (UTS) can be attributed to the 
presence of robust SiO2 and nano graphene particles within the aluminum matrix. These 
rigid SiO2 and nano graphene particles contribute to the overall strength of the aluminum 
matrix through their reinforcing mechanisms. Specifically, they facilitate the transfer of 
loads from the reinforcement particles to the matrix, resulting in heightened resistance to 
tensile stress. One key factor contributing to the enhanced strength of the aluminum matrix 
composites (AMCs) is the notable difference in thermal expansion coefficients amongst the 
matrix and the reinforcement particles. This disparity in thermal expansion characteristics 
leads to the development of a higher dislocation density within the matrix. Consequently, 
the load-bearing capacity of the hard reinforcement particles is increased, elevating the 
overall strength of the AMCs. As the content of reinforcement particles with a low 
coefficient of thermal expansion (CTE) rises within a matrix with a higher CTE, 
microstructural changes occur within the matrix, further contributing to the strength of 
the material. Additionally, the remarkable strength of the Al-nano Gr-SiO2 hybrid 
composite can be attributed to the presence of SiO2 particles uniformly distributed within 
the composite matrix, leading to dislocation pile-up in their vicinity. Consequently, the 
strength of the composite is enhanced due to an increased level of dislocation interactions 
and dislocation density near the interfaces of the matrix and reinforcement.  

 

Fig. 7. Yield strength of A356 alloy with nano graphene and SiO2 particles reinforced 
composites 

The observed behavior can be best explained by deformation strengthening of the hybrid 
composites, which, despite being inherently brittle, exhibit higher strength and elongation 
when combined with SiO2 particles. This effect is consistent with the Hall-Petch 
relationship, which is influenced by the size of the Gr particles [34]. The influence of 
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particle size on tensile strength can be elucidated through dislocation theory. The 
formation of plastic deformation necessitates the overcoming of the ultimate stress, often 
associated with a mass of moving dislocations. However, grain boundaries hinder 
dislocation glide, leading to dislocation pile-up. Once the content of dislocation pile-up 
reaches a certain threshold, it becomes the driving force for dislocation glide. With larger 
SiO2 particle sizes, there is a higher content of dislocation pile-up, resulting in a greater 
driving force for dislocation glide. Smaller Gr particle sizes increase the number of particle 
boundaries, significantly hindering dislocation motion, and thus influencing the UTS for 
plastic deformation. The Fig. 7 illustrates the variations in yield strength as a function of 
the wt. fraction of Gr+SiO2 reinforced composites. The yield strength, characterized by the 
stress associated with a plastic strain of 0.2%, exhibits an increase with higher weight 
fractions of SiO2 reinforced composites. Remarkably, the A356 with 1 wt. % of Gr and 7.5 
wt. % of SiO2 composite demonstrates notably high yield of 141.4 MPa as compared to the 
base yield strength of 77.3 MPa. 

As can be seen in Fig. 8, the elongation of the composites is significantly altered by the 
incorporation of SiO2 and Gr particles into the aluminum alloy. Composites have a lesser 
percentage of elongation than the metal they are based on reinforcement particles. As the 
percentage of SiO2 in the aluminum alloy is raised to 7.5 wt %, however, the composites' 
elongation drastically decreases, falling to around 32.3%. This decrease in elongation can 
be traced back to the incorporation of SiO2 and Gr particles into the aluminum matrix, 
which reduces the composites' ductility in general [35]. 

 

Fig. 8. Yield strength of A356 alloy with nano graphene and SiO2 particles reinforced 
composites 

Figure 8 shows how the ductility of A356 alloy and its composites is affected by the 
addition of micron-sized SiO2 and Gr particles. The ability of a material to lengthen under 
an axial load is referred to as its ductility. The elongation value in tensile testing is found 
by dividing the gauge length after fracture by the initial gauge length. Material ductility is 
often given as a percentage, with a larger value indicating greater ductility. Figure 8 shows 
the % elongation of the as-cast A356 with different wt. % of micron-sized SiO2 and Gr 
particles. The percentage elongation of A356 alloy is decreased by the incorporation of 
SiO2 and Gr particles. As the reinforcing fraction in A356 alloy rises, this decrease becomes 
more pronounced. The presence of stiff, brittle particles within the A356 alloy matrix is 
principally responsible for the reduced ductility [36].         
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3.4 Compressive Strength 

Following the ASTM E9 standard, the manufactured aluminum hybrid composites were 
compressed at room temperature. Compressive strength in A356-SiO2-Gr composites was 
expressively improved by the addition of SiO2 and Gr to the matrix. It is crucial to 
understand that a metal composites compressive strength almost always exceeds its 
ultimate tensile strength. This causes these MMCs to be significantly more brittle than 
monolithic materials, with percentage elongation values typically falling below 5%. The 
compressive strength data supports earlier findings and demonstrates a notable 
improvement over the cast hybrid composites with constant reinforcement. The 
outstanding compression strength of ceramic particles, such as SiO2, is more characteristic 
than their tensile strength. In example, the compression strength of SiO2 particles is much 
higher than that of the Al matrix. Because of this inherent reinforcing activity, the material 
is able to successfully resist compressive loads that are given to it. The composite's 
resistance to compression increases with the fraction of these particles within the 
foundation material. This is because the bigger volume occupied by the particles reduces 
the force that can be applied to the matrix, preventing it from deforming. Because the SiO2 
and Gr particles are evenly disseminated throughout the alloy matrix, the hybrid 
composites' increased compressive strength can be attributable to the twofold 
strengthening effect. Grain size in the microstructure is diminished because of the 
presence of these reinforced particles within the aluminum matrix. This effect also aids in 
the diminution of particle size, which becomes gradually important when particle 
accumulation heightens [37]. 

 

Fig. 9. Compressive strength of A356 alloy with nano graphene and SiO2 particles 
reinforced composites 

A greater interfacial area is formed between the SiO2 + Gr reinforcement particles and the 
Al matrix as the fraction of SiO2 + Gr reinforcement particles within the matrix increases. 
As the interface grows, dislocations build up along its edges, mimicking the behavior of 
grain boundaries. The overall strengthening impact is determined in large part by the 
inclusion of Gr and SiO2, which work hand in hand with the distribution strengthening 
effect. This helps increase the dislocation density in the aluminum matrix and expand the 
grain size. As can be seen in Fig. 9, the combined effects of these parameters lead to the 
impressively high compressive strength of the synthesized hybrid composites. According 
to the reported findings, the compression strength of the A356 alloy matrix is greatly 
improved by the presence of hard particle phases, and this improvement is magnified as 
the percentage of SiO2 + Gr particles increases. Compressive strength is a common measure 
of the durability of carbide or oxide particles due to the intrinsic hardness of ceramics. 
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Strength enhancement in Al-SiO2-Gr composites can be attributed to a number of factors, 
including the presence of uniformly distributed harder elements, substantial grain 
refinement achieved with the addition of SiO2 + Gr particles, and dislocations generated 
due to modulus mismatches and differences in thermal expansion coefficients. The results 
are shown in Fig. 9 which confirms the significant impact of these particles on the 
fortification of Al-SiO2-Gr composites by emphasizing the large influence of SiO2 + 
Graphene content on the overall compressive strength. 

3.5 Hardness Measurements 

Figure 10 presents samples of the substrate metal A356 alongside the hybridized 
composites. Notably, the hybrid composites exhibit higher levels of hardness compared to 
their unreinforced counterparts, and this hardness demonstrates a consistent upward 
trend in direct proportion to the weight percentage of the added reinforcement, in 
alignment with prior investigations [38]. The incorporation of hard reinforcing particles 
has a dual impact, enhancing both the matrix's hardness and its resistance to plastic 
deformation [39]. The graph in Figure 10 illustrates the hardness increment up to 7.5%wt. 
of SiO2 + Graphene particulates. In particular, the ideal hardness of reinforced composites 
featuring a mixture surpasses the hardness of unreinforced alloys. This rise in hardness 
can be attributed to the increased occurrence of hard SiO2 particles in the aluminum 
matrix, combined with the inherently high hardness of nano graphene particles [40].  

 

Fig. 10. Hardness of A356 alloy with nano graphene and SiO2 particles reinforced 
composites 

The introduction of reinforcement particles to the aluminum matrix serves to enhance 
their surface area, concurrently reducing the size of aluminum matrix grains. This 
heightened presence of hard surface areas from SiO2 and nano graphene particles offers 
substantial resistance to plastic deformation, consequently elevating the overall hardness 
of the fabricated AMCs. Additionally, the presence of hard and brittle SiO2 and nano 
graphene particles within the soft and ductile A356 matrix leads to a reduction in the 
ductility content of the fabricated AMCs. This reduced ductility within the matrix metal of 
the composite significantly contributes to the overall hardness of the AMCs. It's worth 
noting that an increased amount of reinforcement in the matrix results in a higher 
dislocation density during solidification, attributable to the thermal mismatch between the 
aluminum matrix and the reinforcement. This discrepancy in thermal expansion creates 
internal stresses, prompting plastic deformation within the aluminum matrix to 
accommodate the lower volume expansion of the reinforcement particles. The escalation 
in dislocation density at the particle-matrix interface intensifies resistance to plastic 
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deformation, ultimately enhancing hardness. Furthermore, the enhanced hardness 
observed in hybrid composites can also be ascribed to the observed reduction in porosity, 
as evident in SEM microphotographs. It is well-documented that higher hardness is closely 
associated with lower levels of porosity within the MMC. It is evident from the results that 
the hardness value of the Al-Graphene-SiO2 hybrid composite surpasses that of other 
fabricated composites, primarily attributed to the homogeneous distribution of SiO2 
particles within the matrix. The presence of robust SiO2 particles, in conjunction with the 
finely dispersed Gr particles, significantly elevates the barriers to grain boundary sliding 
[41]. Additionally, an essential factor contributing to the overall enhancement in the 
composite's hardness, owing to the incorporation of SiO2, stems from an augmented 
dislocation density due to the thermal expansion mismatch between the reinforcement 
and the hybrid matrix at the particle-matrix interfaces [42]. The cumulative effect of these 
factors translates into formidable resistance against localized deformation during 
indentation. 

3.6 Impact Strength 

As represented in Fig. 11, the impact strength of the composites exhibits an upward trend 
in contrast to the unreinforced alloy as the wt. % of SiO2 + Graphene particles within the 
metal matrix increases. Nonetheless, it's worth noting that, although the impact strength 
of hybrid composites shows a tendency to decrease, this reduction is relatively modest. 
One plausible explanation for the reduction in strength lies in the subtle transformation of 
material properties from ductile to brittle, which is brought about by the incorporation of 
hard SiO2 + Graphene particles. The presence of microstructural defects, resulting from 
cracking and decohesion of reinforcing particles, contributes to the decline in impact 
strength within the composites. This decrement in impact strength becomes noticeable 
with the increasing weight percentage of reinforcement, causing a rise in failure rates. A 
linear progression in the energy absorbed is evident with the escalation of the 
reinforcement (SiO2 + Graphene) weight percentage (Fig. 11). The augmentation in impact 
energy can be attributed to the reinforcement provided by the robust SiO2 particles. This 
rise in impact strength, as indicated by the increasing impact energy, is attributed to the 
incremental weight percentage of SiO2 + graphene reinforcements. 

 

Fig. 11. Impact strength of A356 alloy with nano graphene and SiO2 particles 
reinforced composites 
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4.  Conclusion 

This paper presents a comprehensive report on the synthesis and microstructural 
characterization of aluminum matrix composites reinforced with nanographene and SiO2. 
The experimental findings have been thoroughly scrutinized, leading to the following key 
conclusions. 

• Successful fabrication of hybrid composites has been attained through the 
incorporation of SiO2 and nanographene particles into the aluminum alloy via a 
liquid metallurgy approach. 

• SEM micrographs provide clear evidence of the effective reinforcement of SiO2 and 
nanographene, displaying a uniform distribution of particle and robust inter-
particle bonding in the base matrix, albeit with minor pore presence. 

• Both tensile and yield strength exhibit noticeable increments with the rise in the 
SiO2 particles with constant nanographene reinforcement weight percentage in 
comparison to the as-cast matrix. This surge in strength can be attributed to the 
reinforcing effect of hard SiO2 particles and graphene, which contribute to enhanced 
resistance against tensile loads. The improvements in the ultimate strength of A356 
alloy with the 7.5 wt. % of SiO2 and 1 wt. % of Graphene is 60.64 %. The 
improvements in the yield strength of A356 alloy with the 7.5 wt. % of SiO2 and 1 
wt. % of Graphene is 82.78 %. 

• The percentage elongation decreases as the weight percentage of hybrid 
reinforcement increases, primarily due to the brittleness introduced by the hard 
particles and the presence of hard-ceramic particles. 

• The compressive strength experiences a notable increase with the augmentation of 
nanographene and SiO2 reinforcement weight percentages when compared to the 
as-cast matrix. Similar to the tensile properties, this increase in strength can be 
ascribed to the reinforcing impact of hard SiO2 particles and graphene, which 
enhance resistance to compressive loads. The improvements in the compressive 
strength of A356 alloy with the 7.5 wt. % of SiO2 and 1 wt. % of Graphene is 62.71 
%. 

• The impact strength of the hybridized composites exhibits a gradual increase with 
the addition of reinforcement, albeit at a modest rate. 

• In the present study 1 wt. % of nano graphene is used along with the varying weight 
percentages of SiO2 particles. In the future, the composites with more weight 
percentages of graphene content can be studied. Also, in the present research 
mechanical properties were investigated, further various properties can be studied. 
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 The reuse of waste materials, particularly granite and undercooked or overcooked 
clinker, in sand concrete formulation is the focus of this study aimed at conserving 
natural resources and protecting the environment within the framework of 
sustainable development. To achieve this objective, we replaced ordinary sand with 
recycled sands in the sand concrete volume. Specifically, we incorporated granite 
waste (GS) and recycled clinker (CS) at rates of 20 and 40%. Subsequently, we 
conducted a series of evaluations on the different formulations. These evaluations 
included fresh state properties such as density, workability, and air content, as well 
as mechanical properties like compressive strength, flexural strength, rebound 
hammer, ultrasonic pulse velocity, modulus of elasticity, and X-ray diffraction 
(XRD). Additionally, we analyzed durability parameters such as water absorption, 
dimensional variation, freeze-thaw resistance, acid attacks, and chloride 
penetration on hardened concrete. We compared these results with reference 
samples and considered potential correlations among the different parameters. The 
results obtained showed improvements in workability, hardness, and homogeneity 
with enhancements in microstructure, with the best results obtained from SCC 
compared to the control concrete and SCG. The results of mechanical properties 
demonstrated that concretes containing recycled clinker sand are more resistant in 
compression and flexural strength compared to SC0 and SCG, with maximum 
strengths observed in concrete containing 40% recycled clinker at ages 7, 28, and 
90 days. Durability parameters were acceptable with slight reductions in ultrasonic 
pulse velocity and modulus of elasticity after freeze-thaw cycles. A good correlation 
was observed among the various parameters. 

© 2024 MIM Research Group. All rights reserved. 
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1. Introduction 

The increase in the world's population and changing consumer habits have led to a rapid 
depletion of our natural resources. Moreover, climate change and the accelerated loss of 
natural resources have given rise to serious environmental problems, especially in recent 
decades. Therefore, it has become crucial to significantly reduce material consumption and 
efficiently utilise available natural resources through waste recycling. 

Certainly, construction is undeniably one of the sectors with the highest consumption of 
raw materials. The excessive use of certain aggregates, like sand, in the production of 
mortar and concrete has resulted in a scarcity of these materials. Meanwhile, waste 
generated by the industrial and construction sectors, as well as the remnants and debris of 
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certain materials that are abandoned in the natural environment, have detrimental effects 
on the environment. 

A great deal of research works has been carried out into the recovery of waste for use as 
aggregates in mortars and various types of concrete and in particular sand concrete which 
has been developing in recent years, especially in Algeria. Beyond, the waste in question 
includes demolition concrete, off-cuts from tiling and ceramics, bricks and breezeblocks, 
as well as marble and granite waste. In addition, waste from the cement industry, in respect 
such as sludge, Cement Kiln Dust (CKD) and unbaked or under baked clinker, which is 
mainly due to errors in controlling the firing phase, temperature fluctuations and kiln 
stoppages and restarts caused by power cuts, breakdowns or planned stoppages, was used 
either in the form of fine aggregates or gravel. Further, this recycled waste was then used 
to partially or totally replace ordinary aggregates in different types of construction 
materials to assess the impact of recycled aggregates on the properties of such materials 
in their fresh and hardened states, as well as on their durability parameters. 

In this context, the aim objective of this research is to promote the utilisation of granite 
debris from the construction industry and waste from the cement industry, especially 
unbaked or under baked, as fine aggregates in the formulation of sand concrete. The 
objective is to preserve natural resources, minimise waste, and reduce emissions, all of 
which play a critical role in environmental protection. 

Many researchers have been interested in reusing granite off-cuts as a fine powder that 
partially replaces cement or sand in mortar formulation. Gupta and Vyas [1] studied the 
feasibility of replacing fine aggregates in a mortar with granite waste fines; thus, they 
found an improvement in workability, an increase in mechanical performance 
(compression and tension, ultrasonic pulses and dynamic modulus of elasticity) and 
durability and in particular adhesive strength, water absorption and drying shrinkage. On 
the other hand, Suárez-Navarro et al. [2] demonstrated that mixtures containing granite 
fines gave slightly lower compressive strengths than the reference mortar, whilst the 
substitution of sand by granite waste fines induced no net difference in flexural strength 
compared with the control. Moreover, the potential effects of using granite waste on the 
increased durability of mortar and concrete, including abrasion, freeze/thaw cycles and 
resistance to sulphate attack were illustrated by the study of Mashaly et al. [3], who alike 
concluded that granite waste could effectively be used in the production of concrete bricks, 
paving units and cement tiles.  However, Ramos et al. [4] found an improvement in the 
resistance of mortars to chlorides and alkali-silica reactions by incorporating 10% of 
granite waste fines as a cement replacement. 

Unquestionably, the influence of partial substitution of sand in a concrete by granite waste 
up to a rate of 25% was the subject of the works conducted by Allam et al. [5] who found a 
slump of the order of 10cm and a higher compressive strength compared to control 
concrete at all ages. Likewise, Lakhani et al. [6] observed the same findings, whereat a 
decrease in slump as a function of increasing the rate of fine granite waste aggregate, which 
is due to the fine particle size of such waste, as this decrease in workability, could easily be 
improved with the use of super-plasticizers [7]. More to the point, Vijayalakshmi et al. [8] 
found that substituting up to 15% of the ordinary sand in concrete with polished granite 
waste resulted in concrete that met the necessary strength and durability requirements. 
Nonetheless, they advised that these wastes should be chemically treated to improve their 
sulphate resistance by undergoing a bleaching process before being added to the concrete 
mix. Subsequent to which, the results of the works conducted by Singh et al. [9] on the 
effect of granite cutting waste fine aggregate, on concrete properties, have clearly 
illustrated that concrete substituted with granite waste exhibits increased resistance to 
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carbonation, chloride ion penetration, acid attack and exposure to elevated temperatures 
at an optimum granite waste replacement of 25%. 

Indeed, granite waste was alike recovered in the composition of self-compacting concrete, 
seeing that Jain et al. [10] studied the partial substitution of fine aggregates of a self-
compacting concrete up to 60% by granite waste powder. The results indicate that the 
compressive strength in all concrete mixes was higher than the one deduced at of the 
control except for the mixes with 50% and 60% substitution rate. All the concrete mixes, 
with the exception of the 60% granite powder mix, demonstrated superior resistance to 
carbonation, drying shrinkage, chlorides and corrosion compared with the control mix. In 
the same context Gautam et al. [11] worked on the behaviour of a self-compacting concrete 
containing granite waste as fine aggregate, they found satisfactory results in the fresh state 
except for the self-compacting concrete of 40% granite waste fine aggregate, as the 
maximum resistances are recorded for the self-compacting concrete based on 30% granite 
waste fine aggregate. Nevertheless, increased resistance to chloride and corrosion was 
observed for the incorporation of up to 30% fine granite waste aggregate. 

Waste from the cement industry, including Cement Kiln Dust (CKD) and unfired or poorly 
fired clinker, has been used in several types of construction materials. CKD has been 
employed as a cement additive [12-13-14] and as a component of sand concrete [15]. On 
the other hand, there has been limited research on the valorisation of baked or unbaked 
clinker in construction materials. Except for a few in-depth studies have been carried out 
on the subject, notably the research of Chaib et al. [16], which investigated the impact of 
baked and unbaked clinker on cement quality, and Kaplan et al. [17], who explored the 
integration of clinker aggregates into geo-polymer grouts. 

  

Fig. 1. Waste granite and recycled clinker 

In the study conducted by Smir [18], the aim was to recover discarded unbaked clinker 
that the HOLCIM Company had previously considered as waste, along with reusing it in 
cement production and analysed the impact of this clinker on the quality of the produced 
cement. In this respect, they found that the workability of concrete made with this cement 
became increasingly difficult as the addition of unbaked clinker to the cement increased. 
This was mainly due to the high free lime content of the unbaked clinker and the high-
water content associated with the percentage of baked clinker. Hence, this work makes it 
possible to provide definition to the optimum quantity of unbaked clinker to add to the 
cement without altering the concrete characteristics.  Many studies have demonstrated the 
advantages of utilising waste clinker and granite, whether in the form of aggregates or 
cement additives in mortars, concrete, and self-compacting concrete. Therefore, this work 
aims to use waste granite and recycled clinker unbaked or under baked as shown in Figure 
1 to partially replace ordinary sand. These recycled sands are incorporated into sand 
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concrete with substitution rates of 20% and 40%. The study examines the impact of these 
recycled sands on the properties of the concrete in its fresh state, as well as its mechanical 
performance in the hardened state, durability, and microstructural parameters. 

2. Materials 

The materials used in the study include a composite Portland cement CPJ-CEM II 42.5 (S-
L) sourced from the cement factory of Hadjar Essoud in Skikda, Algeria, with an absolute 
density of 3.22 g/cm3. Other components comprise dune sand (DS) of siliceous nature from 
Oued Z’hor quarry, Skikda-East of Algeria, sand from granite waste (GS) obtained through 
crushing and sieving granite waste, and recycled clinker sand (CS) obtained by crushing 
and screening baked or unbaked clinker from the Hadjar Soud cement factory in Skikda 
(Fig. 2). Additionally, fine limestone (F) retrieved from the filters of the Ben Azzouz quarry 
in the East of Skikda, passing more than 80% through an 80µm sieve, is included. Table 1 
provides an overview of the various physical and chemical properties of the aggregates 
and the particle size distribution is illustrated in Figure 3. The mix incorporates a super-
plasticiser (SP), namely the high-water reducer Master Glinuim 26, as a light brown liquid 
with a pH of 5 and a density of 1.07 g/cm3. Finally, tap water at a temperature of 28°C is 
utilised for the mixing process.  

   
Fig. 2. The sands used 

Characterization tests have revealed significant differences among various sands used in 
concrete production. Granite waste sand exhibits a higher density compared to dune sand 
and clinker sand. According to Figure 3, the sands used demonstrate satisfactory fineness, 
with all particles having a size greater than 0.063 mm. In terms of volume, it is observed 
that (7.33%, 10.67%, and 9.33%) of the particles are less than 0.125 mm, while (93.33%, 
26%, and 19.33%) by volume are less than 0.5 mm for the DS, GS, and CS samples 
respectively. A relatively small percentage, ranging from 6 to 9%, represents particles 
smaller than 0.063 mm. The grain size distribution curves of the sands used are continued, 
and the particle size distribution according to the NF EN12620 and NF P18-545 standards 
shows that the curve of the granite waste sand (GS) exhibits the best regularity of grain 
size compared to the recycled clinker sand (CS) and the dune sand (DS), respectively.  

According to the fineness modulus, ordinary sand is finer than granite waste sand and 
clinker sand respectively. Hence, the introduction of the latter into concrete adversely 
affects workability and increases mechanical strength. Additionally, granite waste sand 
contains a higher fines content than dune sand and clinker waste sand. Sand equivalent 
tests confirm that all sands fall within the 70% to 80% cleanliness range, making them 
suitable for high-quality concrete production. According to chemical analysis (Table 1), 
dune sand and sands from GS and CS contain a percentage of silicon dioxide (SiO2) of 
(77.86%, 41.2% and 22.02%) respectively. 
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Table 1. Physical and chemical properties of sands 

Physical properties 
 DS GS CS 
Apparent density (g/cm3) 1.412 1.650 1.489 
Absolute density (g/cm3) 2.631 3.062 2.723 
Sand equivalent (%) 74.59 72.34 70.50 
Water absorption (%) 1.02 1.67 5.44 

Fineness modulus (%) 1.55 3.47 3.90 

Inter-granular porosity (%) 46.33 46.11 45.32 

Fines content (%) 6 8.33 6.66 

Chemical composition (%) 

 DS GS CS 

SiO2 77.86 41.2 22.02 

Al2O3 2.05 13.2 5.49 

Fe2O3 1.13 9.59 3.72 

CaO 4.78 9.06 65.58 

MgO 0.19 4.99 1.05 

SO3 0.00 0.31 0.07 

K2O 0.59 0.08 0.90 

Na2O 0.19 2.5 0.20 

Cl- - 0.01 0.01 

 

 

Fig. 3. Particle size distribution of sands 

SiO2 is the dominant compound in the composition of granite; thence silica reacts with lime 
during the hydration of cement and favours the formation of hydrated calcium silicates, 
which can slow down the hardening process and make it possible to obtain high resistance 
in the medium and long term and improve the durability of concrete, particularly in 
aggressive environments. Furthermore, in addition to silica, granite waste sand contains 
alumina Al2O3 (13.2%), which contributes to the setting of concrete, but has a negative 
effect on chemical stability and favours attack by sulphates [19]. Conversely, clinker is 
basically composed of CaO, and the presence of this element promotes the formation of 
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C3S, which offers high short-term resistance and increases cohesion. Further, the high 
reactivity increases the homogeneity of the mix and reduces the porosity and permeability 
of the concrete [19-20]. 

3. Experimental PROGRAMME AND TESTS METHODS 

3.1 Experimental Program 

In the experimental programme, we partially substituted in the volume of an ordinary sand 
(DS) of a sand concrete by recycled sands (granite waste (GS) and recycled clinker (CS)) 
with replacement rates of 20% and 40%, and studied the effect brought by the introduction 
of these sands on fresh and hardened properties as well as durability parameters. The SC0 
reference formulation was established according to the experimental method of Sablocrete 
[21] with the fixed parameters being the Water/Cement ratio (W/C=0.68), the cement 
dosage, the dosage of limestone fines and the content of 1% super-plasticizer. Therefore, 
the selected formulations (SCG, based on granite waste sand, and SCC, based on recycled 
clinker sand) are obtained by the same method, with the substitution of ordinary sand by 
volume with recycled sand. The different compositions of the mixes are illustrated in Table 
2. 

Table 2. Mix proportions of different concrete mixtures 

Mixtures CEMII  
(Kg) 

DS 
(Kg) 

F  
(Kg) 

SP 
 (Kg) 

W 
(Kg) 

GS  
(Kg) 

CS 
 (Kg) 

SC0 400 1160.40 252 4.32 272 0 0 

SCG 20 400 928.32 252 4.32 272 271.968 0 

SCG 40 400 652.72 252 4.32 272 543.936 0 

SCC 20 400 928.32 252 4.32 272 0 253.837 

SCC 40 400 652.72 252 4.32 272 0 507.674 

3.2 Tests Methods 

3.2.1 Fresh Properties Tests 

The fresh density was evaluated after casting using an 8-liter container, in accordance with 
standard NF EN12350-6, workability measured by slump with an Abrams cone in 
accordance with standard NF EN12350-2, and the content of occluded air measured by a 
concrete aerometer in accordance with standard NF EN12350-7. 

3.2.2 Mechanical Properties 

3.2.2.1 Mechanical Resistance  

Specimens of size (4×4×16) cm3 preserved in water 28 days until the curing periods of 7, 
28 and 90 days, broken in tension by 3-point bending and subsequently in compression in 
accordance with standards NF EN12390-5 and NF EN12390-3 respectively. The loading 
should be applied continuously until the specimen ruptures. The elastic modulus of 
concretes was evaluated at 28 days according to Eq. (1) [22]. 

𝐸𝑑 =
𝜌. 𝑉2(1 + 𝜈)(1 − 2𝜈)

(1 − 𝜈)
 (1) 

Where: 𝐸𝑑 is the dynamic modulus of elasticity (GPa); ρ is the density of the hardened 
concrete (kg/m3); V is the ultrasonic velocity (km/s); and ν is the Poisson’s ratio. 
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3.2.2.2 (UPV) Test and The Sclerometer Test 

Specimens measuring (15×15×15) cm³ were prepared for the ultrasonic pulse velocity 
(UPV) test and the sclerometer test after 28 days of water curing. The sclerometer test, 
conducted in accordance with standard NF EN 12504-2, evaluates the surface hardness of 
the concrete through rebound measurements. This method involves striking the concrete 
surface with a hammer and then measuring the rebound distance. Simultaneously, the UPV 
test, performed according to standard NF EN 12504-4, used a portable digital ultrasonic 
tester. This method involves transmitting ultrasonic pulses through the concrete sample, 
allowing for the determination of its velocity. 

3.2.3 Durability 

3.2.3.1 Shrinkage and Swelling  

Measured on specimens measuring (4×4×16) cm3 fitted with studs. Shrinkage specimens 
are stored in air, whilst swelling specimens are stored in water in accordance with 
standard NF P 18-427. The shrinkage and swelling are measured using a deform meter 
equipped with a comparator and reference rod, enabling measurements with an accuracy 
of less than or equal to 0.005 mm. A 270 mm long rod is used to calibrate the deform meter. 

3.2.3.2 Water Absorption by Immersion 

According to Neville [22], the specimens of dimension (5×5×5) cm3 are kept in water for 
28 days. The specimens are weighed to determine the wet mass, after which they are 
placed in the oven at 105± 3°C until a constant mass is obtained, then they are weighed to 
determine the dry mass, the absorption is measured by subtracting the dry mass from the 
wet mass, then dividing by the dry mass. 

3.2.3.3 Water-Accessible Porosity 

Is measured on specimens measuring (5×5×5) cm³, which are kept in water for 28 days 
according to the NF P18459 standard. After this curing period, the saturated mass is 
measured, followed by the use of a hydrostatic balance to measure the hydrostatic mass. 
Subsequently, the samples are dried at 105°C until reaching a constant mass, after which 
their dry mass is measured. The porosity is calculated from the ratio between the 
difference between the saturated and dry masses and the saturated and hydrostatic mass, 
with the value expressed as a percentage. 

3.2.3.4 Capillary Water Absorption and Sorptivity Test 

The test was conducted in accordance with the NF EN 13057 standard using specimens 
measuring (7×7×28) cm³. These specimens were immersed in water for 28 days before 
testing. Their side faces sealed and they were then subjected to unidirectional water 
absorption from their bottom for nearly a week. This procedure was carried out to 
determine capillary absorption, which was plotted against the square root of the elapsed 
time to yield the sorptivity. 

3.2.3.5 Freeze-Thaw 

On specimens of size (4×4×16) cm3 fitted with studs are subjected to 300 freeze-thaw 
cycles in accordance with standard NF P18-425. Shrinkage and mass measurements were 
taken every 30 cycles. An ultrasonic test was carried out at the end of the test. 

3.2.3.6 Chloride Penetration 

According to NT BUILD 492-1, on (4×4×16) cm3 specimens kept 28 days in water at a 
temperature of 20 ± 2°C. Thereafter, totally immersed in a prepared saline solution of 
sodium chloride (5% NaCl) diluted in distilled water for 120 days, the specimens 
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underwent a process of cutting and application of a silver nitrate solution (AgNO3) with 0.1 
M concentration onto their concrete surfaces. 

3.2.3.7 Chemical Attack by Acids 

After 28 days of curing in water, the specimens of dimension (5×5×5) cm3 are weighed to 
determine an initial mass, then they are immersed in solutions with a concentration of 4% 
hydrochloric acid (4% HCl) and 4% acetic acid (4% CH3COOH) added to the water volume. 
The chemical resistance is evaluated by measuring the mass loss of the specimen according 
to ASTM C267-96 standard. The specimens are cleaned three times with fresh water to 
remove the deteriorated concrete and left to dry for 30 minutes. Then they are weighed 
again. This operation is performed after 7, 14, 21, 28, 56, 60, 90, and 120 days of 
immersion. The solutions used are renewed every 14 days (based on the pH variation). 

3.2.4 Microstructural Analysis Tests  

A materials characterization technique uses X-rays to determine its crystalline structure. 
X-rays are directed towards a sample, which diffracts them in different directions 
depending on its crystalline structure. By measuring the angles of X-ray diffraction, the 
arrangement of atoms in a sample can be determined, thus obtaining information about its 
crystalline structure. The determination of amorphous and crystalline phases by X-ray 
diffraction was carried out using an XRD diffractometer (Philips, X'Pert) using Cu Kα 
radiation, 40 kV, 35 mA, with a step of 0.02° ranging from 10° to 80°. ICDD plots were used 
to identify the intensity and location of peaks. 

4. Results and Discussion 

4.1. Fresh State Properties  

Figure 4 shows that the fresh densities of ready-mixed concrete increase with increasing 
levels of recycled sand substitution. Besides, the highest density is obtained for concrete 
based on 40% granite waste sand (SCG40). Further, it exceeds the value shown by the 
control concrete of 9.16% and that of the concrete containing 40% clinker waste sand of 
4.38%. However, this increase in density is expected because recycled sands have higher 
absolute densities, higher quantities of fines filling the available voids between the 
concrete constituents and higher water absorption coefficients than ordinary sand. 
Therefore, these results are compatible with those found by Abukersh and Fairfield [23] 
and Kherraf et al. [24] and contrary to those obtained by Shamsabadi et al. [25]. This 
difference in results may be linked to the different particle distribution and the method of 
obtaining recycled sand. 

The partial replacement of ordinary sand with recycled sands GS and CS results in an 
increase in workability, with the maximum value achieved by SCG40 concrete, exceeding 
that of SCC40 concrete by 17% and that of the control concrete by 27%. Besides, this 
improvement may be attributed to the better particle size distribution of GS on one hand. 
In the other hand, the finer particle size, which contributed to reducing inter-particle 
friction within the cement matrix due to the rough and angular morphological 
characteristics of granite, which can enhance interlocking between particles and improve 
cohesion within the concrete mixture. This improved particle packing can lead to a 
reduction in voids and improve the overall compactness of the concrete, thereby 
increasing its workability [26-27]. These results contradict those found by Zhang et al. 
[28]. 

The volumes of content air in clinker sand-based concretes are slightly higher than those 
in concretes containing granite waste sand. In this respect, the recorded increases in 
occluded air volume compared with the control concrete were 19.61% for SCG40 and 
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27.45% for SCC40 concretes. Moreover, this increase in the volume of air occluded in 
concretes based on recycled sands is certainly linked to the morphology of these grains, 
which traps air bubbles in the cement matrix of the concretes [29-15]. 

 

Fig. 4. Variation in fresh properties as a function of substitution rate and sand type 

4.2. Mechanical properties 

4.2.1. Compressive Strength 

The results demonstrated that the increase in strength was observed with the use of GS 
and CS as partial sand substitution compared with the reference concrete (Fig. 5). 
Maximum strength was observed for the SCC40 mix at all curing periods. The increase in 
strength of the mixes after inclusion of 20% and 40% GS was observed. Nonetheless, this 
increase in strength could be attributed to the finer size of GS; the better filling effect of the 
particles also reduces interconnected voids and improves the density of the concrete 
matrix, which improves the compressive strength of the concrete up to an optimum 
percentage of granite waste [30]. 

In addition, the roughness and irregular shape of the granite particles increases the 
strength, as these particles gave better adhesion which results in better bond development 
between cement paste and aggregate [31-32]. Furthermore, a similar strength gain trend 
has alike been observed by several researchers Singh et al. [33] and Ghannam et al. [34] 
who have used granite as a fine aggregate replacement with an optimum range of 10% to 
30% in concrete. Increases in the strengths of SCC mixes as a function of the increase in the 
substitution rate. Besides, this increase is explained by the hydraulic power of the fine CS 
particles, on the one hand. However, this increase in strength is a consequence of the 
increase in compactness, on the other hand, due to a pozzolanic reaction developed by the 
reactive fines contained in the CS [35-36]. In virtue of which, our results contradict those 
obtained by Prošek et al. [37]. At 28 and 90 days, concretes based on recycled clinker sand 
give the best compressive strengths compared with concretes based on granite waste sand. 
Nevertheless, this is due, on the one hand, to the fineness modulus of the CS sand and, on 
the other hand, to the presence of CaO, which provides a lot of C3S, an element responsible 
for strength and cohesion [20-38]. There was a good linear correlation (Fig. 6) between 
compressive strength and density in the hardened state for all the studied concretes, which 
indicates the accuracy of the results. 
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Fig. 5. Influence of substitution rate and type of sand on compressive strength 

 

Fig. 6. Correlation between compressive strength and density 

4.2.2 Flexural Tensile Strength 

At the three timescales of 7, 28 and 90 days (Fig. 7), the flexural tensile strengths of the 
recycled sand-based concretes were better than those of the control concrete. Besides, 
SCC40 showed the highest strength, with an 82% increase over the reference concrete. In 
this respect, these results can be explained by the fact that CS is characterised by sharper, 
more porous grains, which form stronger bonds with the cement paste in the mix [37]. 
When they react with the cement minerals and water, the anhydrous components of 
clinker create hydrates that decrease the porosity of concrete and increase cohesion [20]. 
These components fill the voids between particles, leading to denser matrices and 
increased flexural strength. In virtue of which, these results have shown to be consistent 
with those found by Mebarkia et al. [39]. 
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An increase in flexural tensile strengths was observed in the GS-based concretes compared 
to the reference concrete, this improvement is due to the rough texture of the granite sand 
which could have improved the adhesion of the aggregates to the cement paste [40-41]. 
Figure 8 presents a precise linear correlation between the compressive strength and the 
flexural tensile strength for all the concretes studied with a correlation coefficient of 
(0.9557 and 0.9978) for SCG and SCC respectively, which denotes the precision of the 
results. 

 

Fig. 7. Influence of substitution rate and sand type on flexural tensile strength 

 

Fig. 8. Correlation between the compressive strength and the flexural tensile strength 

4.2.3. Compressive Strength Obtained by Sclerometer 

Figure 9 shows that the introduction of recycled sand into the sand concrete increased the 
surface hardness compared with the control concrete. However, the addition of granite 
waste sand has a positive effect on surface hardness. Further, compressive strength 
increases with increasing GS substitution rate to reach a maximum value of 31.40 MPa in 
SCG40 concrete, this is explained by the fact that granite waste sand contains a lot of silica 
(41.2%) which gives high medium and long-term strengths. The addition of recycled 
clinker sand at a rate of 40% gives the maximum strength obtained by sclerometer, the fact 
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of which is explained by the presence of CaO in the clinker sand, which gives good bonding 
of the aggregate matrix [20]. Definitely, resistances based on recycled clinker sand are 
higher compared to concretes based on granite waste sand, which may be due to the 
chemical composition of the clinker, which is close to the chemical composition of the 
cement. 

 

Fig. 9. Compressive strength obtained by sclerometer test 

Figure 10 shows the variation in the Schmidt hardness index of the mixes as a function of 
the type of concrete. However, it shows a precise linear correlation between the two 
factors with a correlation coefficient of (0.966 and 0.923) for SCG and SCC respectively. 
Besides, it is clear that the rebound index of concrete made from recycled waste is higher 
than that of control concrete; it increases with the increase of the substitution rate for the 
two types of concrete SCG and SCC. In virtue of which, the maximum value of the Schmidt 
hardness index is given by SCC40.  

 

Fig. 10. Variation of the Schmidt hardness index as a function of the substitution rate 
and type of sand 

The correlation between Schmidt hardness index and compressive strength 
measurements obtained by destructive testing is demonstrated in Figure 11. However, this 
correlation is established by a linear relationship, with a coefficient of (0.9656 and 0.9627) 



Rezaiguia et al. / Research on Engineering Structures & Materials 10(4) (2024) 1609-1637 

 

1621 

for SCG and SCC respectively. On the other hand, the Schmidt hardness index values given 
by the recycled clinker-based concrete have shown to be better than those obtained by the 
control concrete and the granite waste-based concrete, giving the best strengths. In virtue 
of which, these results once again confirm that the two SCC20 and SCC40 mixes are the 
most resistant. 

 

Fig. 11. Correlation between compressive strength obtained by destructive testing and 
Schmidt hardness index 

4.2.4. Ultrasonic Velocity 

In fact, the introduction of recycled sand as a partial replacement for ordinary sand leads 
to an increase in the ultrasonic velocities of the mixtures, whatever the rate and type of 
sand (Fig. 12). Above and beyond, clinker sand-based concretes showed the highest 
velocities compared to GS based concretes, these results are explained by the denser 
structure of CS based concretes compared to GS based concretes. Thereof, these results are 
in agreement with those found by Sharma et al. [42] and Abbaszadeh and Modarres [43]. 

 

Fig. 12. Variation in UPV as a function of substitution rate and type of sand 
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4.2.5. Compressive Strength Obtained by The Combined Method 

As a fact of matter, the strength of mixes based on recycled sands obtained by the 
combination of sclerometer and ultrasound (Fig. 13) increases with the increase in the 
recycled sand content and CS-based mixes give high strengths compared with GS-based 
mixes. As consequence, the strengths obtained by the combined method are compatible 
with the strengths obtained by destructive testing, UPV and sclerometer. 

 

Fig. 13. Compressive strength obtained using the combined method 

4.2.6. Shrinkage and Swelling 

Indeed, Figure 14 clearly shows that the incorporation of recycled sand from clinker and 
granite waste has a considerable impact on the total shrinkage of the concretes. After 120 
days of conservation, the average total shrinkage values of all the recycled concretes, based 
on 20% and 40% CS and GS respectively, are higher than those recorded for the reference 
concrete. Therefore, the result illustrated by the control concrete may be attributed to the 
more regular filling capacity of the dune sand. 

 

Fig. 14. Influence of substitution rate and type of sand on shrinkage 
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Likewise, it can alike be noticed that the shrinkage of concrete containing recycled clinker 
sand is higher than the one of the other types of concrete. In fact, the maximum value is 
obtained by SCC40 concrete. However, this is due to the evaporation of water trapped in 
the sand grains, which have a porous microstructure. In addition, this sand contains fine 
reactive particles that take part in the hydration reaction, resulting in an increase in the 
volume of the paste and accordingly an increase in the number of micropores filled with 
free water, which disperses during air-drying. In reality, analysis of the results obtained 
(Fig. 15) shows that concretes based on granite waste sand and recycled clinker have lower 
swellings than the reference concretes. In fact, the introduction of granite sand into the 
mixes produces the lowest swelling values. This is linked to the fines content of the sands, 
which enclose the existing interstices in the mixes. 

 

Fig. 15. Influence of substitution rate and type of sand on swelling 

4.2.7. Absorption by Immersion 

Generally speaking, concretes based on recycled sand have a lower absorption than control 
concrete (Fig. 16), as this can be explained by their absorption coefficients, which are lower 
than those of ordinary sand. Nonetheless, substituting ordinary sand with 40% recycled 
granite waste sand and clinker resulted in a reduction in absorption of 3.9% and 10% 
respectively.  

 

Fig. 16. Water absorption by immersion as a function of the rate of sand substitution 
and type 
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Moreover, concrete based with waste granite sand absorbs more water than concrete 
made with recycled clinker sand. This is due to the hydrated products formed by the 
addition of CS, particularly the entanglement of C-S-H gel, which gives strength to SCC and 
develops on the surface of unhydrated grains, gradually filling the capillary voids between 
the grains and resulting in densification of the matrix. This explains the lower water 
absorption of SCC compared to SCG (Granite Sand Concrete) [24]. As consequence, these 
results have shown to be consistent with those found by Ahmadi et al. [44] and Ghorbani 
et al. [45]. 

4.2.8. Porosity Accessible to Water 

The values of the porosity accessible to water after 28 days of curing are illustrated in 
Figure 17. Therefore, the results show an increase in porosity when granite waste sand is 
incorporated, i.e. an increase of 5% compared with the control concrete at a substitution 
rate of 40%. This increase in porosity is due to the presence of fines in the granite and 
additional porosity at the Interfacial Transition Zone (ITZ) between the smooth faces of 
the granite grains and the cement matrix [46]. On the other hand, there was a reduction in 
porosity when ordinary sand was replaced by recycled clinker sand. Nonetheless, this 
reduction is of the order of 8.5% at a replacement rate of 40%. In fact, the use of reactive 
fines made it possible to densify the cement matrix, giving rise to new hydration products 
and greater compactness, accordingly. 

 

Fig. 17. Porosity accessible to water as a function of the rate of sand substitution and 
type 

4.2.9. Capillary Absorption and Sorptivity 

According to the curves in Figure 18, three phases can be observed. The first phase is linear, 
extending only over the first five hours, and corresponds to the filling of the widest 
capillaries that water penetrates first. A second linear phase but with a steeper slope 
extends for about 8 days after the first phase, corresponding to the saturation of narrower 
capillaries that require more time to fill. In the end, all capillaries tend towards saturation 
[47]. Indeed, the concrete containing 20% recycled clinker sand performs the best, with 
the absorbed water mass being 14.89% lower than that of the control. On the other hand, 
concretes incorporating 20% and 40% granite waste sand show greater capillarity, their 
capillary absorption coefficients exceeding the one pertaining to the control by 08.36 and 
15.5% respectively. Nonetheless, this indicates that the pores in the granite waste sand 
concrete matrices are large and interconnected compared to those in the control and 
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recycled clinker sand concretes. As consequence, these results have shown to be in 
agreement with Cheah et al. [48]. 

 

Fig. 18. Influence of substitution rate and type of sand on water absorption by 
capillarity 

The sorptivity coefficient is a parameter closely linked to water absorption by capillaries, 
as well as to porosity and pore interconnectivity. Figure 19 presents the sorptivity 
coefficient for the examined concrete mixtures. The sorptivity coefficient was found to be 
directly proportional to the capillary water absorption of each concrete mixture. Concrete 
mixtures based on 20% recycled clinker SCC20 performed better than the other mixtures. 
It can be inferred that the sorptivity coefficient of concretes based on waste granite 
decreases as the substitution rate increases. Singh et al. [49] showed that water absorption 
and sorptivity of concrete decrease with an increase in the proportion of granite, which 
contradicts the results of Pereira et al. [50]. 

 

Fig. 19. Coefficient of sorptivity 

4.3. Behaviour of Different Concretes Exposed to The Freeze-Thaw Cycle 

4.3.1. Freeze/Thaw Shrinkage 

It is clear that the shrinkage of the recycled sand-based concretes is less than that of the 
control (Fig. 20). Besides, all the mixes underwent shortening during the initial cycles, but 
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after reaching 120 cycles, there was no further change in length. Further, the dimensional 
variation of the SCG20, SCC20 and SCC40 concretes was found to be less than 500 µm/m, 
indicating a high level of resistance to freeze/thaw cycles as defined by ASTM C 666. These 
results are in line with those of Zhang et al. [28]. 

 

Fig. 20. Dimensional variation as a function of the number of freeze/thaw cycles 

4.3.2. Mass Loss 

Figure 21 shows the variation in weight of the concretes tested after 300 freeze/thaw 
cycles. Further, it is important to note that during the period from 30 to 120 cycles, the 
SCG40 concretes, as well as the SCC20 and SCC40 concretes, showed a gain in weight. On 
the other hand, the SCG20 concrete and the control sample lost weight. Beyond 120 cycles, 
there was no change in mass for the SCG40 and SCC40 concretes. Nevertheless, the SCG20, 
SCC20 and control concretes experienced a significant loss of mass. Therefore, the 
maximum loss was for concrete made with 40% granite waste sand. 

 

Fig. 21.  Mass loss as a function of the number of freeze/thaw cycles 
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4.3.3. Visual Observation of Deterioration 

When concrete freezes, the process of transforming confined pore water into ice can 
potentially create significant pore pressure. Subsequent to which, this can lead to cracking, 
spalling and degradation of the concrete. Besides, a visual inspection was carried out to 
assess any visible signs of cracking and spalling of the surface of the samples following 
freeze/thaw cycles. According to Figure 22, the SC0 and SCG20 concretes showed good 
resistance to freeze/thaw cycles, but more or less significant degradation occurred in the 
SCC20 and SCC40 concretes, whilst the SCG40 concrete showed slight surface brittleness. 
However, these degradations are due to the poor adhesion between the dune sands and 
the recycled sands [43]. 

 

Fig. 22. Visual observation of concrete samples after freeze/thaw cycles 

4.3.4. Ultrasonic Speed 

In general, the ultrasonic velocities obtained on concretes after exposure to freeze/thaw 
cycles (Fig. 23) are lower and follow the same trend as the ultrasonic velocities obtained 
on concretes not subjected to freeze/thaw. 

 

Fig. 23. UPV of concrete before and after freeze/thaw cycles 
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4.3.5. Modulus of Elasticity 

The mixes based on recycled sand before exposure to the freeze/thaw cycle had higher 
modulus of elasticity than the control concrete (Fig. 24). Further, the same behaviour was 
observed for concrete exposed to 300 cycles of freezing/thawing. The modulus of elasticity 
of SCG increases with the increase of the GS rate to reach a value of 35.236 GPa at a rate of 
40%, as these results are consistent with the results of a recent study conducted by Amani 
et al. [51]. In addition, it has shown evident that concretes based on recycled clinker sand 
give the highest modulus of elasticity before and after freeze-thaw cycles with maximum 
values obtained at a rate of 40%. 

 

Fig. 24. Modulus of elasticity of concretes before and after freeze-thaw cycles 

4.4. Chloride Penetration and Ph of Concretes Exposed to Chloride Attack 

The partial replacement of ordinary sand by recycled sand (Fig. 25) results in a reduction 
in the percentage of chloride ion penetration compared with the reference concrete, 
whatever the type of sand, and increases with the rate of substitution. Besides, the 
angularity and roughness of granite sand particles improve the microstructure [52] and 
develop tortuous capillary paths in the concrete, which could be a cause of preventing 
chloride ion penetration [48]. 

 

Fig. 25. Percentage of chloride penetration 
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Concretes containing recycled clinker sand are denser and consolidate the cement matrix 
better than GS-based concretes (Fig. 26), the fact of which explains the lower penetration 
percentages in CS-based concretes compared with GS-based concretes. 

 

Fig. 26. The split face of the concrete specimen exposes the depth of chloride 
penetration 

 

Fig. 27. The concretes’ pH exposed to chloride attack 

The introduction of recycled sand in place of ordinary sand in the sand concrete (Fig. 27) 
leads to a slight increase in pH; however, it remains insignificant. Besides, the variation in 
pH is of the order of 1.35% for the 40% CS concrete, which shows the maximum value 
(11.08) in comparison with the reference concrete. Subsequent to which, this result can be 
explained by the presence of a large quantity of CaO in the CS, which strongly reacts in 
contact with water and forms calcium hydroxide Ca(OH)2, which will dissolve, releasing 
OH- ions, which will fix the pH of the solution [31]. As a result, this value remains within 
the range (9 and 13) for non-carbonated concrete. 

4.5. Mass variations of concrete exposed to chemical attack (4% HCL and                 

        4% CH3COOH) 

Figure 28 shows that the mass losses of the control concrete are lower than those of the 
concretes containing recycled sands from waste granite and recycled clinker. Indeed, 
during the first four weeks of immersion in hydrochloric acid solution, it is observed that 
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the mass loss curves of both SCG40 and SCC40 concretes are increasing and relatively 
diverging. At the end of this timeframe, they illustrate a loss around 0.93%. This 
observation is also applicable to the other two concretes, SCG20 and SCC20; however, the 
mass losses are more significant. The maximum value reached by SCG20 is 2.64%. In 
contrast, that shown by SCC20 is 2.49%. 

From the age of 28 days of conservation, the effect of hydrochloric acid is accentuated and 
mass losses become more significant. In the end, after 120 days, SCG20 concrete suffers 
the greatest loss of mass. Further, it lost 5.27% of its mass, exceeding the one of the control 
concretes (2.75%) and the SCC20 (4.5%). Likewise, it should alike be noted that SCG40 and 
SCC40 concretes are more resistant to attack by this acid than those incorporating 20% 
recycled sand. In fact, they lose 4.01% and 3.04% of their mass after 120 days of 
immersion. Further, this latter value is the closest to that of the control, so this concrete 
performs best in the series of concretes based on recycled sand. 

The recorded rate of attack depends on the composition and permeability of the concrete 
studied, the mobility of the chloride ions and also the solubility of the salt resulting from 
the reactions developed within the samples Eq. (2) [54]: 

       𝐶𝑎(𝑂𝐻)2 + 2𝐻𝐶𝑙 →   𝐶𝑎𝐶𝑙2  +  2𝐻2𝑂 (2) 

In fact, the incorporation of increasing rates of recycled clinker sand and granite waste did 
not have a positive impact on the chemical resistance of the reference concrete to attack 
by hydrochloric acid. However, the mass losses of waste granite sand-based concretes are 
higher than those obtained by concretes containing recycled clinker sand. Besides, this is 
because the fine particles of the recycled clinker sand are relatively reactive which 
generates a weak pozzolanic effect and the hydrates thus formed filled some capillary 
interstices between the grains [53]. 

 

Fig. 28. Mass loss of concrete as a function of immersion period in 4% HCL 

Figure 29 shows the mass loss results for concrete immersed in a 4% acetic acid solution. 
Keeping the concrete samples for four months in the 4% CH3COOH chemical solution 
resulted in continuous mass losses over time that diverged in a dissimilar way from the 
value obtained by the control concrete. Besides, the SCG20, SCG40 and SCC20 concretes 
underwent mass losses almost similar to those of the control during the 90-day period, 
after which the trend changed and their degradations became closer and more significant. 
Moreover, the acquired losses were 5.14, 5 and 4.7% respectively, compared with 4.03% 
for the reference composition. Besides, the mass loss of SCC40 evolves irregularly, and is 
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visibly greater than that of the control during the period of exposure to acetic acid attack, 
from 28 to 120 days. 

 

Fig. 29. Mass loss of concrete as a function of immersion period in 4% CH3COOH 

evertheless, in the long term, it can be described as the best-performing concrete in the 
recycled sand series, as its mass loss is the lowest at 4.37%. In virtue of which, these 
recorded mass losses can be explained by the fact that acetic acid in contact with the 
concrete samples can react with the different hydrated and anhydrous compounds in the 
cement paste (calcium hydroxide, C-S-H, hydrated aluminates, C3S, C2S) in three reactions 
Eq. (3), Eq. (4) and Eq. (5) [54]. 

2𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐶𝑎(𝑂𝐻)2   → 𝐶𝑎(𝐶𝐻3𝐶𝑂𝑂𝐻)2  + 2𝐻2𝑂 (3) 

6𝐶𝐻3𝐶𝑂𝑂𝐻 + 3𝐶𝑎𝑂. 2𝑆𝑖𝑂2. 3𝐻2𝑂  → 3𝐶𝑎(𝐶𝐻3𝐶𝑂𝑂)2  + 2𝑆𝑖𝑂2. 𝑎𝑞 + 𝑛𝐻2𝑂 (4) 

6𝐶𝐻3𝐶𝑂𝑂𝐻 + 3𝐶𝑎𝑂. 𝐴𝑙2𝑂3. 6𝐻2𝑂  → 3𝐶𝑎(𝐶𝐻3𝐶𝑂𝑂)2  + 𝐴𝑙2𝑂3. 𝑎𝑞 + 𝑛𝐻2𝑂 (5) 

Similarly, it should be noted that the resistance to attack by acetic acid of concretes 
containing recycled clinker sand is better than that of concretes based on granite sand. 
Further, the continued presence of fine reactive particles in the recycled clinker sand 
improves the internal microstructure of the cement matrix, which blocks the mobility of 
the acid ions to interact with the cement compounds. 

4.6. XRD Analyses  

In fact, the XRD analysis was carried out on selected concrete samples as shown in Figure 
30 to obtain comparative intensities of compounds produced in sandy concrete samples. 
In this respect, measurements were taken between the intensity and 02 theta values of 
concrete samples for the peaks if calcite (CaCO3), quartz (SiO2), Portlandite (CaOH2) and 
calcium silicate (Ca2SiO4). The graph illustrates the presence of quartz and calcite with 
peaks of maximum intensity for the SCC40 mixture compared with the other mixtures. 
Further, slightly higher peaks of quartz and calcite were observed for the SCG20 and SCG40 
mixtures compared to the control. Likewise, quartz and calcite act as inert fillers in the 
concrete matrix, resulting in a dense microstructure [55]. Therefore, the presence of 
Portlandite in optimum amount reduces the pores and alike gives the strength increment 
[56]. 
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Fig. 30. XRD analysis of concrete 

5. Conclusions 

Granite and clinker are waste by-products that are harmful to the environment. However, 
given the large resources of recycled granite and clinker, it appears to be both economically 
and environmentally useful to use these wastes in concrete production. In this study, the 
effects of recycled granite and clinker waste sands on the mechanical, durability and 
microstructural properties of concrete were examined. The main conclusions drawn from 
this study are: 

• The partial replacement of ordinary sand by recycled sand from granite waste and 
recycled clinker in the formulation of sand concrete makes the latter heavier, more 
workable and contains more occluded air. 

• The partial substitution of dune sand by recycled sand leads to an improvement in 
compressive strength as a function of the increase in the substitution rate and age. 
However, concretes containing recycled clinker sand are more resistant in 
compression compared with granite waste sand. 

• The behavior in flexural tension is the same as in compression, with maximum 
strengths given by concrete containing 40% recycled clinker at ages 7, 28 and 90 
days. 

• The introduction of recycled sand as a partial replacement for ordinary sand in the 
formulation of a sand concrete increases the surface hardness and homogeneity of 
the reference concrete as the substitution rate increases. Moreover, ultrasonic speeds 
and compressive strengths obtained by sclerometer in concretes based on recycled 
clinker sand have shown to be higher than in concretes based on granite waste sand. 

• The shrinkage of concrete containing recycled sand is greater than that of reference 
concrete, but recycled aggregates have a positive effect on the swelling of sand 
concrete, and the lowest values are given by concrete containing 40% recycled sand 
from granite waste. 

• The absorption by immersion decreases as the replacement rate increases, and 
concretes containing recycled clinker sand give the lowest values. 

• The replacement of ordinary sand with 40% recycled sand from granite waste and 
recycled clinker reduces the porosity accessible to water and makes the matrix more 
compact. 
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• The best capillary absorption and sportivity are recorded in concrete made with 20% 
recycled clinker sand. 

• The behavior of the concretes after freeze-thaw cycling showed a beneficial effect on 
shrinkage and weight loss. Besides, a slight reduction in ultrasonic speed and 
modulus of elasticity compared with the results obtained on concretes not subjected 
to freeze/thaw and the best values are given by concrete based on 40% recycled 
clinker sand. 

• The concrete containing recycled sand is more resistant to chloride attack than 
reference concrete, and concrete made from recycled clinker sand is more resistant 
to chloride attack than concrete made from granite waste sand. 

• The reference concrete is the most resistant in a hydrochloric acid environment 
compared with the recycled sand-based concrete. Further, the SCC40 and SCG40 
concretes are the most resistant in comparison with the SCC20 and SCG20 concretes 
respectively, with a maximum loss of 5.27% at 120 days recorded in the SCG40 
concrete (insignificant value). However, the behavior of the different concretes with 
respect to acetic acid is very similar, and SCG40 concrete has shown to be the least 
resistant, with a loss of 5.14% at 120 days. Generally speaking, consequently, the 
partial substitution of ordinary sand by recycled sand has no significant influence on 
the resistance of these concretes in hydrochloric and acetic acid environments. 

• The microstructural study by X-ray diffraction (XRD) shows an improvement in the 
microstructure, more than ever in the concrete based on 40% recycled clinker sand. 

• A good correlation between the various parameters studied was shown by this study. 
• In the light of this study, we can say that the partial replacement of ordinary sand by 

recycled sand from granite waste and recycled clinker has shown to be beneficial, 
acceptable and feasible. 

• Long-term durability studies and microstructure investigations (SEM and FTIR) for 
the sand concrete studied in the present research could be conducted in the future. A 
detailed survey may also be carried out later to assess the impact of waste granite 
and recycled clinker on the performance of the sand concrete as a partial substitute 
in cement. Additionally, this survey can explore the performance of other types of 
concrete. 
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 The primary objective of this numerical study is to provide a finite element (FE) 
analysis approach for segmental structures. The study was conducted using a 
hollow circular segmental structure model capable of adequately imitating real 
structural behavior and deals with the effect of varying number of segments on 
structural performance. In order to verify the FE procedure conducted by DIANA 
software, comparisons are made with the acquired numerical results and the 
results taken from previous experimental studies for 1 reinforced concrete (RC) 
beam, 2 post-tensioned (PT) beam, and 3 segmental post-tensioned beams 
(SPT). For the considered cases, 1D line, 2D shell, and 3D solid FE models are 
made, and it is found out that the 3D solid model with interface elements yields 
the most plausible results. Further, the FE model was constructed to accurately 
predict segment joint behavior concerning the relationship between the number 
of segments, concrete compressive strength, and the width of the openings at the 
segment joints up to collapse. In this study, a hollow circular segmental structure 
model is utilized to mimic real structural behavior, presenting a novel 
perspective on internal force transfer mechanisms within segmental structures. 
Moreover, the FE model is tailored to accurately predict segment joint behavior, 
elucidating the intricate relationship between the number of segments, concrete 
compressive strength, and the width of openings at segment joints up to collapse. 
In addition to presenting a robust numerical analysis framework, this study 
contributes novel insights into the complex interplay between segmental 
geometry, material properties, and structural behavior, thus advancing the state-
of-the-art in segmental structural design. Thus, a modular construction 
methodology is proposed for segmental beam type structures ensuring safety, 
efficiency, and flexibility in challenging load conditions. 
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1. Introduction 

Segmental structures, which consist of reinforced concrete (RC) segments connected by 
post-tensioning, can be considered as a successful approach in modern offshore 
construction [1] Therefore, the determination of ultimate load, displacement capacity, 
crack width, and locations in segmental structures becomes an important design issue 
which is the main motivation for this study.  

Several studies have been conducted on segmented and precast underwater tunnels in 
which the influence of material properties [2, 3], corrosion [4], lining damage [5], joint 
waterproofing [6] and high-water pressure [7] on structural performance was 
investigated. Segmental offshore wind turbines have precast concrete segments that are 
established on-site and joined by external prestressing tendons, presenting a cost-effective 
alternative to traditional steel towers [8] In addition, the use of ultra-high-performance 
fiber-reinforced concrete has been combined with the segmental construction method, 
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which is a more economically and ecologically suitable alternative for offshore structures 
[9] Analysis and design of segmental structures is more challenging comparing with 
conventional RC structural design. Queiroz and Horowitz (2016) have investigated [10] 
the shear behavior of hollow circular segments under various loading conditions and 
provided insights into the practical consequences of structural design regarding the 
Canadian Code [11] and the Brazilian standard [12] The shear strength provided by the 
shear keys and either by the smooth surfaces in contact [13] or by dry joints [14, 15] has 
been calculated. Further, finite element (FE) models were used to analyze the stress, 
deformation, and damage of structures, modeling the shear strength, and opening behavior 
of dry joints [14] The related Spanish code provides valuable information on external 
prestressing method, which may be used in design [16] As can be seen from the survey so 
far, the literature on the design and analysis of segmental hollow circular RC structures is 
not extensive.  

The literature review underscores the significance of recent advancements in 
incorporating design solutions derived from the field of wave propagation in unit cell 
concepts periodic structures analysis, particularly relevant to segmental (beam) 
structures composed of RC segments connected by post-tensioning [17] Moreover, 
exploration into the fracture toughness behavior of interpenetrating phase composites 
[18] and rate-dependent hyper plasticity with internal functions [19] present valuable 
insights into material behavior in periodic structures with a finite element approach [20] 
This research demonstrates the practical relevance of theoretical frameworks in 
engineering applications which contributes to the understanding of structural integrity 
and performance in complex systems, aligning with the objectives of analyzing segmental 
(beam) structures. Further, recent studies have provided insights into the structural 
design, testing and performance assessment of pouch cells, emphasizing the importance of 
material behavior [21] and geometric shape [22] in energy storage systems using finite 
element analysis [23, 24] under varying loading conditions. 

The present study focuses on the nonlinear structural behavior of hollow circular 
segmental post-tensioned (SPT) beams under 4-point static bending. A scaled prototype 
structure is selected for the numerical study. DIANA FE software is selected as the 
computational tool as it has been successfully applied in RC structural analysis in previous 
studies found in the related literature [25-27] First, several verification problems are 
solved in order to gain insight into the details of DIANA software in RC structural design 
and comparisons are made with the experimental results presented in the cited studies. 
The first problem considered is a monolithic RC beam under transverse loading for which 
experimental results were presented. [25]  1D, 2D and 3D FE models are made and after 
obtaining plausible and acceptable numerical results, which are in very good agreement 
with the experiments, a post-tensioned (PT) beam is considered [26] Similarly, near 
perfect agreement with the experimental results was observed for the PT beam for all FE 
models. Then, experimental results presented [27] for segmental post-tensioned (SPT) 
beams are compared with the FE numerical results obtained and agreement was only 
observed for 2D and 3D models. Next, the scaled prototype structure is analyzed but only 
a 3D FE model is made considering the results obtained in the verification study and due 
to the complicated geometry. Critical parameters, such as load capacity, displacement 
capacity, crack patterns, crack widths, and joint opening widths are studied in detail. 

In summary, while various studies have investigated the behavior of segmental structures 
and their applications, there remains a notable gap in the literature concerning the 
nonlinear structural behavior of hollow circular segmental post-tensioned (SPT) beams. 
Additionally, limited attention has been given to the detailed numerical analysis of scaled 
prototype structures using advanced FE software such as DIANA. This study seeks to 
address these gaps by conducting a comprehensive investigation into the nonlinear 
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behavior of SPT beams, utilizing a scaled prototype structure and employing DIANA FE 
software. By comparing numerical results with experimental data from previous studies 
and analyzing critical parameters such as load capacity, displacement capacity, crack 
patterns, crack widths, and joint opening widths, this research aims to provide valuable 
insights into the performance and design considerations of segmental structural 
applications. Moreover, the findings regarding the influence of segmental design 
parameters such as the number of segments and concrete strength levels on structural 
behavior contribute to advancing the understanding of segmental construction 
methodologies in engineering. Overall, this study offers a novel perspective on the 
structural behavior of segmental structures, highlighting the potential benefits and design 
considerations of segmental construction.  

2.  FE modeling validation 

Before proceeding with the numerical analysis of SPT concrete structures, FE models for 
simpler RC structures created by using DIANA FE software package are validated by 
comparing the numerical results obtained with the experimental results found in the 
related literature. Three main structural elements are considered during the verification 
study: RC, PT concrete, and SPT concrete beams. Different loading types and failure 
mechanisms were investigated in these studies [25-27] For concrete and embedded 
reinforcement, finite element models are developed using 1D line elements, 2D elements, 
and 3D solid elements [28] The 1D FE model is the simplest modeling option but the 2D 
model includes the influences of shear and torsion, as well as the axial behavior better than 
the 1D model. However, the most comprehensive analysis can be made by the 3D solid 
element FE model, which accounts for the entire 3D response (Fig. 1). Total strain crack 
models are used to simulate concrete, and pushover analyses are conducted until collapse. 
Concrete is modeled with exponential softening in tension and Hognestad curve is adopted 
to simulate the compressive behavior [29] All reinforcements and prestressed tendons are 
modeled as embedded with adherence-slip reinforcement. The material model for steel is 
based on von-Mises plasticity with linear plastic hardening based on experimental 
properties (Fig. 2). For the numerical analysis of hollow circular segmental post-tensioned 
(SPT) beams under 4-point static bending, various FE models were constructed using the 
DIANA FEA software package. In the FE modeling process, careful consideration was given 
to the selection of appropriate element types and numerical parameters to ensure accurate 
representation of the structural behavior under loading conditions. 

In the 1D FE model, beam elements (L6BEN) with 2 nodes were utilized to represent the 
structural members along their longitudinal axis. The 2D FE model employed shell 
elements (Q20SH), with a total of 4 nodes and 2 degrees of freedom (DOF) per node, 
capturing the structural behavior in both the longitudinal and transverse directions. The 
3D FE model utilized solid elements (HX24L) to account for the complex geometry of the 
segmental beams, with 8 nodes and 3 DOF per node, enabling a detailed analysis of stress, 
deformation, and damage distribution within the structure. Both material and geometric 
nonlinearity were considered in the nonlinear FE analysis, incorporating realistic behavior 
such as plasticity, crack propagation, and large deformations. Two distinct crack models 
were implemented in the FE simulations: the rotating crack model and the fixed crack 
model. The rotating crack model allows cracks to propagate and evolve freely within the 
structure, simulating the progressive failure behavior of the segmental beams. In contrast, 
the fixed crack model assumes predefined crack patterns and locations, providing a 
simplified representation of crack behavior for comparative analysis. 

To ensure the accuracy and reliability of the FE simulations, stringent convergence criteria 
were applied during the modeling process. Convergence was assessed by monitoring key 
output parameters, such as displacement and stress distributions, and adjusting the FE 
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mesh density iteratively until stable and consistent results were achieved. A series of FE 
meshes were generated and analyzed, with refinement applied in regions of high stress 
concentration or discontinuity to capture localized effects accurately. The boundary 
conditions (BC) of the FE models played a crucial role in simulating realistic loading 
conditions and structural response. Boundary conditions, such as pinned supports, roller 
supports, and applied loads, were imposed to replicate the experimental setup and loading 
configuration. The rationale behind the BC choice was based on the physical constraints of 
the prototype structure and the desired response characteristics. Additionally, boundary 
conditions were imposed to simulate the behavior of rotating crack and fixed crack models, 
ensuring alignment with experimental observations. Validation of the FE models was 
conducted by comparing numerical results with experimental data from previous studies, 
including load-displacement curves, crack patterns, and failure modes. The accuracy 
achieved in the FE model validation process provides confidence in the reliability of the 
numerical simulations, enhancing the credibility of the study findings and their 
applicability to real-world engineering scenarios. 

 
(a) b) c) 

Fig. 1. DIANA element models: (a) 1D line, (b) 2D shell, and (c) 3D solid element. [28] 

Pushover analyses are conducted by incrementally applying the point loads until failure in 
order to capture the post-peak response of the beams while providing both numerical 
stability and efficiency. The load increment is taken in a range between 1.0 and 3.7 kN 
depending on the ultimate load applied. Arc length control using the updated normal plane 
approach, which incorporates automated scaling of the load increment with the maximum 
equilibrium iteration number set equal to 25, is used to track the response path. The 
equilibrium iteration approach uses the secant (Quasi-Newton) method to achieve 
computational stability. In addition, the default parameters are used in the line search 
method as no significant convergence problem occurred using the default parameters. 
Convergence analyses of the mesh were conducted for all beams utilizing displacement 
measurements. The elements were meshed employing an approximate element size of 50 
mm in the longitudinal and thickness directions, correspondingly. 

 
(a) (b) (c) 

Fig. 2. Concrete tension (a), compression (b) and steel model (c) [30] 
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2.1 Comparison with RC Beam Tests 

Jason et al. (2013) have investigated the cracking behavior of RC beams both numerically 
and experimentally [25]  Four-point-bending tests were conducted on 2.85 m long RC 
beams with a depth of 0.25 m and a web thickness of 0.15 m. The 28-day compressive 
strength of concrete was 39 MPa and the steel reinforcement had yield and ultimate 
strengths of 550 and 666 MPa, respectively. The compression reinforcement had a 
diameter of 12 mm, whereas the tensile and transverse reinforcements had a diameter of 
8 mm. The experimental load-displacement responses are compared with the numerical 
results obtained from the 1D, 2D, and 3D element models to assess the correctness and 
dependability of the numerical models in reflecting the complex behavior of RC beams (Fig. 
1).  

 

Fig. 3. Load-displacement curves of RC beam [25] 

(a) 

 

(b) 

 

Fig.  4. Crack distribution at failure in the (a) experimental and (b) numerical model of 
RC beam [25] 
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The rotating crack model is used in the FE models and interface mechanisms are employed 
between the loading plates and the concrete beam. As can be observed from Figure 3, there 
is a very good level of agreement between the experimental and numerical initial stiffness, 
strength, and post-peak behavior indicating the adequacy of the numerical models to 
predict the nonlinear response of the RC beam. This confirms the accuracy of the FE models 
to capture the cracking behavior of the beams (Fig. 4). 

With the establishment of an ideal correlation, the conclusive count of cracks corresponds 
accurately, amounting to 13 discernible cracks. It is noteworthy that the experimental 
initiation of cracking manifests more promptly compared to its simulated counterpart. A 
commendable concordance is achieved between the experimental observations and 
numerical simulations, particularly evident during the onset of active cracking in the initial 
loading phase. In the FE analysis results, a nuanced depiction is provided through various 
color representations, detailing the alteration in crack width along the length of the beam. 
Specifically, cracks depicted in red and orange colors closely resemble experimental crack 
locations and widths. Conversely, cracks represented in blue, green, and yellow are 
categorized as hairline cracks in the FE analysis, generally exhibiting widths smaller than 
0.5 mm. 

2.2 Comparison with PT Beam Tests 

Tao and Du (1985) have investigated the flexural strength of partly PT beams with bonded 
and unbonded tendons [26] In the mentioned study, twenty-two unbonded and four 
bonded PT beams were tested for which the parameters included the loading type, non-
prestressed reinforcement ratio, prestressed reinforcement ratio, and span-height ratio. 
For the considered beam (i.e., A9 beam in the cited reference), the concrete had a 28-day 
compressive strength of 33.1 MPa and the unbonded tendon prestress level after the loss 
was 920 MPa. The area of the non-prestressed reinforcement was 804 mm2, which 
contributed to the total tensile strength of the beams.  

 

Fig. 5. Load-displacement curves of PT beam [26] 

The yield strength of the prestressed and non-prestressed reinforcement was 1108 and 
395 MPa, respectively. To numerically obtain the load-displacement behavior, FE models 
are made using 1D, 2D, and 3D elements and bar elements are used to represent the PT 
tendon and non-prestressed reinforcement. The analysis of PT beams using 
aforementioned modeling approach provides significant details on the load-displacement 
behavior as well as crack initiation and propagation processes. When the experimentally 
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obtained load-displacement data was compared to the numerical simulations, a high 
degree of agreement was observed, verifying the reliability and precision of the numerical 
models in presenting the PT beam behavior (Fig. 5). An approximate linear relationship 
between the applied load and displacement was observed in the early linear-elastic range 
while the load-displacement curves demonstrated the nonlinearity showing the 
deterioration of flexural capacity. The numerical models accurately predicted the load 
levels at which cracks occurred and propagated throughout the beam since the crack 
propagation sites and patterns of the experimental and numerical simulations were 
similar, confirming the accuracy of FE model to accurately represent cracking behavior. In 
the experimental investigation of the beam, notable observations indicate the prevalence 
of larger cracks within the central regions of the beam. However, it is discerned that 
variations in crack thickness led to a stratification of crack widths, delineating them as 
distinct entities in the FE analysis results, where the cracks are differentiated based on 
their magnitudes into categories denoted by blue and light blue colors. The obtained 
results underscore the nuanced representation of crack propagation and distribution 
achieved through computational modeling (Fig. 6). 

(a) 

 

(b) 

 
Fig. 6. Crack distribution at failure in the (a) experimental and (b) numerical model of 

PT beam [26] 
 

2.3 Comparison with Precast SPT beam tests 

Al-Sherrawi et al. (2018) conducted an experimental investigation on the behavior of 
precast SPT beams with various types of epoxy-bonded joints under static loads [27]  The 
purpose of this study was to investigate the effects of joint shape, epoxy strength, and 
prestressing force on the structural performance of segmental beams and to compare the 
results to those of a monolithic cast beam as a reference. The compressive and tensile 
strength of concrete was 41.3 and 4.2 MPa, respectively. Tension reinforcement with 12 
mm diameter was tied by 10 mm diameter stirrups and the post-tension tendon is made 
up of four 15.4 mm bars. Coulomb friction coupling was accepted at the segment joints. 
The MC90 mathematical formulations were used to calculate the normal and shear 
stiffness values based on the material parameters which are essential to evaluate the 
behavior and strength of the segment joints [31, 32]The reinforcement yield strength was 
555 MPa and the tendons had yield and ultimate strength of 1680 and 1860 MPa, 
respectively. 

 (a) 
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Since the segmental beams are joined from node to node, the local axis of the interface 
element placed at the point of intersection of the beams extended along the path direction 
to which the two lines and two areas joined (Figs. 7a-7c).  

DIANA's structural interface components proved particularly helpful for simulating 
geometric discontinuities such as discrete cracks in concrete and masonry, as well as bond-
slip layers in RC [28] As given in Equation 1, material models for interface elements 
provide a linear or nonlinear relationship between tractions, stresses, and relative 
displacements across the interface in which normal tractions and shear tractions 𝒕𝒏, 𝒕𝒕 are 
used. The relative displacements are the normal relative displacement 𝒖𝒏 and shear 
relative displacement 𝒖𝒕. In the related literature, stiffness values 𝒌𝒏 and 𝒌𝒕 are assigned 
between the segments to assure intersegmental integrity [28, 31-34] These stiffness values 
are defined below, 

{
𝑡𝑛

𝑡𝑡
} = [

𝑘𝑛 0
0 𝑘𝑡

] {
∆𝑢𝑛

𝑑𝑡
}         (1) 

𝑘𝑛 =
𝐸

𝑡
, 𝑘𝑡 =

𝐺

𝑡
 (2) 

𝑘𝑛 =
𝐸 + 𝐸𝑒𝑝

𝑡
, 𝑘𝑡 =

𝐺 + 𝐺𝑒𝑝

𝑡
 (3) 

where, ∆𝑢𝑛 and 𝑑𝑡 denote the axial and transverse displacement components at the 
segment interface, respectively. 𝐸, 𝐸𝑒𝑝 and 𝐺, 𝐺𝑒𝑝 are the elasticity and shear moduli for 

concrete and epoxy. Cohesion in the model accounts for the adhesive forces present in the 
joint, which might affect the overall joint behavior. To achieve a durable and stable joint, 
author has used a high-strength epoxy resin to join the segments, which plays an essential 
role in structural integrity and load transmission. The elasticity, and shear moduli and 

 (b) 

 
 (c) 

 
 

Fig. 7. Segmental interface models: (a) Joint stiffness, (b) 2D, and (c) 3D [28] 
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compressive, and tensile strength of epoxy are important elements in defining the 
mechanical performance of the joints. The contribution of epoxy can be considered by 
adding the elasticity and shear moduli of epoxy to Equation 2 as given in Equation 3. The 
interface components modeling the joints at the top and bottom flanges are assigned by 
using a Coulomb-type friction law including cohesion term 𝑐. The Breen formula [15, 35] 
predicts the specified values of the joint strength components, such as cohesion and 
friction coefficients (𝜇1 and 𝜇2) as given below. 

𝜇1 = 0.6, 𝜇2 = 0.205√𝑓𝑐 , 𝑐 = 0.996√𝑓𝑐                   (4) 

The results obtained using DIANA software show that only the 2D and 3D models yield 
results that are in fairly good agreement with the experimental data (Figs. 8a-8d). 
However, it was determined that the 1D model fails to model SPT beam as the 
intersegmental stiffness values could not be incorporated in the 1D model. 

 
(a) 

 
(b) 
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(c) 

 

 
(d) 

Fig. 8. Load - displacement curves of SPT beams (a) Beam (G1), (b) Beam (G2), (c) Beam 
(G3), (d) Beam (G4). [27] 

The cracks distribution at failure shown in Figure 9 obtained using both the 2D and 3D FE 
models is in good agreement with the real crack distribution presented by Al-Sherrawi et 
al. (2018). [27] In the examination of segmental beams, it is evident that the widest cracks 
that occur predominantly at the segmental joints, are identifiable by a distinct red color. 
Conversely, as one moves away from these joints, there is a discernible shift in both the 
width and color of the cracks. Remarkably, the established alignment between the 
experimental observations and numerical simulations, is particularly pronounced during 
the initial loading phase where crack initiation is observed. Specifically, cracks depicted in 
red and orange closely mirror the experimental counterparts in terms of both location and 
width. In contrast, cracks depicted in shades of blue, green, and yellow define the hairline 
cracks in the FE analysis, typically exhibiting widths below the 0.5 mm.  
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 Experimental Numerical 
(a) 

  
(b) 

  
(c) 

 
 

(d) 

  

Fig.  9. Crack distribution at failure in the numerical model SPT beams: (a) Beam (G1), (b) Beam 
(G2), (c) Beam (G3), (d) Beam (G4) [27] 

3. Parametric Study 

In this section, SPT hollow circular beams are numerically analyzed by using DIANA 
software based on the research findings obtained from the verification study. The material 
models and the joint stiffness evaluation techniques for RC, PT, and SPT beam problems 
considered in Section 2 are directly incorporated into the FE models used here. 

3.1 SPT Hollow Circular Beam 

Reliable modeling of real structural behavior using numerical models is critical to produce 
accurate and relevant findings. Thus, the moment to shear force ratio   in numerical models 
should be selected accordingly to achieve an exact approximation of the real structural 
performance. For slender structures such as offshore platform supports, wind turbine 
towers, and tunnels   ratio becomes extremely high and therefore the influence of shear 
becomes insignificant as compared to bending moment. Thus, a beam under four-point-
bending loads is analyzed as the   ratio at the mid-span of the beam is infinite. Considering 
a scale factor of 10, the hollow circular beams analyzed are 10 m long with an external 
diameter of 1 m and an internal diameter of 0.8 m, since the selected prototype circular 
hollow structure is 50 m high with external and internal diameters ranging between 8-12 
and 8-10 m, respectively (Table 1). Accordingly, the length of the middle span of the beam 
is 5 m and is divided into 1 to 5 equaling segments. The mechanical properties of the 
materials used in the hollow circular SPT beams are given in Table 2. The FE model details 
for the concrete, reinforcement, tendons, and segmental joints are shown in Figures 10a-
10d. 

Table 1. Geometric properties of prototype and model 

 Length 
External 
diameter 

Internal 
diameter Height of segments 

(Number of segments) 
 m 

Prototype 50 8-12 8-10 
10 
(5) 

12,5 
(4) 

16.67
(3) 

25 
(2) 

50 
(1) 

Model 5 1 0.8 
1 

(5) 
1.25
(4) 

1.67 
(3) 

2.5 
(2) 

5 
(1) 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 10. The FE model of circular hollow SPT beams: (a) circular beam with support 
and loading plates, (b) Longitudinal and hooped reinforcements, and (c) post-

tensioned tendons, (d) segmental joint details 

Throughout the numerical simulation, solid elements are used to represent the concrete 
material, steel-bearing supports, and the reinforcements are modeled using 1D line 
elements. Steel reinforcements were separately modeled within each segment of the 
hollow circular beam. PT reinforcement enables end-to-end segments work together. 
Cohesive bonding is created by employing the “embedded” keyword in the DIANA software 
to accurately represent the interaction between the reinforcements and the concrete 
material. 
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Table 2. Materials and design parameters of numerical model. 

 
Materials 

 
Parameter 

 
Value 

Concrete 

Elasticity modulus 𝐸 
Poisson’s ratio   𝜈 
Concrete compressive strength  𝑓𝑐  
Concrete tensile strength  𝑓𝑡  
Density  𝜌 

30 GPa 
0.2 

40 MPa 
4.1 MPa 

2500 𝑘𝑔/𝑚3 

Reinforcement 

Diameter of longitudinal bar  𝐷 
Diameter of hooped bar  𝑑 
Elasticity modulus  𝐸 
Yielding strength   𝑓𝑦𝑚 

Ultimate strength  𝑓𝑢𝑚 
Ultimate strain    𝜀𝑠𝑢 

12 mm 
10 mm 

200 GPa 
    555 MPa 

676 MPa 
0.02 

Prestress tendon 

Diameter of tendon  𝐷𝑓 

Elasticity modulus   𝐸 
Yielding strength   𝑓𝑦𝑚 

Ultimate strength  𝑓𝑢𝑚 
Ultimate strain     𝜀𝑠𝑢 

6×15.4 mm 
200 GPa 

1680 MPa 
1860 MPa 

0.02 

 

3.2 Shear Strength of Hollow Circular Section and Segmental Joints 

In order to prevent premature failure of the beam at the joints before reaching maximum 
capacity, the shear capacity of the joints must be greater than the capacity of the beam 
cross section. The cross-section shear capacity is calculated as 2058.5 kN using the 
analytical expression provided by Queiroz and Horowitz (2016) for hollow circular cross-
sections [10] The segmental joints shear capacity depends on the strength and the 
geometric features which directly influence the total shear capacity of the structure. For 
the purpose of determining the shear capacity of segmental joints and the post-tension 
load, the analytical expressions taken from previous studies [13-16] are used (Table 3). 
The expressions are based on the shear capacities of the sections and the joints considering 
the contributions of longitudinal compressive, normal, and shear stresses. In the analyses, 
the post-tensioning force is taken as equal to 1500 kN and the shear capacity of the 
segmental joint is calculated using the expressions given in Table 3. The shear capacity of 
the joint is determined to be between 2062.3 and 3492.9 kN which exceeds 2058.5 kN, the 
cross-section shear capacity. 

Table 3. Shear capacities of section and joints 

Cross-section shear capacity 

Queiroz and 
Horowitz, 2016 

𝑉𝑐 = 0.27 ∙ 𝛼𝑤2 ∙ 𝛼𝑐𝑣 ∙ 𝑓𝑐𝑑 ∙ 𝑏𝑤 ∙ 𝑑 2058.5 kN 

Segmental joint shear capacity 

AASHTO, 1999 𝑉𝑛 = 𝐴𝑘√𝑓𝑐𝑘(0.2048𝜎𝑛 + 0.9961) + 0.6𝐴𝑠𝑚𝜎𝑛 3492.9 kN 
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Turmo et al., 2006 𝑉𝑛 = 𝐴𝑘

√𝑓𝑐𝑘
23

100
(7𝜎𝑛 + 33) + 0.6𝐴𝑠𝑚𝜎𝑛 2304.4 kN 

Rombach et al., 
2004  

𝑉𝑛 = 𝐴𝑘𝑓𝑐𝑘 + 0.65𝐴𝑗  𝜎𝑛 2628.5 kN 

ATEP, 2009  𝑉𝑛 = 𝐴𝑗(1.14𝜎𝑛 + 0.0564√𝑓𝑐𝑑) 2062.3 kN 

 

3.3 Segmental Joint FE Model 

The joint was numerically modeled using face-to-face interface elements having stiffness 
parameters based on their geometry. The elastic behavior of the interface elements is 
identified by the normal and tangential stiffness coefficients (𝑘𝑛 and 𝑘𝑡) in the joint model. 
These coefficients establish a relationship between the normal and tangential stresses (𝑡𝑛 
and 𝑡𝑡) of the joint and the corresponding normal and tangential relative displacements 
(𝑢𝑛 and 𝑢𝑡). DIANA software automatically sets initial values to 𝑘𝑛 and 𝑘𝑡  to correctly 
recreate the initial continuous geometry before decompression. Equations 1 and 2 are used 
to obtain the stiffness values as was done for the SPT verification problem solved in Section 
2.3. To represent the interaction between segments, a Coulomb-type friction law with 
cohesion given in Equation 4 is used, which is frequently applied to simulate the 
mechanical behavior of contact surfaces between moving segments.  

3.4 DIANA Nonlinear Analysis Stage 

The hollow circular SPT beam is subjected to incremental point loads until collapse. The 
same solid modeling approach used for the SPT beam verification problem solved in 
Section 2.3. is used to determine the load-displacement behavior. To prevent divergence 
due to large load step, the point loads are applied with an increment of 2.8 kN. As was done 
in Section 2., the arc length method is used without changing the related parameters. In 
order to examine the cracking behavior and acquire the crack widths, rotating and fixed 
crack models are implemented in the FE model. The rotating crack model represents a 
more realistic description in which cracks can grow and develop under loading conditions, 
whereas the fixed cracked model represents a situation in which cracks are assumed to be 
fixed in position with no opening or closing during the analysis. 

4. Numerical Results and Discussion 

Pushover analyses of 10 m long hollow circular SPT beams are conducted using the DIANA 
software. The 5 m long mid-section of the beams where there is no shear force are 
segmental and this region is divided into 1 to 5 segments. The prototype and model 
geometric properties are presented in Table 1. Concrete compressive strengths ranging 
from 20 to 100 MPa are used regarding the model with 5 segments.  

4.1 Load–Displacement Relationship 

The load-displacement curves of segmental beams subjected to four-point loading are 
shown in Figures 11a and 11b. The displacement presented are the bottom face maximum 
values. It can be observed from Figures 11a and 11b that for all beams, at a load level of 
approximately 120 kN, gaps occur at the bottom faces of segment joints and the overall 
beam stiffness deteriorates significantly. This probably is because at this load level the 
compressive stresses produced by the tendon prestress are exceeded by the tensile 
stresses caused by bending of the beam. 
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(a) 

 

(b) 

Fig. 11. Load–displacement curve of post tensioned circular hollow segmental beam: 
(a) Rotating crack model and (b) Fixed crack model 

New gap openings no longer developed up to failure which corresponds to the load step at 
which convergence is no longer satisfied and the ultimate load is about 150 kN for all the 
beams considered. The beams collapsed at a vertical displacement of approximately 80-85 
mm for the 1-segment beam and approximately 100 mm for the multi-segment beams. This 
observation means that the increase of the total number of segments improves ductility. 
Comparison of Figures 11a and 11b shows that the load-displacement behavior is similar 
for both crack models.  

4.2 Intersegmental Joint Opening and Cracking 

Comparison of Figures 11a and 11b shows that the load-displacement curves obtained 
using both crack models are similar. Therefore, only the rotating crack model results are 
presented for crack patterns. Crack distribution and joint openings are shown in Figures 
12a-12d for 1 to 4 segment beams for the ultimate load stage. The crack propagation for 4 
loading stages is given only for the 5-segment beam in Figures 13a-13d since similar 
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patterns were observed for the 1 to 4 segment beams. Herein, the crack patterns and 
propagation of cracks at successive load stages obtained using the FE model are consistent 
and physically acceptable as well.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig.  12 Crack distribution and joint openings of hollow circular SPT beams for the 
ultimate load stage: (a) 1-segment beam, (b) 2-segment beam, (c) 3-segment beam, (d) 

4-segment beam 

 

(a) 

 

 

 

(b) 
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( c) 

 

 

 

(d) 

 

Fig.  13. Crack distribution and joint openings of hollow circular PT 5-segment beam for different 
load stage: (a) Load stage=0.25, (b) load stage =0.5, (c) load stage =0.75, (d) load stage =1 

Figures 14a and 14b show the maximum values of segment joint opening widths for both 
crack models. Figures 12a-12d, 13d, 14a and 14b show that the maximum joint opening 
widths reduce from approximately 46 to 23 mm as the number of segments increases from 
1 to 5. Formation of hairline flexural cracks along the beam axis is observed between the 
segment joints as well. These cracks and joint openings reduce the overall stiffness while 
they have insignificant effect on the ultimate load capacity (Figs. 11a and 11b). Segmental 
joint opening widths decrease with increasing number of segments for both crack models. 
The results showed that multi-segment beams had a greater ability to battle small width 
gaps under applied loads since the total expansion due to cracking is usually distributed 
among the segments. The observed data reveal that with each increment in the number of 
segments, an average reduction of approximately 8-10% occurs in the joint expansion. 
Notably, while this reduction ranges from 35 to 39 mm in the 2-segment beams, it 
fluctuates between 23 to 27 mm in the 5-segment beams. 

 

(a) 
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(b) 

Fig. 14 Segment-joint opening width propagation graph up to collapse: (a) Rotating 
crack model and (b) Fixed crack model 

Table 4 illustrates the relationship between the loading ratio and the corresponding 
segment opening width for different configurations of segmental beams, ranging from 2 
segments to 5 segments. As the loading ratio increases from 0.25 to 1, the segment opening 
width generally exhibits a corresponding increase across all beam configurations. This 
indicates that higher loading ratios lead to greater deformation and widening of the 
segmental joints. Furthermore, it can be observed that as the number of segments 
increases, the segment opening width tends to decrease for a given loading ratio. This 
suggests that the presence of additional segments distributes the load more effectively, 
resulting in reduced deformation at the segmental joints. 

Table 4. Loading ratio and segmental joint relationship in the segmental beams 

 

Loading ratio 

Segment opening width, mm 

2-segment 
beam 

3-segment 
beam 

4-segment 
beam 

5-segment 
beam 

0.25 3.02 2.13 1.06 0.38 

0.50 10.23 9.5 8.34 6.27 

0.75 19.64 18.95 17.86 14.93 

1 34,89 31.,24 25.68 23.12 

 

4.3. Concrete Compressive Strength 

In the parametric study, the compressive strength of concrete was assumed constant (40 
MPa) in order to investigate the effect of the segment number on the load displacement 
and segment joint opening behavior. Thus, the effect of concrete compressive strength on 
load displacement, shear capacity, and joint opening width is evaluated for different 
concrete strengths ranging from 20 to 100 MPa for the beam with 5 segments. The analysis 
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results indicate that despite the asymptotical increase in moment capacity of the cross-
section to almost 5200 kNm, the shear and joint shear capacity increases almost linearly 
with increasing concrete strength (Fig. 15). It should be mentioned herein that, for all 
concrete strength values, the shear capacity of segmental joints is shown to exceed the 
shear capacity of the cross-section. A similar observation can be made upon comparing the 
load displacement response of the beams given in Figure 16 concerning the almost linear 
initial stiffness and strength enhancement with increasing concrete strength while 
sustaining similar ductility level.  

 

Fig. 15 Section and joint capacities changing according to concrete compressive 
strength 

 

Fig. 16. Load–displacement curve of post tensioned circular hollow segmental beam 
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(a) 

 
(b) 

Fig. 17. Segmental joint opening for each concrete compressive strength in 5 - segment 
beam: (a) Segmental joint opening propagation (b) Maximum values of segment joint 

openings 

Further, it is shown in Figures 17a that the maximum joint opening width tend to reduce 
with increasing concrete strength for each load level which are normalized according to 
the crack width at failure. For instance, when the compressive strength was 20 MPa, the 
segment joint opening width at collapse is 32.62 mm, whereas with the use of 100 MPa 
strength concrete, this value decreases substantially to 9.92 mm. (Fig. 17b). 

5. Conclusion 

In this study, the nonlinear structural behavior of hollow circular segmental post-
tensioned (SPT) beams under 4-point bending is investigated. A scaled prototype structure 
is analyzed using DIANA FE software. 3 sets of verification problems are solved, and 
comparisons are made with the experimental results presented in the related studies. It is 
shown by the verification study conducted that it is possible to create accurate FE models 
for RC, PT and SPT beams using the selected software. The crack patterns obtained using 
the FE models are found out to be in excellent agreement with the experimentally obtained 
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patterns found in the cited studies. The numerical results obtained for the verification 
problems also show that a 3D FE model is required to model the scaled prototype structure 
since the complicated geometry of the intersegmental joints is required to be modeled 
using joint interface modeling technique. Increasing number of segments is found out to 
have a trivial effect on the load capacity of the segmental beams while reducing the 
intersegmental joint opening widths. The observed diminishing trend of the 
intersegmental joint opening widths with increasing number of segments and concrete 
strength indicates the potential benefits of utilizing more segments with high strength 
concrete. Analyses conducted on concretes with varying compressive strength levels 
underscore the effectiveness of the segmental design approach in various facets of offshore 
structures that already employ high compressive capacity concrete. The utilization of high 
compressive capacity concretes leads to minimal segment openings even under collapse 
conditions. In the structural design of such installations, the segmental methodology, 
which provides advantages in terms of both durability and ductility, can be regarded as a 
favorable option. Thus, it can be emphasized that, segmental construction is a viable option 
as long as the shear capacity and the opening width of intersegmental joints do not exceed 
code specified limits. 

Furthermore, it is imperative to acknowledge certain limitations and provide avenues for 
future research to further enhance the understanding of segmental beam structures. 
Despite the comprehensive investigation conducted in this study, several limitations merit 
attention and offer potential directions for future exploration. One limitation lies in the 
scope of the study, which primarily focuses on the nonlinear structural behavior of hollow 
circular segmental post-tensioned (SPT) beams under 4-point bending. While this 
provides valuable insights into the behavior of segmental structures, future research could 
expand the scope to include additional loading conditions or investigate other structural 
configurations to provide a more comprehensive understanding of segmental beam 
behavior under diverse scenarios. Additionally, while the FE models employed in this 
study have demonstrated accuracy in capturing the structural response of RC, PT, and SPT 
beams, it is important to note that the modeling assumptions and simplifications inherent 
in the numerical analysis may introduce some degree of uncertainty. Future studies could 
explore alternative modeling approaches or validate the findings using experimental 
testing to enhance the robustness of the results. The study primarily focuses on the 
structural performance of segmental beams, neglecting other important aspects such as 
construction feasibility, cost-effectiveness, and environmental sustainability. Future 
research endeavors could incorporate these factors into the analysis to provide a more 
holistic assessment of segmental construction methodologies. In terms of future research 
directions, one potential avenue could involve investigating the long-term durability and 
resilience of segmental structures, particularly in harsh marine environments where 
offshore installations are prevalent. Additionally, exploring innovative construction 
techniques or material advancements could offer opportunities to further optimize the 
design and performance of segmental beam structures. By addressing these limitations 
and exploring new research directions, the field can continue to advance and refine 
segmental construction methodologies, ultimately enhancing the safety, efficiency, and 
sustainability of offshore structures. 

Nomenclature 

1𝐷          = One dimensional. 
2𝐷          = Two dimensional; 
3𝐷          = Three dimensional; 
𝐹𝐸          = Finite Element; 
𝑅𝐶         = Reinforced Concrete; 
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𝑃𝑇         = Post-tensioned; 
 𝑆𝑃𝑇     = Segmental post-tensioned; 
𝑘𝑛            =  Normal stiffnes; 
𝑘𝑡             =  Shear stiffnes; 
𝑡𝑛             =  Normal tractions; 
𝑡𝑡              =  Shear tractions; 
𝑢𝑛            =  Normal relative displacement; 
𝑢𝑡             =  Shear relative displacement; 
𝐸             =  Concrete elasticity modulus; 
𝐺             =  Concrete shear modulus; 
𝑡              =  Width of the interface; 
𝐸𝑒𝑝.         =  Epoxy elasticity modulus; 

𝐺𝑒𝑝.         =  Epoxy shear modulus; 

𝜇1 & 𝜇2   =   Friction coefficients; 
𝑐              =  Cohesion; 
𝑀            =  Bending moment; 
𝑉             =  Shear force; 
𝑞              =  Distributed Load; 
𝑃              =  Point Load; 
𝐿              =  Length of beam   
𝑉𝑐              =  Circular hollow beam shear capacity; 
𝛼𝑤2          =  Reduction factor of concrete design resistance; 
𝛼𝑐𝑣           =  Coefficient for deterimental effects on web crushing of high normal stresses; 
𝑓𝑐𝑑            = Design compressive strength of concrete ; 
𝑏𝑤            =  Effective web width; 
𝐷             =  External diameter of the cross section; 
𝑑              =  Depth of the cross section. 
𝑉𝑛              = Nominal shear capacity of keyed dry joint; 
𝐴𝑘            = Area of the base of all keys in the joint plane; 
𝐴𝑠𝑚         = Area of contact between smooth surfaces in the joint plane. 
𝜎𝑛            =  Compressive stress in the joint. 
𝑓𝑐𝑘            = concrete characteristic compressive strength 
𝐴𝑗             = Area of joint plane 

𝑓𝑦𝑚         =Yielding strength    

𝑓𝑢𝑚         =Ultimate strength   
𝜀𝑠𝑢          = Ultimate strain  

𝑓𝑐            =  Concrete compressive strength    

 𝑓𝑡           = Concrete tensile strength 
𝜌           = Concrete density    

𝐷           = Diameter of longitudinal bar   
𝑑            = Diameter of hooped bar   
𝐷𝑓           = Diameter of tendon    

𝜈            = Poisson’s ratio    
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Article Info  Abstract 

Article History:  Architecturally significant heritage buildings often struggle to meet modern 
energy efficiency standards. This study focuses enhancing the energy performance 
of the Polytechnic University of Tirana without compromising its historical 
integrity. Through detailed energy simulations using DesignBuilder software, the 
study evaluates the effectiveness of various double-glazing window configurations 
and internal shading systems. The results reveal that double-glazed units can lead 
to energy savings of up to 9.0%, particularly when using tinted, argon-filled glass. 
Shading devices, including fixed and automated internal louvres, provided 
additional savings between 4.3% and 7.8% by mitigating solar heat gain and 
improving thermal comfort. Also, the cost of each intervention is analyzed and 
savings per cost ratio ranging from €6,930 to €43,331 per 1% energy reduction is 
obtained. Notably, the economic analysis shows that simpler solutions, like air-
filled double glazing and fixed louvres, offer a higher cost-efficiency. For the case 
study building, 16.53% energy savings may be obtained for a cost of €10,521 per 
1% of reduction. The study's findings offer an example for future sustainable 
conservation projects, balancing historical preservation with energy efficiency. 
The results underscore the importance of targeted retrofitting in safeguarding 
cultural heritage while contributing to broader sustainability goals. 
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1. Introduction 

In recent years, the intersection of heritage conservation and sustainability has garnered increasing 
attention, particularly in the context of retrofitting projects. The challenge lies in balancing the 
preservation of cultural significance with the need for energy efficiency, modern functionality and 
safety [1]. This balance is often complicated by the inherent conflict between invasive technologies 
that may compromise the integrity of heritage structures and the philosophy of minimal 
intervention that seeks to maintain authenticity and historical value. The discourse surrounding 
this balance is crucial as it reflects broader societal values regarding heritage and sustainability, 
emphasizing the need for innovative approaches that respect both cultural heritage and 
environmental imperatives. 

The concept of minimal intervention in heritage conservation is rooted in the belief that alterations 
to historic structures should be as non-invasive as possible. This approach is supported by various 
scholars who argue that invasive technologies can detract from the authenticity and historical 
narrative of heritage buildings [2]. For instance, Guzman et al. highlight the importance of 
maintaining the original fabric of heritage sites, suggesting that any interventions should be 
reversible and should not obscure the original architectural features[3]. Conversely, the push for 
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energy efficiency often necessitates the integration of modern technologies, which can include 
insulation, renewable energy systems, and advanced HVAC systems. These technologies, while 
beneficial for sustainability, can pose a threat to the historical integrity of the buildings if not 
implemented thoughtfully [4, 5]. 

Moreover, the integration of sustainability principles into heritage conservation practices has 
become increasingly relevant as climate change and energy efficiency concerns rise to the forefront 
of global discourse. Recent studies emphasize the necessity of adopting energy-efficient solutions 
in heritage buildings, as these structures often consume more energy than their modern 
counterparts due to outdated systems and materials [4, 6]. This need for energy efficiency is 
underscored by the growing recognition that heritage buildings can play a vital role in achieving 
sustainability goals, particularly when retrofitted to meet contemporary energy standards without 
compromising their cultural significance [7, 8]. 

The tension between invasive technologies and minimal intervention is further complicated by the 
diverse stakeholder interests involved in heritage conservation. Rosetti et al. argue that effective 
heritage management requires inclusive participation from all relevant stakeholders, including 
local communities, government entities, and conservation professionals [9]. This participatory 
approach not only enhances the sustainability of conservation efforts but also fosters a sense of 
ownership and responsibility among community members, which is essential for the long-term 
viability of heritage sites [10]. 

Furthermore, the application of modern technologies, such as Building Information Modeling 
(BIM), thermal analyses and 3D modelling, has emerged as a promising avenue for addressing the 
challenges of retrofitting heritage buildings. These technologies allow for detailed analysis and 
planning that can minimize the impact of interventions on the original structure while enhancing 
energy efficiency [11, 12]. For example, BIM can facilitate the creation of accurate digital models of 
heritage buildings, enabling conservationists to visualize potential changes and assess their 
implications before implementation [11, 13]. This approach aligns with the principles of minimal 
intervention, as it promotes informed decision-making that respects the historical context of the 
buildings. 

1.1 Considered Case 

 The focus of this study is on two specific measures aimed at enhancing sustainability and energy 
efficiency in heritage buildings: the replacement of single-glazed windows with double-glazed units 
and the installation of shading devices. The replacement of single-glazed windows is critical as 
these units are often responsible for significant heat loss, contributing to higher energy 
consumption for heating and cooling. Studies indicate that upgrading to double-glazed windows 
can substantially improve thermal performance while maintaining the aesthetic integrity of 
heritage structures [14, 15]. However, the acceptability of such interventions is often influenced by 
the heritage values associated with the buildings, which may lead to resistance against complete 
window replacements [16, 17]. Ginks and Painter discuss the attitudes of conservation 
professionals towards slim double glazing, emphasizing its potential to improve energy efficiency 
without compromising the visual integrity of historic facades [18]. Furthermore, Wise et al. note 
that while residents value the functional aspects of windows, they also attach significant 
importance to their historical and aesthetic qualities, which can complicate retrofit decisions [16]. 

In addition, the installation of shading devices serves as an effective passive design strategy to 
mitigate solar heat gain, thereby improving indoor thermal comfort and reducing reliance on 
mechanical cooling systems. Shading devices can be designed to complement the architectural 
features of heritage buildings, ensuring that energy efficiency measures do not compromise their 
historical significance [19–21]. Nair et al. highlight that energy efficiency studies often focus on 
singular retrofit measures; however, a holistic approach is essential for the complex nature of 
historic buildings [15]. The integration of these two measures may represent a holistic approach to 
retrofitting heritage buildings, balancing the need for energy efficiency with the preservation of 
cultural heritage [22]. 
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1.2 Challenges of Retrofitting Heritage Buildings 

The challenges associated with retrofitting heritage buildings are multifaceted, primarily stemming 
from architectural and historical restrictions that often impede the implementation of energy 
efficiency measures. Heritage buildings, which embody significant cultural, aesthetic, and historical 
values, are subject to stringent regulations that prioritize their preservation over modernization 
[23]. This creates a tension between the need for improved energy performance and the imperative 
to maintain the building's original character and integrity. As noted by Nair et al., the unique 
construction techniques and materials used in these buildings often limit the applicability of 
conventional retrofitting solutions, such as external insulation or significant structural alterations, 
which may adversely affect their visual appearance [15]. 

Moreover, the reluctance of homeowners and conservation professionals to adopt invasive 
measures is compounded by concerns regarding the potential loss of heritage value. Sunikka Blank 
and Galvin highlight that aesthetic considerations and heritage values significantly influence 
retrofit decisions, with many homeowners prioritizing the preservation of their building's 
historical character over energy efficiency [24]. This sentiment is echoed in the findings of Wise et 
al., who emphasize that residents often view complete window replacements as unacceptable, 
favoring less invasive options like secondary glazing or internal shutters [16]. Such preferences 
reflect a broader trend in heritage conservation that seeks to balance energy efficiency with the 
preservation of cultural identity. 

In this context, the adoption of double-glazing and shading devices emerges as a promising avenue 
for achieving energy efficiency while minimizing the impact on heritage values. Double-glazed 
windows, for instance, offer a significant improvement in thermal performance without 
necessitating the complete removal of original window frames, thereby preserving the building's 
historical façade [18]. Similarly, shading devices can be designed to complement the architectural 
features of heritage buildings, effectively reducing solar heat gain and enhancing indoor comfort 
without compromising the building's aesthetic appeal [25]. These less invasive solutions align with 
the principles of minimal intervention, allowing for the integration of modern energy efficiency 
measures while respecting the historical significance of the structures. 

In summary, the complexities of retrofitting heritage buildings necessitate a careful consideration 
of both architectural integrity and energy performance. As the discourse on sustainable retrofitting 
evolves, it is imperative to explore innovative solutions that reconcile these often conflicting 
objectives. The integration of double-glazing and shading devices represents a viable path forward, 
enabling heritage buildings to meet contemporary energy efficiency standards while safeguarding 
their cultural heritage for future generations. 

2. Building of Polytechnic University of Tirana 

The Polytechnic University of Tirana, built in the 1940s, is a prominent example of Italian 
Rationalist architecture in Albania. Designed by Italian architect Gherardo Bosio, the building 
reflects the architectural vision of the fascist regime during the early 20th century. Bosio's design 
sought to combine functionality with modernist aesthetics, making the university a landmark in 
the urban fabric of Tirana [26]. 

The architectural significance of the building lies in its monumental scale and the use of modern 
construction techniques, such as reinforced concrete, while incorporating elements of traditional 
Albanian architecture. Its facade, characterized by symmetrical design and clean lines, blends 
modernist forms with classical proportions. Fig 1 shows the front view and ground floor plan of the 
building. The building, which now serves as the Polytechnic University’s main campus, has been a 
vital part of Albania’s educational and cultural history [27] .  

As a heritage building, the Polytechnic University of Tirana presents unique challenges in 
retrofitting. The need to preserve its historical and cultural value conflicts with the necessity to 
improve energy efficiency. The building’s original design, with single-glazed windows and minimal 
consideration for thermal performance, makes it an ideal candidate for sustainable interventions 
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such as double glazing and shading devices. Balancing these retrofitting measures with the 
architectural integrity of the structure is critical to ensure its continued use and preservation as an 
educational institution and historical monument. 

 

Fig. 1. Front view and the ground floor plan of the building 

2.1 Physical Condition of The Building 

The physical condition of the Polytechnic University of Tirana reflects its long history, with the 
building remaining structurally intact but showing signs of wear due to environmental factors and 
age. Constructed in the late 1930s and completed in the early 1940s, the building has survived 
significant historical events, including political changes and seismic activities, which have shaped 
Albania's architectural landscape. Despite these challenges, the structure remains a key part of 
Tirana's architectural heritage, though it now requires modernization to meet contemporary 
energy performance standards. 

The architecture of the building is a mix of modernist design elements and traditional Albanian 
influences, characteristic of Gherardo Bosio’s vision for the capital city’s urban planning. The facade 
is largely intact, with its smooth, symmetrical lines and minimalist detailing remaining true to its 
original Rationalist style. The building features large windows and wide corridors, contributing to 
its overall sense of openness and connection with its surroundings [27]. 

However, the single-glazed windows, typical of the time, provide poor insulation, resulting in 
significant heat loss during winter and heat gain in summer. This lack of thermal efficiency is a 
primary area for improvement through retrofitting. While the building's exterior remains 
architecturally impressive, its energy performance lags far behind modern standards. 

Structurally, the Polytechnic University of Tirana has proven resilient over the decades, with its 
reinforced concrete frame providing robust support against both time and environmental stresses. 
The building's masonry walls, reinforced concrete columns, and ceilings have helped it withstand 
seismic events, a common occurrence in the region. The structural system, which integrates brick 
walls with reinforced concrete elements, ensures that the building remains stable and retains its 
original form. 
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Nevertheless, the aging materials are beginning to show signs of deterioration, particularly in areas 
exposed to external weather conditions (Fig. 2). Cracks have appeared in some sections of the 
facade, and there is evidence of moisture infiltration, especially around the windows, which further 
contributes to energy inefficiency.  

 

Fig. 2. Views from detoriated parts of the building 

Retrofitting solutions such as replacing single-glazed windows with double-glazed units and 
installing shading devices will not only improve energy efficiency but also protect the building from 
further weathering, ensuring its preservation for future generations. 

2.2 Interventions 

2.2.1 Double-Glazed Windows 

The replacement of the existing single-glazed windows with double-glazed units was a key 
intervention aimed at improving the thermal insulation of the Polytechnic University of Tirana. 
Double-glazing offers a significant improvement over single-glazed windows by reducing heat 
transfer between the interior and exterior of the building, leading to lower energy consumption for 
both heating and cooling. Several types of double-glazing were tested in the simulation: 

Standard Double-Glazed Units: The basic double-glazing configuration consisted of two panes of 
6mm clear glass with a 13mm air gap between them. This air gap acts as a buffer to slow down heat 
transfer through the window, reducing heat loss in winter and heat gain in summer. 

Argon-Filled Double-Glazing: In this configuration, the air gap was filled with argon gas, which has 
a lower thermal conductivity than air. The argon-filled gap enhances the insulation properties of 
the window, providing better energy performance. This reduces the need for heating in winter and 
cooling in summer, making the building more energy-efficient. 

Tinted Double-Glazing: Tinted glass was introduced in some scenarios to further reduce solar heat 
gain during the warmer months. The tinting reduces the amount of sunlight entering the building, 
particularly on south-facing facades, without compromising the availability of natural light. This 
solution was particularly useful for minimizing overheating and reducing cooling loads. 

Double-Glazing with Internal Louvres: Some configurations included internal louvres integrated 
between the two glass panes. These louvres were fixed in certain cases, while in others, they were 
adjustable and activated based on the intensity of solar radiation. This feature provided additional 
control over solar gain, allowing for dynamic adjustments to optimize energy efficiency and 
occupant comfort. 

Each type of double-glazing was evaluated in terms of its ability to reduce heat transfer and 
improve indoor thermal conditions, with the argon-filled and tinted variants showing the highest 
potential for energy savings. 

2.2.2 Shading Devices 

The second major intervention involved the installation of shading devices on the building’s 
facades to manage solar heat gain and improve the building's energy performance during the 
warmer months. Shading devices can significantly reduce the amount of direct sunlight entering a 
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building, thus reducing the cooling load, while also preventing glare and maintaining visual comfort 
for occupants. The types of shading devices tested in the simulation included: 

Fixed Louvres: These are permanent shading elements attached to the exterior of the building. 
Fixed louvres were positioned at angles optimized to block high-angle summer sunlight while still 
allowing lower-angle winter sunlight to penetrate the building. This intervention helps in 
maintaining natural daylighting while reducing the cooling demand during hot months. 

Automated Louvres: Unlike fixed louvres, automated louvres can be adjusted dynamically based on 
real-time solar radiation. The simulation tested several activation thresholds, where the louvres 
would tilt to block sunlight once a certain level of solar radiation was reached (e.g., 120 W/m², 400 
W/m², or 600 W/m²). This dynamic control allows for greater flexibility, maximizing energy 
savings while minimizing artificial lighting requirements during times of lower solar intensity. 

External Blinds: Blinds were another shading option modeled in the simulation. These are flexible 
shading devices that can be manually or automatically adjusted. External blinds were used for their 
ability to block solar radiation while still permitting some visibility and ventilation. Automated 
blinds, which respond to changing sunlight conditions, provided the highest efficiency by adapting 
to the building’s orientation and local solar patterns throughout the day. 

Brise Soleil: This is a horizontal shading structure placed above windows to block direct sunlight 
during peak hours. It was particularly effective for south-facing windows in preventing solar gain 
during midday while still allowing daylight in the mornings and late afternoons. The fixed nature 
of Brise Soleil offers a simple yet efficient way to reduce cooling needs. 

The combination of these shading devices helped mitigate the impact of solar radiation on the 
building’s thermal comfort and energy usage. Dynamic shading devices, like automated louvres, 
showed the most potential for energy savings due to their adaptability to changing weather 
conditions, while fixed solutions provided consistent protection against overheating 

3. Analyses 

DesignBuilder software was used to model the building of Polytechnic University of Tirana and 
perform detailed energy simulations to assess the impact of retrofitting interventions. 
DesignBuilder is a powerful tool for energy analysis that allows users to create 3D models of 
buildings and evaluate their thermal performance under various conditions [28]. It integrates 
several advanced modules for simulating heating, cooling, lighting, ventilation, and renewable 
energy systems, making it ideal for retrofitting studies. 

The first step in the simulation process was creating an accurate digital model of the building. Using 
DesignBuilder, the architectural and structural features of the university were modeled based on 
detailed drawings and data collected from site surveys. This included defining the dimensions, 
materials, and construction techniques used in the building. The original windows, for instance, 
were modeled as single-glazed units, and the surrounding brick and concrete elements were 
included to reflect the building’s thermal properties. 

For accurate energy simulations, the model also incorporated the local climate data of Tirana, 
including temperature fluctuations, solar radiation, and wind patterns. Occupancy schedules were 
defined to reflect the typical use of the building, with specific data on internal heat gains from 
equipment and lighting. This baseline model was used to simulate the building's current energy 
consumption, providing a reference point for evaluating the effects of the retrofitting measures. 

Once the baseline model was established, two key retrofitting interventions were tested with 
several different installations: the replacement of single-glazed windows with double-glazed units 
and the installation of shading devices (such as louvers or blinds) on the building’s facade. 

The single-glazed windows were replaced with various double-glazed configurations within the 
simulation. Each configuration was tested to analyze its impact on heat transfer, overall energy 
consumption for heating and cooling, and indoor thermal comfort. The goal was to quantify the 
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reduction in heat loss during the winter and heat gain during the summer, which would directly 
reduce the building's reliance on mechanical heating and cooling systems. 

To assess the effectiveness of shading devices, several types of external shading were modeled, 
including fixed and adjustable louvers. These devices were designed to block excessive solar 
radiation during the hot summer months, reducing the cooling load on the building. The simulation 
calculated the effects of shading on both direct solar heat gain and daylighting, ensuring that the 
reduction in energy consumption for cooling did not negatively affect the natural lighting inside the 
building. Different shading angles and materials were tested to optimize the balance between 
minimizing glare and maximizing energy savings. The simulations provided detailed insights into 
how each retrofitting measure affected heating, cooling, and lighting energy consumption, as well 
as the thermal comfort levels within the building. 

3.1 Considered Intervention Cases 

Various retrofitting interventions for improving the energy efficiency of the Polytechnic University 
of Tirana are explored. These interventions primarily focus on upgrading the windows from single-
glazed to double-glazed units and implementing shading strategies to control solar heat gain. The 
following cases outline the specific types of double-glazing configurations and shading devices 
considered. 

List of Considered Cases: 

• Case 1: Clear Double Glass with Air Gap: This configuration involves replacing the single-
glazed windows with clear double glass that has an air-filled gap between the panes to 
improve insulation and reduce heat transfer. 

• Case 2: Tinted Double Glass with Air Gap: In this case, tinted glass is used in combination with 
an air gap to minimize solar heat gain, while still allowing daylight to penetrate the interior. 

• Case 3: Clear Double Glass with Argon Gap: The air gap is replaced with argon gas in this 
configuration to enhance the insulating properties, reducing heat loss and improving energy 
efficiency. 

• Case 4: Tinted Double Glass with Argon Gap: This combination includes both tinted glass and 
an argon-filled gap, providing superior insulation and solar control to minimize energy 
consumption for cooling. 

• Case 5: Clear Double Glass with Air Gap and Internal Louvres Always On: In this scenario, 
internal louvres are added between the glass panes and remain permanently fixed to block 
direct sunlight, reducing cooling loads. 

• Case 6: Clear Double Glass with Air Gap and Internal Louvres Activated at 120 W/m²: The 
internal louvres are set to activate when solar radiation exceeds 120 W/m², dynamically 
responding to changing sunlight levels to optimize thermal comfort. 

• Case 7: Clear Double Glass with Air Gap and Internal Louvres Activated at 400 W/m²: The 
louvres in this case activate when solar radiation exceeds 400 W/m², allowing more natural 
light in before shading begins to reduce solar heat gain. 

• Case 8: Clear Double Glass with Air Gap and Internal Louvres Activated at 600 W/m²: This 
configuration sets the louvres to activate at 600 W/m², offering the maximum amount of 
daylight before solar shading is applied. 

• Case 9: Shading Devices for Inner Courtyard Facade: To address the potential greenhouse 
effect caused by glazing on the inner courtyard, inner shade louvres are proposed. These 
louvres will block direct sunlight and reduce heat gain, while preserving the building's 
historical appearance. 

3.2 Current State of The Building 

To assess the current energy performance of the Polytechnic University of Tirana, an initial 
simulation of the building's existing conditions was conducted, referred as Case 0. This baseline 
model was essential for understanding the energy consumption patterns before implementing any 
retrofitting measures. The simulation considered the building's single-glazed windows, lack of 
shading devices, and typical heating, cooling, and lighting demands. 
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The results of the base case simulation revealed the following key insights: 

High Energy Use for Heating and Cooling: Due to the presence of single-glazed windows, the 
building exhibited significant heat loss in the winter and heat gain in the summer, resulting in a 
high demand for both heating and cooling. The lack of proper insulation in the windows led to 
inefficient thermal performance, with the building requiring considerable energy to maintain 
comfortable indoor temperatures. 

Poor Solar Control: Without any shading devices, the building was highly susceptible to solar heat 
gain, especially in the warmer months. This led to overheating in interior spaces and increased 
cooling loads. The lack of solar control measures also contributed to glare issues, negatively 
impacting occupant comfort. 

Energy Use Intensity (EUI): The Energy Use Intensity (EUI) for the base case was calculated based 
on heating, cooling, and lighting energy consumption. The results indicated that a large proportion 
of the building’s total energy usage (about 45%) was dedicated to maintaining thermal comfort 
through heating and cooling, highlighting the inefficiency of the current building envelope (Fig 3). 

 
Fig. 3. The Energy Use Intensity (EUI) breakdown for the Polytechnic University 

The Base Case serves as a critical reference point for evaluating the effectiveness of retrofitting 
interventions. By comparing the base case energy consumption to the results after implementing 
the proposed retrofits, the potential energy savings and efficiency improvements can be quantified. 

3.3 Simulation Parameters 

The relevance of the energy simulations conducted for the Polytechnic University of Tirana 
depends heavily on defined parameters. These parameters selected to ensure that the energy 
performance of the building was modeled under realistic and representative conditions. The key 
simulation parameters used in the study were as follows: 

3.3.1 Building Location and Climate Data 

Location: The Polytechnic University of Tirana is situated in Tirana, Albania, a region characterized 
by a Mediterranean climate with hot summers and mild, wet winters. Local weather data, including 
temperature, humidity, wind speeds, and solar radiation, were incorporated into the simulation. 

Climate data source: The climate data used for the simulations was based on historical weather 
records for Tirana. This information was essential for accurately modeling heating and cooling 
loads across the different seasons. 

3.3.2 Building Envelope 

Existing windows: The base case modeled the original single-glazed windows, which were poor 
insulators, allowing significant heat loss and gain. This baseline was compared to various double-
glazing configurations tested in the simulation. 
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Wall and roof insulation: The simulation assumed the existing wall and roof structures without 
additional insulation. This contributed to the building's high energy consumption for heating and 
cooling, providing a clear contrast when compared to the improved performance after retrofitting 
interventions. 

3.3.3 Occupancy Patterns 

The building was modeled with typical occupancy schedules for educational institutions, which 
assumed the building was primarily occupied during the day. The energy simulations accounted 
for variations in internal heat gains from occupants, equipment, and lighting based on these 
schedules. 

Occupant heat gain: Human body heat contributed to the overall internal heat gains, impacting 
cooling requirements during the warmer months. This factor was considered in all cases. 

3.3.4 Internal Loads 

Lighting: The lighting system was modeled with a power density of 5 W/m² for typical spaces like 
classrooms, offices, and corridors, with specific target illumination levels (e.g., 300 lux for 
classrooms). 

Equipment and appliances: The internal heat gains from equipment such as computers, laboratory 
devices, and other electronic systems were included, based on typical usage patterns for a 
university setting. 

3.3.5 HVAC System Settings 

Heating and cooling setpoints: The simulations used a heating setpoint of 22°C and a cooling 
setpoint of 24°C. These setpoints reflected the desired indoor comfort levels during the winter and 
summer seasons. 

Heating Setback: A setback temperature of 5°C was modeled for unoccupied hours, reducing energy 
consumption when the building was not in use. 

System efficiency: The Coefficient of Performance (CoP) for the heating system was set at 0.83, 
while the cooling system’s CoP was set at 2.5, representing typical values for the existing 
mechanical systems. 

3.3.6 Solar Radiation and Daylighting 

Solar gain: The simulation took into account solar radiation effects on the building's windows and 
facades. Solar gain was a critical factor in determining the cooling load during the summer months 
and the potential benefits of shading devices. 

Daylighting: Natural daylighting levels were considered to evaluate how shading devices might 
impact the need for artificial lighting, especially when fixed or automated louvres were introduced. 

3.3.7 Air Infiltration 

The infiltration rate, which quantifies how much outside air enters the building due to gaps in the 
envelope, was factored into the simulations. Higher infiltration rates in the base case contributed 
to heat loss in winter and increased cooling needs in summer, further justifying the retrofitting 
measures aimed at improving the building’s air-tightness through new glazing. 

3.3.8 Simulation Timeframe 

The simulations covered an entire year, with seasonal variations in energy consumption assessed. 
Monthly energy usage for heating, cooling, and lighting was calculated to identify peak loads and 
understand how retrofitting interventions impacted energy efficiency throughout the year. 

4. Analysis Results 

The thermal analysis of the first and second floors of the existing building reveals significant 
differences in heat distribution. Figure 4a illustrates the thermal distribution without any 
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interventions, showcasing noticeable temperature variations across the floors. In contrast, Figure 
4b, depicting the scenario with interventions, demonstrates a much more uniform thermal 
distribution. This improvement indicates enhanced heat comfort, as the interventions effectively 
balance temperature differences, creating a more comfortable indoor environment. 

 
Fig. 4.(a) Thermal analysis of the first and second floor of the existing building without 

interventions by DesignBuilder 

 
Fig. 4.(b) Thermal analysis of the first and second floor of the existing building after combined 

interventions of Case 4 and 9 by DesignBuilder 

The results of the energy analysis for the base case (Case 0) and various retrofit interventions 
(Cases 1–9) are summarized in Figure 5. The analysis focuses on the building’s annual energy 
consumption for lighting, heating, and cooling, as well as the potential energy savings achieved 
through different retrofitting measures. 

As shown in Fig. 5, the lighting energy use remains constant at 32.5 % across all cases, reflecting 
the fact that the lighting system was not altered in any of the retrofit scenarios. The energy demand 
for heating shows a noticeable reduction in several cases compared to the base case (Case 0), where 
the heating load is 7.7%. Cases 1 and 3, which involve the use of clear double-glazing with air and 
argon gaps, result in the most significant reductions, with heating demands dropping to 5.5% and 
5.8%, respectively. This improvement is due to the better insulating properties of double-glazed 
windows, which reduce heat loss during the winter months. 

Cooling energy consumption is highly sensitive to the interventions, with significant variations 
across the cases. In the base case, cooling energy is 49.8%, which is the highest among all scenarios. 
Cases 2 and 4, which incorporate tinted double-glazing with air and argon gaps, show the largest 
reductions in cooling demand, reaching 43.0%. The use of internal louvres in Cases 5 to 9 also 
positively impacts cooling energy, but with varying effectiveness depending on the solar radiation 
thresholds for louvre activation. For example, Case 9 (internal louvres activated at 600 W/m²) 
results in a cooling demand of 43.4%. 
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Fig. 5. The comparison of Cooling, Heating, and Lighting Energy Use Intensity (EUI) between 

the considered cases 

The energy savings potential of each intervention is illustrated in Fig. 6. Case 4 (tinted double glass 
with argon gap) achieves the highest overall energy savings of 9.0%. Case 2 (tinted double glass 
with air gap) follows closely with an energy saving of 8.9%. Other notable cases include Case 1 
(clear double glass with air gap), which achieves 3.8% energy savings, and Case 9, which uses 
internal louvres and saves 7.53%. 

 
Fig. 6. The comparison of total energy saving for the considered intervention cases 

The results demonstrate that upgrading to double-glazed windows with tinted glass and argon 
filling is the most effective intervention for reducing energy consumption, particularly for cooling. 
Meanwhile, integrating shading devices like louvres offers additional energy savings by reducing 
solar heat gain and cooling loads. 

4.1. Economic Analysis 

The economic analysis of the different retrofitting interventions focuses on the estimated costs, the 
percentage of energy savings relative to the base case, and the cost-effectiveness of each solution. 
Table 1 summarizes the results of this analysis, detailing the initial investment costs for each 
intervention, the percentage of energy savings achieved, and the cost per 1% energy saving. 

The interventions vary significantly in terms of initial costs. Case 1, which involves the installation 
of double-glazing windows with 6mm clear glass and 13mm air gap, has the lowest estimated cost 
at €44,975 while achieving 3.80% energy savings. On the other hand, Case 8, which uses clear 
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double glass with air gap and internal louvres activated at 600 W/m² solar radiation, has the 
highest estimated cost at €186,325, but results in only 4.30% energy savings. 

Table 1. Estimated cost and effectiveness of the considered interventions 

Case Description 
Estimated 
Cost (€) 

Energy 
Saving (%) 

Cost 
/Saving 

1 
6mm clear glass, 13mm air gap, and 6mm clear internal 

glass 
44975 3.80 11836 

2 
6mm blue-tinted glass, 13mm air gap, and 6mm clear 

internal glass 
61680 8.90 6930 

3 
6mm clear glass, 13mm argon-filled void, and 6mm clear 

internal glass 
77100 4.60 16761 

4 
6mm blue-tinted glass, 13mm argon-filled void, and 6mm 

clear internal glass 
87380 9.00 9709 

5 
6mm clear glass, 13mm air gap, and 6mm clear internal 

glass with fixed internal louvers 
93805 7.80 12026 

6 
6mm clear glass, 13mm air gap, and 6mm clear internal 

glass with internal louvers that activate when solar 
radiation exceeds 120 W/m² 

141350 6.60 21417 

7 
6mm clear glass, 13mm air gap, and 6mm clear internal 

glass with internal louvers that activate when solar 
radiation exceeds 400 W/m² 

165765 5.10 32503 

8 
6mm clear glass, 13mm air gap, and 6mm clear internal 

glass with internal louvers that activate when solar 
radiation exceeds 600 W/m² 

186325 4.30 43331 

9 Installation of shading devices on the facade 86533 7.53 11492 
 

In terms of energy savings, Case 4 (blue-tinted double glazing with argon filling) offers the highest 
reduction in energy consumption, with a savings rate of 9.00%, though it comes with a higher cost 
of €87,380. Case 2, which uses blue-tinted glass with an air gap, also performs well with 8.90% 
energy savings at a slightly lower cost of €61,680. 

The cost-effectiveness of each intervention can be assessed by calculating the cost per 1% energy 
saving. Case 2, the installation of double glazing windows with 6mm blue-tinted glass, 13mm air 
gap and 6mm clear internal glass, emerges as the most cost-effective solution, with a cost of only 
€6,930 per 1% energy saving. This is the most economical option, making it an attractive choice for 
budget-conscious retrofitting. Case 4, using blue-tinted glass with an argon gap, provides a higher 
cost of €9,709 per 1% saving but achieves the maximum energy savings of 9.00%.  

In contrast, Case 8 (internal louvres activated at 600 W/m²) is the least cost-effective, with a cost 
of €43,331 per 1% energy saving. This high cost, coupled with relatively modest energy savings, 
suggests that the use of advanced louvre systems may not offer the best return on investment 
compared to simpler shading or glazing interventions. 

These findings indicate that blue-tinted glass solutions offer the most cost-effective solution, while 
advanced louvre systems (Cases 6-8) involve higher costs for smaller energy savings. All cases may 
be combined with Case 9 to have additional energy saving as it includes a separate type of 
intervention. However, this option should be evaluated individually for each building. Same results 
may not be achieved for every building as it highly depends on the case at hand. Analyses show that 
for the case study building, 16.53% energy savings may be obtained for a cost of €10,521 per 1% 
of energy reduction by combining Case 4 and 9. 

5. Discussion of Results 

The analysis demonstrates that the installation of double-glazed units significantly improves the 
building’s insulation, leading to a noticeable reduction in energy consumption for heating and 
cooling. By reducing thermal transmission through windows, double-glazed systems, particularly 
those with argon-filled gaps, minimize heat loss in winter and heat gain in summer. This 
improvement not only enhances the building's energy performance but also contributes to better 
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thermal comfort for occupants. Among the tested cases, blue-tinted double-glazed units with argon 
gaps (Case 4) proved to be the most efficient, achieving a 9.00% energy saving. However, even 
standard clear double-glazed units (Case 1) delivered improvements over the base case, offering 
3.80% savings. Research by Nair et al. supports these findings, indicating that double-glazing can 
significantly enhance energy efficiency in heritage buildings without compromising their aesthetic 
value [15]. 

The implications of this intervention extend to the overall building performance, with a reduction 
in the load on HVAC systems, which could result in longer equipment lifetimes and lower 
operational costs. In heritage buildings like the Polytechnic University of Tirana, careful integration 
of double-glazing allows energy improvements without significantly altering the appearance or 
structure of the historic facade. This aligns with the work of Buda et al., who emphasize the 
importance of conservation-compatible retrofit solutions that respect the historical integrity of 
buildings while enhancing their energy performance [21]. 

Shading devices play a critical role in controlling solar heat gain, particularly in climates where 
solar radiation can lead to overheating. The internal louvres tested in this study were found to be 
effective in reducing cooling loads, especially in configurations where the louvres activated in 
response to higher solar radiation thresholds. Case 9, involving the installation of internal shading 
devices on the facade, provided a 7.53% reduction in energy consumption. It is one of the cost-
effective interventions being close to low end of cost per energy saving values. This finding is 
consistent with research by Heidarzadeh, which highlights the effectiveness of shading devices in 
improving energy efficiency in office buildings [29]. 

Shading devices not only prevent excess heat gain but also contribute to visual comfort by reducing 
glare inside the building. Fixed internal louvres (Case 5) and automated louvres that responded to 
specific radiation levels (Cases 6-8) proved particularly useful for this purpose. However, in 
heritage buildings, the placement of external shading may clash with aesthetic and preservation 
standards, requiring internal or less visually intrusive solutions, as was applied in this case. This 
necessity is echoed in the work of Kim and Felkner, who argue for the importance of balancing 
energy efficiency measures with the preservation of historical aesthetics in adaptive reuse projects 
[30]. 

The economic analysis of the interventions highlights significant variations in the cost-
effectiveness of different retrofitting measures. While double-glazing solutions offered substantial 
energy savings, their installation cost varied widely. The most cost-effective solution overall was 
the installation of double-glazing windows with 6mm blue-tinted glass, 13mm air gap and 6mm 
clear internal glass (Case 2), which achieved a 8.90% energy saving at a low cost of €6,930 per 1% 
energy saving. In contrast, more advanced louvre systems (Cases 6-8), while offering additional 
energy savings, came at a significantly higher cost. The louvres activated at 600 W/m² solar 
radiation (Case 8), for example, had the highest cost per unit energy saving, at €43,331 per 1% 
saving. This suggests that while advanced shading technologies can enhance energy performance, 
their financial viability may be questionable unless energy savings are maximized. Similarly, the 
use of tinted double-glazing with argon filling (Case 4) achieved the highest energy savings but with 
moderate cost-effectiveness. 

Several challenges emerged during the retrofitting process, particularly concerning the building’s 
status as a heritage structure. Retrofitting older, historically significant buildings requires careful 
balancing of energy efficiency improvements with the need to preserve architectural integrity. 
External shading devices, may not be preferable for buildings like the Polytechnic University of 
Tirana due to potential changes to the historic facade. As a result, internal solutions, such as internal 
louvres, were favored. This approach is supported by findings from Martínez-Molina et al., who 
emphasize the need for energy-efficient retrofitting measures that respect the historical value of 
buildings [31]. 

Another constraint involved the integration of double-glazing. Installing modern, high-
performance windows in a heritage building requires customization to ensure that the new units 
fit within the existing frames without altering the building's historical appearance. Technical 
challenges also arose regarding the application of louvre systems, particularly in maintaining 
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consistent operation of automated systems in response to fluctuating solar radiation levels. This 
complexity is echoed in the research of Bulut et al., which discusses the challenges of retrofitting 
secondary glazing in heritage contexts [32] 

The findings from this case study provide valuable insights for the retrofitting of other heritage 
buildings. First, energy-efficient retrofitting measures, particularly the use of double-glazing and 
shading devices, can significantly reduce energy consumption without compromising the historical 
value of such structures. The most successful strategies in this study combined internal 
interventions, such as internal louvres, with high-performance glazing systems that can be 
integrated discreetly into heritage facades. This aligns with the recommendations of Usta and 
Zengin, who advocate for careful consideration of glazing types to optimize energy performance in 
heritage buildings [33]. 

Future retrofitting projects should aim to balance energy efficiency with historical preservation. 
This might involve using internal, automated shading devices or selecting glazing solutions that are 
tailored to the aesthetic and structural characteristics of the building. Cost-effectiveness should 
also be a key consideration, with particular attention paid to simple yet effective solutions like fixed 
shading devices or air-gapped glazing, which offer a high return on investment. The economic 
feasibility of such measures is supported by the work of Bahadır et al., who emphasize the 
importance of evaluating energy-cost efficient design alternatives [34]. 

Ultimately, these findings highlight that with the right combination of interventions, heritage 
buildings can achieve significant energy savings while maintaining their historical and 
architectural integrity, offering a model for future projects aiming to combine sustainability with 
cultural preservation. The integration of energy-efficient technologies in heritage contexts is not 
only feasible but essential for advancing sustainable practices in the built environment, as 
underscored by the comprehensive review conducted by Moghaddam [35]. 

6. Conclusion 

This study examined the effects of two key retrofitting measures—replacing single-glazed 
windows with double-glazed units and installing shading devices—on the energy performance of 
the Polytechnic University of Tirana, a heritage building in nine different cases. Through energy 
simulations, the results showed that both interventions provided substantial energy savings and 
improved overall thermal comfort, without compromising the architectural integrity of the 
building if done with care.  

The analysis revealed that double-glazed units, particularly those filled with argon and tinted glass, 
significantly reduced heating and cooling demands. Similarly, internal shading devices helped 
mitigate solar heat gain and maintained visual comfort, with some louvre systems performing 
better than others depending on their activation thresholds.  

Main conclusions may be listed as: 

• Double-glazed windows improved insulation, reducing both heating and cooling loads, with 
energy savings ranging from 3.80% to 9.00%, depending on the type of glazing used. 

• Internal shading devices were effective in reducing solar heat gain, with fixed and automated 
louvres providing energy savings between 4.30% and 7.80%, depending on their activation 
threshold. 

• The economic analysis highlighted those simpler interventions, such as standard double-
glazed units and fixed shading devices, offered higher cost-effectiveness compared to more 
advanced automated louvre systems. 

• Retrofitting heritage buildings require careful consideration of both energy-saving measures 
and the need to preserve architectural authenticity. Internal interventions, such as internal 
louvres, were especially effective in addressing this balance. 

The findings of this study underscore the importance of double-glazing and shading devices in 
sustainable retrofitting projects for heritage buildings. These interventions not only significantly 
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enhance the energy performance of such buildings but may also maintain their historical and 
architectural integrity. The results suggest that double-glazed windows and carefully integrated 
shading systems are critical components of any energy-saving strategy for older, historically 
significant structures. 

For heritage buildings, the challenge often lies in finding solutions that both reduce energy 
consumption and respect conservation standards. This study demonstrates that with well-chosen 
retrofitting measures, it is possible to achieve substantial energy savings while preserving the 
building’s historical value. 

Future research may focus on combining these interventions with other sustainable retrofitting 
measures, such as improving insulation and integrating renewable energy systems. Additionally, 
exploring newer technologies for both glazing and shading devices could further enhance the 
energy performance of heritage buildings. 
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1. Introduction 

Concrete is a prominent building material, and its performance becomes complex with the high-
rise structures. However, the concrete constructions were prone to deformation due to harsh 
environmental conditions, improper design, materials deterioration, and lack of structural 
maintenance [1]. To keep structures from being harmed, frequent maintenance and ongoing 
observation are crucial by monitoring the structures to analyze, localize and damaging conditions 
are important aspect in structural health monitoring [2,3] which is usually done by visual 
inspection, Non-destructive testing and sensors. These techniques do have certain limitations for 
complex civil buildings, for instance, visual inspections are often subjective and may fail to detect 
inner damage, whereas other methods, like NDT, require specific equipment and skilled operators. 
Furthermore, the sensors used in conventional SHM systems may become less resilient with time, 
especially when exposed to unfavorable weather conditions. The requirement for routine 
maintenance and calibration of sensors may result in a rise in the overall cost and complexity of 
the monitoring system [5,6]and thus leads to the development of smart sensing concrete by 
inducing functional fillers were used to detect the variation in electrical resistivity of structures 
during damage or deformation. Electrical resistivity, the inverse of electrical conductivity, detects 
damage by measuring the change in stress and strain.  Concrete with functional fillers such as 1.5 
weight percent carbon fiber shows improved compressive strength of 33 MPa in addition with FCR 
2.2% [8], the same proportion of carbon fiber in geopolymer concrete also shows sensing 
properties [7] hybrid combination of 0.4 weight percent carbon fiber 0.5 weight percent carbon 
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nanotubes shows excellent electrical capabilities it creates significant negative potential shift 
caused by the applied electric current, steel rebars were protected effectively [9]. Concrete mixes 
containing 0.5% steel fibers lowers electrical resistance, with a gauge factor more than 20 times 
greater than that of typical strain gauges [10], then mortar with 5 % graphite powder shows 60% 
decrease in electrical resistivity during compression [11], under uniaxial compression, the 
electrical resistivity of  nickel particles based mortar decreases by 62.61*% in the elastic regime 
[12] According to the filler concentration, functional fillers form a conductive network within the 
concrete [4,7] and transforming the concrete into a conductive material. Functional fillers can fill 
the micropores in the concrete matrix and improve the connection between individual particles. 
This allows concurrent monitoring of structural health through the detection of cracks and stresses, 
improving overall safety and longevity of the structure. Simultaneously, the addition of functional 
fillers in concrete also boosts up its mechanical properties like compressive strength, tensile 
strength and flexural strength [8-13] and makes the structure durable and resistant against 
environmental factors as compared with traditional sensors [6].  

Sensing concrete plays an essential role in structural durability by investigating reinforcement 
corrosion [14]. Real-time monitoring of traffic patterns and structural integrity is made possible by 
this cutting-edge technology, which also provides important information for maintenance and 
safety enhancements [15]. Furthermore, by automatically recognizing and reacting to ice 
conditions, sensing concrete used in anti-icing applications reduces accidents and extend the life of 
the infrastructure [16].  As a result, sensing concrete is more consistent, efficient and cost effective 
as compared with traditional sensors. 

2. Monitoring of Structures 

In general, the planning of the urban infrastructure for a more effective and sustainable future is 
being completely transformed by the incorporation of cutting-edge materials and sensors into the 
concrete building process. Sensors are implanted in concrete during and after construction to 
monitor the health of buildings by collecting data from the sensors. [2]. The sensing methods in 
structures were indicated in table 1. 

2.1. Electric Strain Gauge  

Electrical resistance serves as the foundation for the operation of a strain gauge [17]. A material's 
electrical resistance varies as it expands or compresses. This characteristic is used by a strain gauge 
to quantify strain by identifying variations in resistance. The strain gauge will sense variations in 
strain during testing and adjust its electrical resistance accordingly. These variations in resistance 
cause a voltage differential, which the DAQ system subsequently records [18]. 

2.2. Accelerometers 

Sensors that measure variation in velocity and it measures vibrations in variations of electrical 
resistance which is concurrently recorded in data logger [19].  

2.3. Fiber Optic Sensors  

Sensor that uses optical fiber to measure strain, temperature and pressure variations. Fiber Bragg 
Grating (FBG) sensors is the most commonly used fiber optic sensors. The grating is engraved in to 
the core of the optical fiber. The grating spacing varies in response to temperature variations or 
strain on the fiber, which modifies the reflected light's wavelength. The strain or temperature 
change can be ascertained by measuring this wavelength shift [20]. 

2.4. LVDT 

 Transducers that work on the principle of a transduction process are known as inductive 
transducers. A position sensor that can detect linear movements or vibrations and convert them 
into electrical signals or a pulsating electrical current is essentially what an LVDT is. The linear 
movement of the item to which it is linked is converted into a fluctuating electrical signal by the 
LVDT sensor [21].  
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2.5. Piezo Electric Sensors  

Piezoelectric phenomena are caused by an electric dipole moment. When a piezoelectric material 
is exposed to an external stress or deformation in a particular direction, it produces electric 
polarization, which results in opposing bound charges on each side. After the external stress was 
removed, the polarization disappeared, resulting in the voltage differential. Piezoelectric sensors 
are widely used to detect dynamic pressure signals which is recorded in data logging system [22]. 

2.6. Acoustic Emission Sensors  

AE sensors is a passive non-destructive testing technique that uses the high-frequency acoustic 
energy released by a stressed item, such as when corrosion products develop on a corroding rebar 
and push out onto the concrete around it. Subsequently, the data is recorded [23]. 

2.7. Eddy Current Sensors   

ECT is an NDT technique, ECT probe is activated by an alternating current. The electrical current 
generates an alternating magnetic field in the area of the ECT probe, which oscillates at the same 
frequency. The eddy current distribution changes due to variations in the test object's electrical 
conductivity and magnetic permeability, as well as the existence of defects concurrently changes 
were recorded [24]. 

2.8. Electro Chemical Corrosion Sensors 

Electrochemical analysis offers a real-time performance evaluation non-destructive estimation of 
rebar corrosion in existing concrete structures. The mechanism involves in this process is oxidation 
and reduction reaction [25]. 

2.9. Humidity Sensor  

The term "humidity sensor" describes any apparatus or gadget that may transform humidity into 
an electrical signal that is simple to detect and records the moisture movement in cracks [26]. 

2.10. Vibrating Wire Sensors 

VWS are widely employed to monitor the strain in structures The working principle of vibrating 
wire sensors rely on the measurement of the frequency changes of a wire which is placed on the 
support of the structure depending on the wire specification and the surrounding environment 
oscillation occurs which is recorded in a data monitoring system [27]. 

Table 1. Sensing methods and its parameters 

Sensing 
methods 

Materials Measuring parameter References 

Intrinsic 
Conductive fillers (carbon 

fibers, graphene, CNT, steel 
fibers) 

Stress, strain, temperature, crack, 
moisture movement 

[7-11] 

Non intrinsic Electric strain gauge Strain [17,18] 

Non intrinsic Accelerometers 
Acceleration (to study dynamic 

behavior of structure) 
[19] 

Non intrinsic Fiber optics 
Strain, temperature and pressure 

variations 
[20] 

Non intrinsic LVDT Displacement [21] 

Non intrinsic Piezo electric sensors Stress, temperature, crack [22] 

Non intrinsic Acoustic Emission sensors 
Detects stress waves during crack 

propagation. 
[23] 

Non intrinsic 
Eddy current sensors, 

crack sensor 
Crack growth [24] 

Non intrinsic Humidity sensors Moisture content [25] 

Non intrinsic 
Electro chemical 

corrosion sensors 
Corrosion [26] 

Non intrinsic Vibrating Wire sensors strain [27] 
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3. Evolution of Self-Sensing Concrete 

The larger subject of smart materials and structures, which started to get substantial attention in 
the 1980s, is where the idea of self-sensing concrete first emerged. But there are a few significant 
turning points to track the precise evolution of self-sensing concrete as shown in Fig 1. 

3.1. Early Ideas (1990s) 

 In the early 1990s, the concept of adding sensing capabilities to concrete structures was initially 
put out. Researchers started experimenting with strain and temperature monitoring using fiber 
optic sensors implanted in concrete [28]. These early attempts, albeit not specifically self-sensing 
concrete, set the stage for the eventual integration of sensing capabilities into concrete buildings. 

3.2. Electrically Sensitive Concrete (Late 1990s to Early 2000s) 

The creation of electrically conductive concrete was a key step toward complete self-sensing 
capabilities work on carbon fiber-reinforced cement-based composites with strain-sensing 
characteristics [29]. This study found that the electrical resistivity of these materials altered in 
response to applied stress, indicating a route to intrinsic sensing capabilities. 

3.3. Piezoresistive Cement Sensors (Late 2000s) 

Following on previous work with sensitive concrete, researchers created specialized compositions 
of cement-based composites with improved piezo resistivity. Han et al. (2015) investigated cement 
composites containing carbon nano tubes, which showed significant sensitivity to stress and strain. 
The creation of multifunctional self-sensing concrete, which is capable of monitoring several 
factors at once, has been the focus of recent advancements in this field [30]. A cement-based 
composite with enhanced mechanical properties and the ability to detect strain, cracks, and 
damage was created by many researchers by using various functional fillers such as carbon fiber, 
carbon nanotubes, steel fiber, graphene nano platelets [4-12]. The current paradigm in research is 
on the practical application of self-sensing concrete technology at a large scale in real-world 
structures. 

 

Fig. 1. Evolution of self-sensing concrete 

4. Functional Fillers in Concrete 

Functional fillers, like metallic fibers, carbon materials, graphene materials, metallic powder, and 
other conductive materials, that are typically utilized in electrically conductive concrete are 
indicated in table 2. Carbon black, the by-product of pulverization of waste tires and the amorphous 
form of carbon decreases the concrete resistivity concurrently increases the sensitivity of concrete 
[31]. Graphene materials such as graphite coated fibers, aggregates and graphene nano platelets 
are also proved effective conductive fillers for sensing concrete. The graphite nano platelets (GNP) 
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diminish conductivity with 2.5%, later it enhances with 5% and 7.5% by weight of cement [32]. 
Graphene powder significantly enhances the conductivity of concrete, simultaneously decreases its 
workability and makes the mix harsher [11]. 

 Steel slag, obtained from smelting of iron, in the iron industry increases compressive and split 
tensile strength it also enhances high conductivity in concrete with steel fibers through quantum 
tunneling. Its use contributes to reduce waste and lower the carbon impact of construction projects. 
Overall, integrating Steel slag in concrete mixes provide durable, robust, and cost-effective material 
in construction industry [33]. The short stainless-steel fiber improved electrical conductivity, 
flexural tension, and energy absorption capacity [10], whereas the inclusion of nano stainless-steel 
powder reduces dry shrinkage by 12.1% to 39.8% [34].  

Table 2. Functional fillers in concrete 

 

Carbon based nano materials like single-walled carbon nanotubes and multi-walled carbon 
nanotubes gives a higher conductivity channel for electron transport within the concrete and also 
provides excellent mechanical strength [9][39]. Other key materials employed in concrete sensing 
include carbon nanofibers, which provide excellent mechanical strength and micro fracture 
bridging and simultaneously lower the concrete resistivity by conductive channel formation via 
tunneling conduction [7]. Even in hostile environments, the carbon-based functional filler offers a 
stable conducting network and enhanced mechanical properties, whereas steel slag and steel fiber 
are frequently prone to corrosion [35]. Research shows that fibrous fillers provide more stable 

Constituents of filler Functional fillers Function of fillers Cost Comparison 

Carbon based fillers 

Carbon fiber 

Enhances electrical 
conductivity to monitor 

strain and improves 
tensile strength. 

High 

Carbon nano tubes 
Improves piezo 

resistive property and 
self-heating. 

Very high 

Carbon black 
Reduces resistivity, 

improves compressive 
strength. 

Low 

Activated carbon 

Reduces resistivity, 
improves compressive 
strength and reduces 

porosity. 

Moderate 

Graphene based fillers 

Graphene nano platelets 
 

Enhances compressive 
strength, and piezo 
resistivity to detect 

strain. 

High 

Graphene powder 

Improves piezo 
resistive property and 
improves mechanical 

strength. 

High 

Metallic based fillers 

Steel fiber 

Boost mechanical 
strength, crack- 
bridging, lowers 

resistivity. 

Moderate 

Metallic powders such 
as ferric, copper and 

nickel powder. 

Enhances electrical 
conductivity to monitor 

strain. 
High 

Steel slag 
Improves compressive 

strength and lowers 
resistivity. 

Low 

Other fillers 
Piezoelectric ceramics 

(e.g., lead zirconate 
titanate) 

Enhances electrical 
conductivity to monitor 

strain. 
Very high 
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conductive network when compared with particle fillers subsequently in terms of scale micro- 
scale fillers easily forms conductive network compared with nano- scale fillers but at the same time 
nano- scale fillers provide broader conductive network at lower concentration [36]. 

Hybrid filler combination shows optimized performance and cost reduction for example using 
0.5% weight of carbon black with 0.1% weight of carbon nano tubes shows excellent strain 
sensitivity of 107 when compared with carbon nano tubes of 67 [37]. Industrial by products can be 
used as a functional fillers like steel slag, copper slag, carbon black etc., which reduces the cost for 
example fine steel slag with steel fibers shows excellent compressive strength of 184 MPa with 
gauge factor 246.59 using the recycled by products as a functional filler reduces the harmful impact 
on environment [38]. The selection of functional fillers based on its aspect ratio, conductivity of the 
filler, cost, etc., for example carbon fiber is more effective in crack bridging simultaneously 
enhances the conducting pathways with comparatively low cost when compared with carbon nano 
tubes. Steel fiber and steel slag offers sensing characteristics and also prone to corrosion in harsh 
environmental conditions [35]. The criteria for selection of fillers are also based on surrounding 
environments it considerably affects the durability of sensing composites. 

5. Dispersing Methods of Nano Particles 

Dispersing the particles is necessary to establish the right conductive network in the concrete. 
Dispersing nanomaterials are either done by chemical or mechanical method. Dispersion of 
nanomaterials such as carbon nanotubes and nanocarbon fibers became problematic due to their 
large specific area and development of fiber aggregation due to Van der Waals force which is weak 
intermolecular forces due to attraction between molecules. Mechanical techniques include 
mechanical stirring, ball milling, and the sonication process [39].  as shown in Fig. 2. Surfactants 
typically utilized in chemical techniques included methyl cellulose, polycarboxylates, and 
lignosulphonates [40,42]. Recent research shows that fly ash and silica fume [40] are also utilized 
for dispersing the nano materials like carbon nano fiber because the size of silica fume are much 
smaller than cement which allows nano materials to fill the void between them and reduces the gap 
where nano materials tend to agglomerate [7]. 

 

Fig. 2. Fabrication of sensing concrete 

The dispersion of fiber is more effectively promoted via combined use of silica fume and 
methylcellulose than by using silica fume alone [3] [41]. To accomplish this dispersion, three major 
approaches have been developed; admixing, synchronous admixing, and later admixing [42] as 
shown in Fig. 3. The initial admixing technique is appropriate for fiber fillers, whereas the later 
admixing is appropriate for larger fillers. Hybrid mixtures of functional fillers are dispersed by 
synchronous admixing [12][30]. Research indicates that synchronous admixing is preferred to 
disperse carbon black and polyvinyl alcohol fiber to produce self-sensing concrete [42]. 
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Fig. 3. Dispersion of nano materials 

6. Principle  

Electro mechanics is the theory that underlies the concrete's sensing mechanism, the study of 
electromechanics focuses on interaction between mechanical and electrical systems with one 
another which is based on the flow of electrons during mechanical loading [44]. According to 
Kousalya Ramachandran et al. (2022) the three elements of electromechanics are piezo-resistivity, 
piezo-permittivity, and piezo-electric functions [44]. In this case, piezo-resistivity is essential to the 
concrete sensing mechanism and is obtained by mixing conductive fillers into the concrete. The 
phrase "piezo-resistivity" refers to the variation in electrical resistivity; when the specimen is 
subjected to mechanical loading, stress or strain then it causes variation in resistivity here current 
and potential difference are important factors that influence the property. If the specimen is under 
the stress, then its geometry undergoes changes which leads to create the pathway between 
conductive fillers to allow the electron transfer allows the variation in resistivity then the strain is 
measured by change in resistivity which is given by  

R = ρ⋅ L /A (1) 

R denotes the resistance of the specimen, ρ is the resistivity, L is the length and A is the cross-
sectional area of the specimen [45].  "Piezo-permittivity" is the change in capacitance, is suitable 
for dielectric materials which is non conducting materials if is placed in electric field then 
polarization occurs it sense stress or strain in the materials due to change in properties of dielectric 
materials during loading it stores the electrical energy while unloading it releases the stored energy 
by measuring the capacitance the permittivity is calculated; frequency is a critical parameter that 
influences the property which is calculated by using this relation; 

C = Aκϵ0 / L (2) 

C denotes capacitance, ϵ0 is free space permittivity 8.85 × 10-12 F/m, L is the length and A is the 
cross- sectional area of the specimen [46].   "Piezo-electricity" is the change in electric potential or 
charge when the material experiences an external stress causes internal atomic displacement; 
voltage is the main factor using this mechanism piezo electric sensors are used to measure integrity 
of structures [47]. 
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7. Factors Influencing Sensing Mechanism 

Siqi Ding et al. (2017) looked at the factors that influence the sensing process. The important 
parameter is pressure-sensitive qualities that include a range of metrics including signal-to-noise 
ratio, zero shifts, input and output range, and changes in electrical resistivity as a result of strain 
brought on by applying loads or deformation of the structures. One of the factors that influence the 
sensing mechanism was the optimization of functional fillers, its orientation and dispersion; if the 
right orientation and dispersion were not attained, the sensing mechanism would be affected 
[48,49]. The other crucial element is the concrete's ability to sense temperature as the concrete 
temperature rises, electrical resistance falls [31,42] because jumping of electrons across surfaces 
in the cement-based material causes resistivity to drop as temperature rises and also the 
movement of ions inside the matrix is high at high temperature this offers lower resistance and 
higher conductivity of the matrix [48]. Madhavi and Annamalai (2016) looked into concrete's 
electrical conductivity with saturated water content, fresh concrete functions as a semiconductor 
with an electrical resistance of 105 ohm, whereas hardened concrete functions as an insulator with 
an electrical resistance of 1012 ohm because well interconnected pores exhibit good ion mobility 
and water content act as a medium for movement of ions which is responsible for ionic conduction 
this increases the conductivity of concrete [50]. Tiny variations in the water content have a 
significant impact on the electrical conductivity or resistivity of the concrete because the passage 
of electrons is dependent on the mobility of ions in the water molecule [51,52]. The evaporable 
water in the concrete evaporates as it solidifies, causing a shift in the interconnectivity of the pores 
[30,42,44]. The curing phase is a crucial factor that influences conductivity. As the curing age 
increases, so does the hydration rate and product, resulting in a denser concrete member. The 
hydration product gets encased in the pores, restricting the creation of the conductive network 
[12,30]. The other important parameter to have an impact on the characteristics of concrete is the 
presence of corrosive substances in the environment causes ion permeation and lowers electrical 
resistivity, which in turn weakens concrete's sensing capabilities. The additional factors are voltage 
characteristics, frequency, and current between the electrodes influence the sensing mechanism 
[47].  Shape of the functional fillers like fibrous and flaky are more effective in forming conductive 
network when compared with particles like carbon black, activated charcoal. The filler structure 
has a considerable influence on percolation behavior as it influences a neighboring distance 
between them. It is possible to compute the spacing between neighboring spherical fillers ds and 
fibrous filler df using [48]; 

ds   = a/2 (4𝛱/3𝛷) 1/3   and df =   a/2 (Πl/Φ)1/3 (3) 

where a is diameter of filler and l is fiber length and Φ is filler concentration [48]. 

 
Fig. 4. Factors influencing sensing mechanism 
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8. Process of Conductive Mechanism  

The technique by which concrete conducts electric impulses through them when the specimen or 
structure deforms is known as the conductive mechanism in concrete sensing. This allows the 
concrete specimen to sense signals during stress, strain, or any other deformation either by ionic 
conduction or tunneling conduction [53,54]. 

8.1. Ionic Conduction 

The pore solution and dissolved particles in the concrete are the primary determinants of the ionic 
conduction of the material as shown in Fig. 5. Because the concrete conducts ions in response to 
external stimuli or environmental cues, it may detect deformation such as stress and strain in the 
concrete specimen and structure via conducting electrical impulses through linked capillary spaces 
[30,53]. 

 
Fig. 5. Ionic conduction 

8.2. Tunneling Conduction 

This kind of conductive mechanism works by creating a strong electric field, which causes electrons 
to jump over barriers, conduct with nearby fibers, and create a conductive network as shown in 
Fig. 6. The electrons then conduct electricity and can detect deformation using an 
electromechanical method [33,54]. A key component of the concrete's capacity to recognize and 
react to environmental changes is tunneling conduction, which enables the tracking of stress and 
strain levels.  

 

Fig. 6. Tunneling conduction 

The smart concrete detect deformation through electrical impulses to its conductive network, 
which offers important information about the material's structural integrity [30,42]. Higher filler 
concentration form effective tunneling pathways for electron hoping across the barrier than lower 
filler concentration concurrently the uniform distribution of fillers should be ensured without 
agglomeration or cluster formation which affects the tunneling pathways and requires more 
energy for electrons to cross the barrier which leads to energy loss and limited the sensing 
mechanism [54]. The carbon fiber, CNT, steel fiber forms continuous network due to bridging up 
the gap between neighboring fillers and requires less energy for electron – hoping across the 
barrier [48]. 
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Table 3.  Comparison of ionic conduction and tunneling conduction  

Characteristics Ionic conduction Tunneling conduction 

Pore water 
Pore water is essential, water act 

as medium for ions movement. 
Pore water is not essential, electrons 

conduct the sensing mechanism 

Filler 
concentration 

Conduction is possible even at 
lower filler concentration 

Conduction is not possible at lower 
concentration, because it forms weak 

conductive network between the 
neighboring fillers. At higher 

concentrations, the conductive 
network is strong, electrons cross the 
barriers to exhibit sensing properties. 

Temperature 
Temperature increases then the 

mobility of ions increases. 

Energy of electrons is responsible for 
quantum tunneling, temperature is 

least effective in this mechanism 
 

9. Percolation Threshold 

The creation of conductive channels for physical characteristics of a heterogeneous composite is 
given by percolation theory [55]. A continuous network is expanded to the entire specimen as 
conductive particles come into touch with one another or the volume of the filler percentage 
exceeds a critical value or percolation threshold [11]. The conduction process follows three criteria 
based on the volume of functional fillers. Concrete's electrical resistance shifts from an insulating 
zone where functional filler concentration is lesser than the critical filler concentration significant 
electrical conduction is prevented in the absence of a well-connected network, while some 
electrons may tunnel through small gaps if particle’s chance to be nearby. The point at which fillers 
starts to form a conductive network and provides pathway for electron movements by direct 
contact or tunneling conduction simultaneously there is sharp and sudden rise in electrical 
conductivity of the specimen when conductive filler concentration reaches the critical percolation 
threshold with the effective filler’s dispersion without agglomeration [8,9,30,56]. After reaching 
the critical threshold the electrical conductivity of the specimen starts to gradual rise after that it 
starts to decline due to higher concentration of fillers paves a way for agglomeration [48].  

 

Fig. 7. Percolation threshold of various functional fillers [41] 

The percolation value influenced by filler materials inter-particulate distance, large surface area 
and high aspect ratio particles [49,56].  The shape of fillers such as fibrous, flaky and tubes enhance 
electrical conductivity at lower percolation threshold as compared with spherical shape fillers. 
Micro and nano size filler particles like CNT have the potential to scatter more uniformly 
throughout the matrix and perhaps reduce the percolation threshold as compared to that of macro 
size fillers like steel slag, steel fiber. Dispersion of functional filler in the concrete matrix plays a 
critical role. If the fillers were evenly distributed, the sensing qualities produced by lower 
percolation threshold [41,48]. 
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10.  Methods of Measurement in Sensing Concrete 

Electrical properties of the smart concrete are sensed either by two or four probe i.e., Wenner 
method as shown in Fig.8. This electrode configuration of the Wenner method produces a superior 
outcome as the contact resistance between the electrodes are minimized. The electrodes serve as 
a link between the composites and the assessing parameter [10,12,57]. Stable electrical 
conductivity and low electrical resistance are desirable qualities for an electrode. Electrodes made 
of metals like silver, aluminum, copper, and stainless steel could be formed into bars, metal foil, 
mesh, or any combination with the silver or copper conductive material [30,42]. Direct current 
(DC) and alternating current (AC) are the two current modes utilized to measure electrical behavior 
of the composite [7,8]. Although the direct current thought to be the easiest, the current has a 
limited range and may cause ions to migrate, which might cause electrical polarization in the 
composite. Electrical polarization makes it challenging to measure electrical resistance [58]. 
Initially it is subjected to DC voltage, which causes the polarization at the time of measurement 
[42]. Another work around for this problem is to use alternating current (AC); polarization occurs 
still, but it may be controlled by varying the range of frequency and voltage applied to the composite 
before loading to finish the polarization at the time of measurement by varying the AC voltage's 
frequency range and amplitude that gives the polarization process more control [10,58,59]. The AC 
can be transferred to the larger area as compared with DC with minimal loss of energy. DC current 
produces a constant, continuous flow of electrons in same direction hereby reduces fluctuations in 
resistivity whereas AC current does not produce the constant flow of electrons and it mainly 
depends on frequency by using AC current capacitance and inductance also measured unlike DC 
current where resistance only measured [57]. Polarization is high in DC current and used for static 
measurements while low in AC current and used for dynamic measurements [58,59]. 

 

Fig. 8. Measurement of electrical parameter in smart concrete 

  

11. Sensing Mechanism Under Various Loading 

11.1. Loading Under Compression 

During loading new cracks erupt due to stress and cracks expand under uniaxial compression. 
Functional fillers approach one another as a result of pressure compaction, strengthening the 
conductive network inside the sensing concrete this cycle repeats continuously. During loading the 
resistivity of sensing concrete decreases because spacing between the functional fillers is reduced 
which makes the flow of electrons to the nearby neighboring fillers became quite easy with well -
established conductive network through various number of conducting pathways [60] while 
unloading it increases subsequently the conductive network is destroyed and then rebuilt as a 
result of new cracks sprouting. The conductive network breaks down when the fracture widens 
[12,42,61]. The initial resistivity and resistivity variation are recoverable within elastic region 
when the stress amplitude is below 30% [30]. 

11.2. Loading Under Tension 

Tensile tension causes the concrete's electrical resistance to rise because it pulls apart the 
functional fillers within the concrete and thus increases the electrical resistance during loading and 
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decreases while unloading [62,63] because tensile force pulls the fiber out from the matrix which 
disrupt the formation of conductive pathways [60]. The initial resistivity and resistivity variation 
are recoverable within elastic region if the amplitude of stress increases then the initial resistivity 
and resistivity variation are irrecoverable [42,63]. 

11.3. Loading Under Flexure   

When a concrete beam bends, the top surface compresses and the bottom surface tenses. Flexural 
loading introduces compressive and tensile strains into the concrete; the compression side of the 
concrete beam electrical resistance is less, while the tension side electrical resistance is high [30, 
61]. 

 

Fig. 9. Sensing mechanism under various loading 

12. Piezo Resistive Sensing Mechanism 

The resistivity change is influenced by the functional filler content inside the concrete matrix. The 
percolation phenomena are seen from the Fig. 10., and its existence is explained by varying 
functional filler concentrations [44]. Insulating zone, where resistivity is high, percolating zone, 
where resistivity drops suddenly, and conducting zone, where resistivity is low, make up the three 
sections of the curve [42]. Insulating zone is characterized by a filler concentration in the concrete 
matrix that is significantly less than the percolation threshold, large spacing between fillers, and 
sparse filler gathering [59].  

 

Fig. 10. Variation in Electrical conductivity 
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As a result, it is difficult for a conductive path to form and for electrons to move between fillers, and 
the composite exhibits nearly the same high resistivity as the matrix [10,12,30]. The percolation 
zone is distinguished by the filler content is around the percolation threshold then those fillers 
begin to build a conductive channel due to tunneling and ionic conduction subsequently reduces 
the distance between the fillers and thus sharply rises the conductivity of the composites [53,54]. 
The conducting zone is characterized by the filler content is above the percolation threshold and 
forms a well- established conductive network results in small increment in conductivity [30,42,44]. 
At the same time composites with a larger filler concentration did not exhibit the same sensing 
effect as the composites with comparatively lower filler concentration [73]. This might have 
happened because there was more tunneling barrier to alter during cyclic loading, but a high filler 
concentration could result in more conductive pathways, which would have prevented the network 
from growing further [9,10,55,57]. Therefore, a filler content that is either excess or insufficient 
could not result in piezoresistive performance. 

 

Fig. 11. Piezo resistive mechanism 

12.1. Sensitivity Measurements 

Sensing behavior is defined by sensitivity characteristics such as a fractional change in electrical 
resistivity (ΔR/ R0), force sensitivity coefficient (ΔR/ R0) / F, stress sensitivity coefficient (ΔR/ R0) 
/ σ [35]. By monitoring the passage of electrons between the electrodes at a constant voltage, the 
stress and strain under both dynamic and gradually changing loads were assessed with the 
electromechanical tests. The functional relation between axial strain (∊) and electrical resistance 
(∆R) may be expressed as follows [52]; 

∆R/R0 = k∊ (4) 

where ∊ is the axial strain, k is the gauge factor, and R0 is the initial resistance. Polarization effects 
were responsible for the temporal drifts. The material's electrical properties are also crucial for 
determining sensing characteristics. Ohm's law determines electrical resistance [44]; 

V= IR (5) 

V is potential difference measured in volts (V), I is the current flow in the circuit measured in terms 
of ampere (A), whereas R is the electrical resistance measured in terms of ohms (Ω). The signal 
reception of sensing concrete has also been done recently using innovative methods as electrical 
capacitance tomography (ECT) [74], electrical impedance tomography (EIS) [75] and Electrical 
resistance tomography (ERT) [15]. More detailed information may be obtained using these new 
methods than with the conventional measurement techniques. For instance, the EIS approach may 
be applied to collect data concerning the microstructural features of the concrete and electrode-
concrete interfacial zone [75], in addition to being employed as the sense the signal in concrete, EIT 
or ECT or ERT methods can picture the distribution of capacitance or impedance or resistance in 
two or three dimensions, defining the location, form, and degree of structural change of self-sensing 
concrete [15,74,75]. 
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Table 4.  Mechanical, Durable and FCR of various functional fillers 

Fillers 
Compressive 

strength 
(MPa) 

Split 
tensile 

strength 
(MPa) 

Flexural 
strength 

(MPa) 

Durability 
(Water 

absorption) 
FCR Reference 

Steel fiber 29.18 3.82 4.13 3.98% 0.194% [65] 
Steel slag 55.4 4.2 4-5 11.1% 0.198 [33,66] 

Carbon fiber 48 5.8 12.1 3.9% 3.0% [42,67] 
CNT 72.1 7.21 10.5 1.565% 2.0% [42,68] 

Graphene 70-80 4-5 5-6 1.5-2% 2.2% [42,69] 
GNP 50-60 2.8 8-9 3-3.5% 2.5-3% [42,70,71] 

13. Applications 

The smart sensing concrete provides various applications in various fields like traffic monitoring, 
smart bricks, anti- icing in pavements etc., as indicated in Table 3. 

Table 5. Research area in sensing concrete  

Research area Materials Characteristics References 

Anti -icing 
in pavements 

Asphalt concrete with 
carbon fibers 

Enhances electrical conductivity 
and improves self-heating in 

pavements. 
[16,77] 

Smart bricks 
Clay with stainless steel 

fibers 

Identify and localize earthquake-
induced damage in masonry 

structures. 
[78] 

Traffic monitoring Carbon nano tubes 

The actual moments of vehicle 
flow monitoring with a low false-
alarm rate and a high detection 

rate in concrete pavement 
technology. 

[15,79] 

Structural 
health monitoring 

Graphene nanoplate 
(GNP) and Silicone 

hydrophobic powder 
(SHP) 

Continuous monitoring of 
cracking, temperature 

fluctuations, load distribution, 
and moisture intrusion. 

[80] 

Corrosion 
monitoring 

Carbon nanofibers 
(CNFs) and recycled 
Milled carbon fibers 

(rMCFs) 

It detects changes in electrical 
conductivity, pH levels, or 

moisture content, which are 
indicators of corrosion activity. 

[81] 

Nuclear fuel storage 
Carbon and polymeric 

fibers 

To measure flow rate, 
temperature gradients, pressure 

levels. 
[82] 

Electromagnetic 
shielding 

Carbon fibers 
It reflects electromagnetic 
radiation, minimizing their 
penetration into concrete. 

[83] 

 

14. Conclusion 

Self-sensing concrete has developed from a theoretical notion to a workable technology with 
promising applications. Concrete's sensing capabilities have been greatly improved by the use of 
nanoparticles, especially carbon-based additions. The technique shows variety of applications, 
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including structural health monitoring for buildings and bridges, smart pavements, and nuclear 
power plant constructions. This adaptability highlights its potential to transform infrastructure 
management. Even yet, there are still a number of obstacles to overcome. These concerns include 
the necessity for standardized testing and assessment procedures, the integration of self-sensing 
systems into current infrastructures, and the long-term dependability and longevity of self-sensing 
materials. The creation of these standards is crucial for ensuring the dependability and longevity 
of smart concrete buildings and gives criteria to implement sensing concrete for widespread 
applications. Fabrication of sensing concrete is a time-consuming process due its prior dispersion 
of functional fillers in to the concrete. The dispersion of nano materials is problematic and tedious 
process it might be difficult to evenly distribute nanoparticles into concrete subsequently 
applications on a massive scale, standard methods like ultrasonication or the use of surfactants 
might not always be practicable or successful. Factors such as voltage, frequency, current flow, type 
of electrode and material of electrode, curing process, temperature influence the sensing 
characteristics it may results in data inaccuracy and it is challenging to record data under various 
environment conditions. The embedment of sensing concrete in the existing structures for 
monitoring damage detections became quite difficult.  Cost of the functional fillers is high and cause 
economic barrier in cost effective projects yet the use of hybrid combinations of functional fillers 
enhances serviceability of the structures, concurrently replace and eliminates periodical 
maintenance of sensors minimizes the economic barrier as compared to that of conventional 
concrete. The integration of sensing concrete with robotic and Iot application could pave the way 
to avoid catastrophic failure and potential risk of the structures by improving efficiency and 
reducing human error paves the way for reducing the wastage of resources by increasing the life 
span of structures. The incorporation of sensing composites in concrete can be used to build more 
safer, more durable and more sustainable structures.  Integrating data from different structures 
into larger urban management systems can enhance the resilience in earthquake-resistant 
structures, self-monitoring bridges, energy-efficient buildings or smart city infrastructures and 
general planning of cities. Future studies should concentrate on resolving these issues, enhancing 
the materials' sensitivity and accuracy, and investigating novel applications. 
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 This study provides a comprehensive analysis of clay shale from the Settat-
Khouribga region, assessing its suitability for civil engineering applications 
through various tests. Grain size distribution, hardness (MDE, LA), and plasticity 
(ES 0/5, IP, VB) tests, along with consistency index evaluations following the 
"CSTCN" catalog, were conducted. X-ray diffraction (XRD) and mineralogical 
analyses identified key components such as quartz, calcite, feldspar, and iron 
oxide, with quartz being predominant. The results demonstrated that the shale 
clay is well-suited for construction purposes, exhibiting favorable grain size 
distribution and high resistance to wear and abrasion, which are crucial for 
material durability. Its low plasticity further indicates good mechanical stability 
in construction projects. SEM analysis revealed a microstructure dominated by 
quartz grains, montmorillonite, and illite lamellae, and the presence of micro 
fissures and pores suggests both strengths and potential durability concerns. 
Advanced statistical analyses, including Principal Component Analysis (PCA) 
and regression models, were employed to assess geotechnical properties. The 
study confirms the shale's compliance with construction standards, highlighting 
its potential for sustainable building practices. These findings contribute 
significantly to the field of geotechnical engineering, emphasizing the material's 
suitability for construction and its broader societal implications. 
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1. Introduction 

Despite its abundance, the use of Settat-Khouribga shale clay in construction has been 
limited by a lack of detailed mineralogical and geotechnical characterization. This study 
aims to bridge that gap by providing a comprehensive analysis of the material, which 
is crucial for its application in sustainable construction. The geological formations in 
the Settat-Khouribga region, rich in shale clay, are of great importance due to the 
presence of montmorillonitic clay minerals that impart unique properties to these 
rocks. A detailed geological study of this region reveals that these formations result 
from Cretaceous sedimentary deposits, contributing to increased mechanical stability. 

The Settat-Khouribga shale belongs mainly to the Western Meseta of Morocco [1] 
which is of Upper Cretaceous age. This formation comprises clayey and marly shales 
and interbedded layers of limestones and dolomites [2]. 
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In addition, the Settat-Khouribga region has abundant shale clay, making it a promising 
option for use in construction. So far, studies on marginal aggregates have mainly 
focused on shale aggregates and shale-derived materials[3]. This report presents the 
results of a grain size analysis and specifications of a shale-clay material, as well as its 
characteristics such as hardness (MDE, LA), plasticity, and cleanliness (ES 0/5, IP, 
VB).[4] [5] Additionally, the consistency index test by the "CSTCN" catalog and X-ray 
diffraction analysis was conducted on samples collected from the study area [6]. 

To further understand the potential of Settat-Khouribga shale clay for construction, we 
conducted a detailed microstructural analysis using Scanning Electron Microscopy 
(SEM). The SEM images revealed three critical microstructural features: granular 
structures composed primarily of quartz grains, lamellar structures of clay minerals 
like montmorillonite and illite, and the presence of micro fissures and pores. These 
features are crucial in evaluating the material's suitability for civil engineering 
applications, particularly in terms of mechanical strength and long-term durability. 
Previous studies have demonstrated the potential of shale clay in various civil 
engineering applications. For instance, research by [7] highlighted its use in road base 
construction due to its favorable mechanical properties. Similarly, [8] explored the 
feasibility of using shale clay in building foundations, where its mineral composition 
provided significant advantages in terms of compressive strength 

2. Materials and Methods 

2.1 Study Area Description  

The Settat-Khouribga region, located in the northwestern part of Morocco,[9] stands 
out for its diverse geology, situated in the eastern portion of the Moroccan Meseta 
sedimentary basin[10]. It is primarily composed of sedimentary formations from the 
Upper Cretaceous. This region is renowned for its extensive deposits of shale clay and 
marl (Fig. 1).[11] 

  

Fig. 1. Clay Shale from the Settat-Khouribga area 

2.2 Methodological Approach  

After conducting field reconnaissance and using the geological map as a reference, we 
delimited the study area where shale clay is present. Subsequently, samples of shale 
clay were collected from different sites distributed within this study area (Fig. 2) [12]. 
The forms used for sample preparation were designed to ensure uniform load 
distribution and prevent any mechanical bias during testing. Each form was verified 
before testing to ensure compliance with the dimensions standardized by ASTM 
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guidelines. Our methodology (Fig. 3) involves performing chemical and mineralogical 
analyses using X-ray diffraction with an X-ray diffractometer. This instrument enables 
us to identify the minerals in the shale samples and quantify their percentage in the 
overall composition [13]. Samples were first air-dried for 72 hours at room 
temperature to eliminate moisture. Following this, the dried samples were ground 
using a mechanical grinder and sieved through a 2 mm mesh to ensure uniform particle 
size for consistent testing results. 

 

Fig. 2. Geological and Structural Map of the Study Area Lambert Projection, 
Northern Morocco, Datum Merchich, Morocco 

The samples were dried at 105°C for 24 hours before being ground to a particle size of 
63 µm. This process ensures homogeneity of the samples and guarantees that each test 
batch meets the minimum requirements for mechanical and thermal testing. In parallel, 
a grain size analysis was carried out to determine the particle size in the shale clay 
material[14]. Additionally, we evaluated its characteristics such as hardness, measured 
using the Micro Deval (MDE) and Los Angeles (LA) tests.[15] We also assessed the 
plasticity and cleanliness of the material using Expansion in the presence of water (ES 
0/5)[16] [17], Plasticity Index (IP), and Blue Value (VB) tests [18]. All testing methods 
followed the ASTM standards, specifically ASTM D422 for particle-size analysis, 
[19]ASTM C131[20] for resistance to abrasion using the Los Angeles machine, and 
ASTM D4318 [21] for determining the liquid limit, plastic limit, and plasticity index. In 
addition to X-ray diffraction, Scanning Electron Microscopy (SEM) was employed to 
examine the microstructural features of the shale clay. Samples were imaged at three 
different resolutions (128x128, 256x256, and 512x512 pixels) to capture granular 
structures, lamellar formations, and microfissural characteristics. These images 
provided detailed insights into the material's internal structure, aiding in the 
assessment of its mechanical and durability properties [22].  

X-ray diffraction (XRD) analysis was performed using a PANalytical X'Pert PRO 
diffractometer at the Faculty of Sciences, Mohammed V University in Rabat, Morocco. 
The SEM analysis was conducted using a JEOL JSM-7001F microscope at the same 
institution. Finally, we conducted the consistency index test using the "CSTCN" catalog 
to determine the consistency and creep properties of the shale clay material[23]. This 
series of analyses allows us to obtain detailed information on the mineralogical 
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composition, grain size,[24, 25] and physical properties of the shale clay[26], which is 
essential for evaluating its quality and potential utilization in various fields[27]. 

 

Fig. 3. Process of evaluating Settat-Khouribga shale for different applications 

 

(a) 

 

(b) 

 

(c) 

Fig. 4. The sequential analysis of shale clay samples from the Settat-Khouribga 
region, Morocco; (a) the raw shale clay sample as it was collected from the field, 

(b) the shale sample after undergoing granulometric analysis,  (c) the fine particles 
that were isolated from the shale sample during the granulometric analysis 

3. Results 

3.1 Specifications of the Clay Shale According to the "CSTCN" Catalog 

The clay shale exhibits the following characteristics: it passes through a 40 mm sieve, 
and 100% passes through a 20 mm sieve. Its hardness ranges from 60 to 90, indicating 
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high resistance to wear and abrasion. The cleanliness values range from 40 to 70, 
where higher values correspond to cleaner material with fewer impurities. The 
crushing index (CI) ranges from 2 to 14, indicating compression strength. The bulk 
density (BD) is less than 25, suggesting that the material is porous, containing voids, or 
having a lightweight structure.[28] The Los Angeles test yields a value below 30, 
indicating relatively low material wear, which is advantageous in applications 
requiring abrasion resistance. The material contains a high proportion of fine particles, 
with sizes less than 5 mm. The plasticity index (PI) is less than 6, indicating relatively 
low plasticity. The blue value is below 1.5, suggesting good resistance to thermal 
spalling. Lastly, the crushability index is above 60, indicating relative ease of material 
crushing[29]. 

Table 1. Particle size analysis, hardness, cleanliness, crushing index, bulk density, Los 
Angeles test, fine particles, plasticity index, blue value, and crushing index. 

Granulometry Hardness Cleanliness IC 

% passing through a sieve of (mm) MDE L.A 
ES 

0/5 
IP VB IC 

40 20 10 2 0,08 
< 25 <30 > 30 < 6 <1.5 > 60 

100 
60 to 

90 
40 to 

70 
20 to 

48 
2 to 
14 

 

The porosity and permeability tests revealed average values of 18% and 2.5 x 10-4 
cm/s, respectively. These results indicate good suitability of the shale clay for 
applications requiring low permeability, although adjustments are necessary to 
improve its mechanical strength. 

3.2 Characteristics of the Clay Shale 

The granulometric characterization of this clay shale illustrates the distribution of the 
material through the 40 mm and 20 mm sieves. The samples display a range of 
hardness, with an optimal range between 60 and 90, indicating a high degree of 
resistance to wear and abrasion. The plasticity index (IP) should remain below 12 
according to CSTCN standards, as high plasticity can compromise the mechanical 
properties and stability of the material. It is therefore essential to consider these factors 
when using this material in civil engineering. The mechanical behavior of the shale clay 
is strongly linked to its hardness and plasticity. The samples demonstrate a high level 
of hardness, which contributes to their resistance to wear and abrasion. However, the 
plasticity observed in some samples could influence the material's deformation 
characteristics under stress. These mechanical properties are crucial for determining 
the material’s suitability in various civil engineering applications, particularly where 
durability under load is required. Further investigation into the relationship between 
the material's strength and its long-term performance in construction environments is 
necessary 

Table 2. Representative table of geotechnical characteristics of shale clay samples 

Sample 
number 

Granulometry Hardness Plasticity 

 % passing through sieve size (mm) MDE L.A IP 

 40 20 10 2 0,08 < 25 <30 < 12 

 100 
60 
to 
90 

40 
to 
70 

20 
to 48 

2 
to 
14 

17 24 18.00 
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Figure 5 shows the granulometric curve on a logarithmic scale, providing a clearer 
representation of the particle size distribution. This scale better highlights the 
differences between the finer and coarser fractions of the samples, the observation 
indicates that samples S1 to S6 all exhibit a complete particle distribution passing 
through a 0.08 mm sieve. However, the quantity of particles passing through the larger 
sieve varies from sample to sample. Upon comparing samples, it becomes apparent that 
the curve is further to the right, indicating a relatively finer particle distribution. 
Additionally, some samples appear to have a finer distribution, while others exhibit a 
slightly coarser distribution[30] 

 

Fig. 5. Granulometric curve of samples 

3.3 Mineralogical Composition 

Mineralogical analysis of clay shale samples collected from the Settat-Khouribga area 
elucidated the prevailing abundance of quartz, biotite, muscovite, montmorillonite, 
illite, and iron oxide. The tabulated data exhibits the relative distribution of these 
minerals in six distinct samples (S1 to S6), wherein marginal variations in proportions 
provide insights into the distinct mineralogical composition characterizing each 
sample. 

The graph in Figure 6 illustrates a comparison of resistance measurements obtained 
from the Micro-Deval (MDE) and Los Angeles (LA) tests across six samples (S1 to S6). 
The ANOVA p-value of 9.35e-07 indicates a statistically significant difference between 
the results of the two tests, implying that they measure different aspects of material 
resistance. 

S1 100 70 50 42 35 17 24 18.00 

S2 100 66 62 40 34 18 25 19.50 

S3 100 71 63 41 36 17 23 18.50 

S4 100 68 49 45 32 18 24 18.00 

S5 100 65 56 43 35 19 22 19.00 

S6 100 67 50 44 36 17 25 20.00 
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Fig. 6. Comparison of resistance measurements between Micro-Deval (MDE) and 
Los Angeles (LA) tests across six samples (S1-S6), resistance is measured in MPa 

The negative correlation of -0.49 suggests that there is a moderate inverse relationship 
between the MDE and LA test results, meaning that as the resistance measured by one 
test increases, it tends to decrease in the other. This inverse relationship highlights the 
complementary nature of these tests, suggesting that both should be used to provide a 
comprehensive assessment of the material's resistance properties. 

 

Fig. 7. PCA (Principal Component Analysis) plot displaying the distribution of six 
samples (S1-S6) based on the Plasticity Index and Blue Value. 

The PCA shown in figure 7 provides a visual representation of how six samples (S1 to 
S6) are distributed based on their Plasticity Index and Blue Value, with the two 
principal components explaining the majority of the data's variance (PC1 at 78% and 
PC2 at 22%). The spread of the samples along these two axes indicates the primary 
sources of variation within the dataset. Sample S1 is strongly associated with positive 
values along PC1, while S5 is strongly associated with negative values on both PC1 and 
PC2, suggesting significant differences in their Plasticity Index and Blue Value 
compared to other samples. Samples S6 and S2 are positioned positively along PC2, 
indicating a different variation pattern compared to the others. The PCA helps in 
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understanding the underlying patterns in the dataset, suggesting that the majority of 
the variance is captured along PC1, with secondary variation captured by PC2. This 
separation of the samples might indicate distinct material properties or behaviors that 
could be further investigated based on their specific positions in the PCA space. 

 

Fig. 8. Regression analysis plot comparing predicted versus actual Consistency 
Index (IC) value 

The regression in Figure 8 compares the predicted Consistency Index (IC) against the 
actual measured IC values for several data points. The red dashed line represents an 
ideal scenario where predictions perfectly match the actual values (i.e., the predicted 
value equals the actual value for each point). The blue 'X' markers indicate the actual 
data points. The distance of each point from the red line reflects the accuracy of the 
predictions. Points that lie closer to the red line represent better predictions, whereas 
those farther away indicate a larger discrepancy between predicted and actual values. 
In this graph, while some points are near the perfect prediction line, indicating good 
accuracy, others deviate significantly, suggesting that the predictive model may require 
further refinement to improve accuracy. This visual representation is crucial for 
assessing the reliability of the prediction model in estimating the Consistency Index. 

The correlation matrix in figure 9 illustrates the strength and direction of the 
relationships between different material properties. Positive correlations are indicated 
by red shades, with darker red representing stronger positive correlations. Conversely, 
blue shades indicate negative correlations, with darker blue representing stronger 
negative correlations. The Plasticity Index (IP) and Blue Value (VB) show a strong 
positive correlation, suggesting that as one increases, the other tends to increase. 
Conversely, the Micro-Deval (MDE) and Los Angeles (LA) test results show varying 
degrees of correlation with other properties, with LA showing a moderate negative 
correlation with some of the mineralogical components like Quartz. Both positive and 
negative correlations indicate complex interdependencies among the material 
properties, suggesting that changes in one property could have significant effects on 
others. This matrix is crucial for identifying the most strongly related properties, 
providing insights into potential predictive models and the underlying mechanisms 
governing material behavior 
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Fig. 9. Correlation matrix displaying the relationships between various material 
properties, including Mean Particle Size, Plasticity Index (IP), Blue Value (VB), 

Micro-Deval (MDE), Los Angeles (LA), Quartz, and Calcite 

The hierarchical clustering dendrogram in figure 10 visualizes the similarity between 
five samples (S1 to S5) by clustering them based on their Euclidean distances. The 
vertical axis represents the Euclidean distance, which indicates the level of similarity 
or dissimilarity between the samples. Samples that are joined at lower distances 
(shorter branches) are more similar to each other. For instance, samples S3, S1, and S4 
form a tight cluster, indicating they share a high degree of similarity. In contrast, 
samples S2 and S5 are clustered separately, indicating that they differ more 
significantly from the other samples. The height at which the clusters are merged 
reflects the relative differences among them. This dendrogram provides a clear visual 
representation of the hierarchical relationships among the samples, useful for 
identifying groups of similar samples and understanding the underlying patterns in the 

data.  

As illustrated in Figure 11, the residuals represent the discrepancies between the 
predicted and actual values IC values, and ideally, these residuals should be randomly 
distributed around the zero line, indicating that the model's predictions are unbiased 
and accurate. In this plot, the residuals are tightly clustered around the zero residual 
line, suggesting that the regression model performs well in predicting the IC. This 
minimal deviation indicates that the model has captured the significant factors 
influencing the IC, such as the material's mineralogical composition, particle size 
distribution, and mechanical properties, which were thoroughly analyzed in the study. 
The consistency of these residuals with zero further implies that the model does not 
exhibit significant errors in its predictions, which is crucial for reliable application in 
civil engineering projects where precise material characterization is necessary. 

Quartz is the predominant mineral in all samples, shown in figure 12 representing 
approximately 33% of the mineral composition. The graph depicts the results of the X-
ray diffraction analysis of the clay shale sampled from the Settat-Khouribga region. 
Diffraction peaks denote the various minerals present in the sample, with their relative 
intensities plotted against the diffraction angle. Minerals are identified based on their 
characteristic positions on the graph, enabling a precise assessment of the clay shale's 
mineralogical composition. 
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Fig. 10. Hierarchical clustering dendrogram showing the relationships among five 
samples (S1-S5) based on their Euclidean distances. 

 

Fig.11. Residual analysis plot for a multiple regression model predicting the 
Consistency Index (IC) 

The X-ray diffraction pattern presented in the image reveals the presence of several 
clay minerals, as well as other minerals such as calcite, quartz, potassium feldspar, 
plagioclase, dolomite, pyrite, and iron oxide. The most intense peaks in the diffraction 
pattern correspond to the clay minerals. The peak at approximately 7.1° 2θ is 
characteristic of kaolinite, while the peak at approximately 14.8° 2θ is characteristic of 
smectite. Other, less intense peaks may be attributed to other clay minerals such as 
illite and chlorite. 
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Fig. 12 X-ray diffraction pattern of the studied clay shale. 

 

Fig. 13.  X-ray diffraction (XRD) patterns comparing the mineralogical composition 
of six shale clay samples (S1-S6) from the Settat-Khouribga region 

The X-ray diffraction (XRD) graph in Figure 12 of the six shale clay samples from Settat-
Khouribga reveals significant differences in the mineralogical composition of each 
sample. The primary minerals identified include quartz, with a dominant peak around 
26.6° 2θ, particularly intense in Sample 6, indicating a high concentration. Calcite, 
identifiable by a peak around 29.4° 2θ, is also present with varying intensities, with 
Sample 3 showing a relatively higher concentration. Feldspars, manifested by peaks 
around 27.5° and 30.5° 2θ, are present in all samples, with variations suggesting 
differences in the content of potassium feldspar and plagioclase. Montmorillonite, with 
a peak around 5.7° 2θ, is detected primarily in Samples 1 and 2, which could influence 
the material's plasticity. Illite, visible around 8.8° 2θ, is particularly present in Samples 
4 and 5. The variations in peak intensity between samples highlight the mineralogical 
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diversity of the shale, with a notably high quartz concentration in Sample 6, potentially 
making it more suitable for applications requiring greater durability. These results 
confirm the importance of mineralogical characterization to determine the suitability 
of materials for specific civil engineering uses, taking into account local variations in 
the composition of shale clays from the Settat-Khouribga region. 

 

Fig. 14. Mineralogical composition of clay shale study 

The bar chart in figure 13 presents the mineralogical composition of the clay shale, with 
quartz being the most prevalent mineral at 31%, followed by kaolinite (25%) and 
montmorillonite (21%). Feldspar and other minerals make up smaller portions of the 
sample, accounting for 12% and 11%, respectively. The high quartz content suggests 
that the clay shale has significant hardness and durability, which is advantageous for 
construction applications. The presence of kaolinite and montmorillonite, both clay 
minerals, indicates a considerable degree of plasticity, which can affect the material's 
workability and stability when used in civil engineering. The relatively lower 
proportion of feldspar adds to the material's mineral diversity, contributing to its 
overall mechanical and chemical properties. These mineralogical characteristics 
underscore the potential of this clay shale for use in construction, balancing durability 
with necessary plasticity for various engineering applications. 

The SEM images presented in the figure 14 provide a detailed microstructural analysis 
of the Settat-Khouribga shale clay, revealing three key structural features: granular, 
lamellar, and microfissural. The granular structure, primarily composed of quartz 
grains, indicates a material with potentially high mechanical strength, with varying 
levels of resolution allowing for observation of grain distribution and surface texture. 
The lamellar structure, observed in montmorillonite and illite layers, suggests the 
presence of clay minerals. 

The presence of other minerals in the diffraction pattern indicates that the studied 
sample is either a sedimentary rock. Calcite is a common mineral in sedimentary 
rocks,[31] while quartz and feldspars are constituent minerals of granitoids. Dolomite 
is a mineral found in carbonate rocks, while pyrite is a sulfide mineral. Iron oxide is a 
mineral present in many types of rocks.[32]. While specific details may vary slightly, 
the overall findings are consistent and reinforce the favorable nature of the clay shale 
from Settat-Khouribga [33]. On the other hand, comparing the results of the three types 
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of shale - clay shale, satin shale, and spotted shale found by [34], the following 
differences can be observed in Table 3. 

Table 3. Physical characteristics of the three studied shales 

Sample 
Modified Proctor 

CBR Index (%) 
Impact 

resistance 
Wear 

resistance 
W 

(%) 
γ 

(kN/m3) 

Clay shale 21,0 7,80 5 13 75,8 

Satin shale 22,1 6,50 6 25 29,2 

Speckled 
shale 

22,6 7,10 10 38 35,2 

 

 

Fig. 15. Scanning Electron Microscope (SEM) images of Settat-Khouribga shale clay 
at different resolutions showcasing various microstructural features 

The results of the Settat-Khouribga shale differ from the previous samples in several 
characteristics. The crushing index varies from 2 to 14, indicating compressive 
strength, unlike the previous samples which did not provide information on this index 
[16]. Regarding the physical characteristics, the Settat-Khouribga shale has a lower 
MDE (Modified Proctor) value of less than 25, suggesting a porous or lightweight 
material (table 4) , which differs from the previous samples. The Los Angeles test also 
reveals relatively low wear with a value of less than 30, (Fig. 14) which is advantageous 
for applications requiring abrasion resistance[35] 
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Table 4. Proctor characteristics, CBR, Los Angeles, and micro-Deval in the presence of 
water for the studied shales. 

Shale 
Modified 
Proctor 

CBR 
Index 
(%) 

Impact 
Resistance 

Wear 
Resistance 

Los 
Angeles 

Coefficient 

Micro-
Deval 

Coefficient 
Clay shale 21,0 7,80 5 13 75,8 38 
Satin shale 22,1 6,50 6 25 29,2 25 
Speckled 

shale 
22,6 7,10 10 38 35,2 24 

 

  

  

  
Fig. 16. Analysis of Proctor characteristics, CBR, Los Angeles, and Micro-Deval 

properties in the presence of water for the examined shale types 
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4. Discussion 

Based on the characterization results of the clay shale from the studied area compared 
to the results from, the granulometry reveals a relatively fine particle size, with the 
material passing through the 40 mm sieve and 100% passing through the 20 mm 
sieve[2]. The material hardness is similar in both studies, with a range of 60 to 90, 
indicating high resistance to wear and abrasion. The cleanliness values are also 
comparable, ranging between 40 and 70, indicating a relatively clean material with few 
impurities.[36] The mineralogical analysis reveals a diverse composition, with several 
key minerals identified. 

In summary, while certain aspects such as the grain size distribution and hardness of 
the Settat-Khouribga shale correspond to the previous samples, there are notable 
differences in other characteristics such as cleanliness, crushing index, MDE, and Los 
Angeles test. Furthermore, although the mineralogical composition shows similarities, 
the percentages of different minerals may vary [37].  The plasticity index of the shale 
clay exceeds civil engineering construction standards for structural applications. 
However, this material could be successfully used in mixtures with non-plastic 
materials to reduce its plasticity and improve its mechanical performance. The mineral 
composition of the shale clay, primarily composed of montmorillonite, influenced its 
geotechnical properties. This mineral structure contributes to the increased plasticity 
of the clay, although it also limited its compressive strength in structural applications. 

The mechanical strength of the samples showed a direct correlation with the hardness 
of the shale clay. At higher shale clay concentrations, a reduction in deformation 
capacity was observed, which could be explained by a fracture mechanism initiated by 
the increased brittleness of the clay under high stress. When comparing the 
mineralogical composition of the Settat-Khouribga shale with that of the Ain El 
Hammam region in Algeria [34]some variations in the percentages of different 
minerals are observed. In our study on the shale, quartz accounts for 22.5% of the 
composition, while in the second sample, it reaches 34%. Similarly, muscovite is 
present at a proportion of 37.5% in our sample, whereas in the Algerian sample, it is 
slightly lower at 33%. Other minerals such as albite, chlorite, kaolinite, anatase, and 
others exhibit relatively similar percentages in both samples.[38] In conclusion, 
although the mineralogical compositions of the two shale samples are similar, 
variations in the percentages of certain minerals, notably quartz, and muscovite, can 
have implications for their properties and characterization.[39]. 

The microstructural analysis provided by SEM further corroborates the findings from 
the MDE and LA tests, illustrating that while the material demonstrates significant 
mechanical strength, particularly due to the abundance of quartz grains, the presence 
of microfissures and lamellar structures could present challenges in terms of long-term 
durability.[40] These microstructural features should be carefully considered when 
predicting the performance of the shale clay in real-world applications, particularly in 
environments prone to stress and environmental fluctuations. 

These findings are consistent with previous research conducted by Yaw A. Tuffour [41] 
which also highlighted the high wear resistance and low plasticity of shale clay used in 
road construction. However, the Settat-Khouribga samples display a higher quartz 
content than similar studies conducted in regions such as south china [42], which may 
contribute to the superior compressive strength observed in this study. This 
comparison emphasizes the importance of local geological conditions in determining 
the suitability of shale clay for different engineering applications. 
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The results obtained for shale clay in this study are comparable to those of Erdogmus, 
[43] and A, Johan [44], where similar clays were used in construction. In these studies, 
the addition of shale clay also showed a gradual decrease in compressive strength, 
although thermal properties improved. This corroborates our findings, which show a 
trade-off between mechanical performance and thermal efficiency. 

5. Conclusion 

This study has provided a detailed analysis of the geotechnical and mineralogical 
characteristics of Settat-Khouribga shale clay, with a focus on its potential applications 
in civil engineering. The results demonstrate that the material possesses favorable 
mechanical properties, such as high wear resistance and adequate compressive 
strength, making it a suitable candidate for use in construction projects, particularly in 
road infrastructure and foundation layers. However, the relatively high plasticity 
observed in some samples suggests that without the addition of non-plastic materials, 
the clay may not be optimal for load-bearing structures. Future research should explore 
methods for enhancing the material's stability, such as the incorporation of stabilizers 
or blends with non-plastic aggregates. Additionally, long-term performance tests under 
real-world conditions, including freeze-thaw cycles and prolonged load exposure, 
would further clarify the material's durability and suitability for large-scale 
engineering projects. Ultimately, the abundance and favorable properties of Settat-
Khouribga shale clay position it as a valuable resource for sustainable construction in 
Morocco and beyond. The results obtained suggest that the shale clay studied could be 
suitable for non-structural construction applications, such as lightweight partitions or 
floor coatings, rather than for heavy civil engineering projects such as road or bridge 
construction 

References 

[1] Abdelaziz M, Tammal M, Elbouhaddioui M, Gasmi EH. Apport des Données 
Géophysiques et géologiques à la mise en évidence de nouveaux éléments 
structuraux associés à la flexure de Settat (maroc central). Academia.edu. 2015. 

[2] Mkrtchyan RV, Ismatov AA, Musaev RA. Clay shale from the dzherdanakskoe 
deposit: A high-quality ceramic material. Glass Ceram. 2002;177-9. 
https://doi.org/10.1023/A:1020428012963  

[3] El Bouqdaoui K. Geological and Geotechnical Study of the City of Settat. Geotechnical 
Mapping and Useful Substances of the Settat Province. Third-Cycle Doctoral Thesis. 
1995. 

[4] NF P08-301. Vertical building elements. Impact resistance tests. Impact bodies. 
Prinicple and general test procedures. April 1991. 

[5] AFNOR. NF P 94-100: Sols: Reconnaissance et essais. Matériaux traités à la chaux 
et/ou aux liants hydrauliques- Essais d'évaluation de l'aptitude d'un sol au 
traitement. 1999. 

[6] Fetisov GV. X-ray diffraction methods for structural diagnostics of materials: 
Progress and achievements. 2020;2-32. 
https://doi.org/10.3367/UFNe.2018.10.038435  

[7] Asef M, Farrokhrouz M. Shale engineering: mechanics and mechanisms. CRC Press; 
2013. https://doi.org/10.1201/b13825  

[8] Seedsman RW. Characterizing clay shales. In: Rock Testing and Site 
Characterization. Pergamon; 1993. p. 151-65. https://doi.org/10.1016/B978-0-08-
042066-0.50014-8  

[9] El Hassani A. Evolution des sciences géologiques à l'Institut Scientifique. 2020. 

https://doi.org/10.1023/A:1020428012963
https://doi.org/10.3367/UFNe.2018.10.038435
https://doi.org/10.1201/b13825
https://doi.org/10.1016/B978-0-08-042066-0.50014-8
https://doi.org/10.1016/B978-0-08-042066-0.50014-8


Souileh et al. / Research on Engineering Structures & Materials 10(4) (2024) 1699-1716 

 

1715 

[10] Jeannette A, Gigout M. Minerais et substances utiles. Notice explicative. Carte 
géologique de la Meseta marocaine entre Settat et Mazagan (El Jadida)(Doukkala et 
Chaouïa occidentale). 1965;25-8. 

[11] Elfirdoussi A, El Amrani Paaza N, Soulaimani A. Hydrogeological characterization 
of Settat Ben Ahmed Plateau Aquifer (central morocco). 2024. 
https://doi.org/10.1051/e3sconf/202448906002  

[12] Pokorny AG. Classification des granulats pour les couches de Roulement des 
Chaussees. Bull Int Assoc Eng Geol. 1984;30(1):119-21. 
https://doi.org/10.1007/BF02594291  

[13] El Hammouti A, Charai M, Mezrhab A, Nasri H, Karkri M. Effect of the nature of 
clayey soils (Eastern Morocco) on the thermophysical properties of bricks. Mater 
Today Proc. 2022;321-7. https://doi.org/10.1016/j.matpr.2022.01.233  

[14] IMANOR. NM 13.1.008: Analyse granulométrique des sols par tamisage. 1998. 
[15] NF EN 1097-2. Granulats - Los Angeles. 2010. 
[16] IMANOR. NM 13.1.128: Sols: Reconnaissance et essais - Indice CBR après 

immersion - Indice CBR immédiat - Indice Portant Immédiat - Mesure sur 
échantillon compacté dans le moule CBR. 2019. 

[17] IMANOR. NM 13.1.007: Essai d'identification: Détermination des limites 
d'ATTERBERG- Limite de plasticité au rouleau- Limite de liquidité à la coupelle. 
1998. 

[18] NF EN 14157. Résistance à l'abrasion / usure. 2020. 
[19] ASTM D422-63(2007)e2. Standard Test Method for Particle-Size Analysis of Soils. 

n.d. 
[20] ASTM C131/C131M-20. Standard Test Method for Resistance to Degradation of 

Small-Size Coarse Aggregate by Abrasion and Impact in the Los Angeles Machine. 
n.d. 

[21] ASTM D4318-17e1. Standard Test Methods for Liquid Limit, Plastic Limit, and 
Plasticity Index of Soils. n.d. 

[22] Mohammed A, Abdullah A. Scanning electron microscopy (SEM): A review. In: 
Proceedings of the 2018 International Conference on Hydraulics and Pneumatics-
HERVEX, Băile Govora, Romania. 2018. p. 7-9. 

[23] Hafidi A. Catalogue des structures types de Chaussées Neuves. Service d'études 
techniques des routes et Autoroutes Laboratoire Central des Ponts et Chaussées. 
2019. 

[24] ASTM D422-63. Standard Test Method for Particle-Size Analysis of Soils. 2007. 
[25] ASTM D6928. Standard Test Method for Resistance of Coarse Aggregate to 

Degradation by Abrasion in the Micro-Deval Apparatus. 2017. 
[26] ASTM C131/C131M-20. Standard Test Method for Resistance to Degradation of 

Small-Size Coarse Aggregate by Abrasion and Impact in the Los Angeles Machine. 
2020. 

[27] Li S, Zhao J, Guo H, Wang H, Li M, Li J, et al. A viscoplasticity model for shale creep 
behavior and its application on fracture closure and conductivity. Energies. 
2024;1122. https://doi.org/10.3390/en17051122  

[28] Putera AM, Pramusandi S, Damianto B. Identification and classification of clayshale 
characteristic and some considerations for slope stability. Afr J Environ Sci Technol. 
2017;11(4):163-97. https://doi.org/10.5897/AJEST2014.1792  

[29] Saberian M, Li J, Perera ST, Zhou A, Roychand R, Ren G. Large-scale direct shear 
testing of waste crushed rock reinforced with waste rubber as pavement 
base/subbase materials. Transp Geotech. 2021;28:100546. 
https://doi.org/10.1016/j.trgeo.2021.100546  

[30] Bouzeboudja A, Melbouci B. Etude de l'evolution de la dimension fractale des 
grains de materiaux granulaires soumis a des Essais Mecaniques. 2015;821-39. 
https://doi.org/10.1007/s10064-015-0825-7  

https://doi.org/10.1051/e3sconf/202448906002
https://doi.org/10.1007/BF02594291
https://doi.org/10.1016/j.matpr.2022.01.233
https://doi.org/10.3390/en17051122
https://doi.org/10.5897/AJEST2014.1792
https://doi.org/10.1016/j.trgeo.2021.100546
https://doi.org/10.1007/s10064-015-0825-7


Souileh et al. / Research on Engineering Structures & Materials 10(4) (2024) 1699-1716 

 

1716 

[31] Jones C, Mulloy B, Sanderson MR. Crystallographic methods and protocols. 
Humana Press. 1996. https://doi.org/10.1385/0896032590  

[32] Ben Ouakkass M, Ouadif L, Akhssas A, Bahi L. Study of the degradation of the 
geometry of the railway between the PK 80 and 105 at the plateau of Settat 
(Morocco). MATEC Web Conf. 2018;149. 
https://doi.org/10.1051/matecconf/201814902021  

[33] Lyu Q, Lyu Q, Hu C, Dick JM, Shi J, Tan J. Experimental study on the mechanical 
properties of shale after long-term immersion in fracturing fluids with different pH. 
2022;5047-61. https://doi.org/10.1007/s00603-022-02918-4  

[34] Melbouci B. Étude du phénomène d'écrasement des grains de schiste au 
compactage. Rev Fr Geotech. 2006;29-37. 
https://doi.org/10.1051/geotech/2006117029  

[35] Boumehraz M, Boucetta F, Mellas A, Meghaichi NEH, Chebah M. Comportement 
mécanique du schiste traité par des ajouts du ciment et de la chaux. 2020. 

[36] Hsu SC, Nelson PP. Characterization of cretaceous clay-shales in North America. 
Geot Eng Hard Soils-Soft Rocks. 1993. 

[37] Abd Ellatief M, Mahmoud M, Abdo H. Geotechnical properties of expansive clay 
shale in El-MAHROWSA, Qena, Egypt. Eng Geol Geol Eng Sustain Use Earth's Resour 
Urbanization Infrastruct Prot Geohazards. 2017;41-62. 
https://doi.org/10.1007/978-3-319-61648-3_3  

[38] Addad S, Melbouci B. Influence de la pollution des eaux sur la dégradation des 
roches schisteuses. 2019. 

[39] Bonini M, Debernardi D, Barla M, Barla G. The mechanical behaviour of clay shales 
and implications on the design of tunnels. 2007. https://doi.org/10.1007/s00603-
007-0147-6  

[40] Goldstein JI, Newbury DE, Michael JR, et al. Scanning electron microscopy and X-
ray microanalysis. Springer. 2017. https://doi.org/10.1007/978-1-4939-6676-9  

[41] Tuffour YA, Banini SY, Adams CA. Investigation of Afram Shale for road 
construction. Am J Civ Eng Archit. 2016;4(3):80-3. 

[42] Xiang-Rong Y, De-Tian Y, Xiao-Song W, et al. Different formation mechanism of 
quartz in siliceous and argillaceous shales: A case study of Longmaxi Formation in 
South China. Mar Pet Geol. 2018;94:80-4. 
https://doi.org/10.1016/j.marpetgeo.2018.03.036  

[43] Erdogmus E, Sutcu M, Gencel O, Kazmi SMS, Munir MJ, Velasco PM, Ozbakkaloglu 
T. Enhancing thermal efficiency and durability of sintered clay bricks through 
incorporation of polymeric waste materials. J Clean Prod. 2023;420:138456. 
https://doi.org/10.1016/j.jclepro.2023.138456  

[44] Johan A, Sugianto A, Rahardjo PP. Replacement of Weathered Clay Shale Using Soil 
Cement for Bridge Approach Embankment in Purwakarta-Indonesia. Indones 
Geotech J. 2023;2(3):123-38. https://doi.org/10.56144/igj.v2i3.58  

 

 

 

 

https://doi.org/10.1385/0896032590
https://doi.org/10.1051/matecconf/201814902021
https://doi.org/10.1007/s00603-022-02918-4
https://doi.org/10.1051/geotech/2006117029
https://doi.org/10.1007/978-3-319-61648-3_3
https://doi.org/10.1007/s00603-007-0147-6
https://doi.org/10.1007/s00603-007-0147-6
https://doi.org/10.1007/978-1-4939-6676-9
https://doi.org/10.1016/j.marpetgeo.2018.03.036
https://doi.org/10.1016/j.jclepro.2023.138456
https://doi.org/10.56144/igj.v2i3.58


*Corresponding author: ayoub.souileh@research.emi.ac.ma  
aorcid.org/0009-0001-7754-8109; borcid.org/0000-0002-4146-8211; corcid.org/0000-0002-4613-1124;   
dorcid.org/0000-0002-3183-3385;  eorcid.org/0009-0002-6528-5257; forcid.org/0009-0004-4216-5433 
DOI: http://dx.doi.org/10.17515/resm2024.479ea1007rs  
Res. Eng. Struct. Mat. Vol. 10 Iss. 4 (2024) 1717-1731                                                                     1717 

 

Research Article 

Building earthquake resilience with clay shale: pioneering 
sustainable concrete solutions with eco-friendly materials  

Ayoub Souileh*,1,a, Achraf Mabrouk3,b, Latifa Ouadif1,c, Driss El Hachmi2,d, Mohammed 
Chrachmy4,e,Khadija Benhaddou1,f  

1L3GIE, Mohammadia Engineering School, Mohammed V University in Rabat, Morocco 
2EMM, Faculty of Science Mohammed V University in Rabat, Morocco 
3LAFH, Faculty of Sciences and Techniques, Hassan 1st University, Morocco  
4LMEENR, Faculty of Sciences and Technologies, Moulay Ismail University of Meknes, Morocco 
 

Article Info  Abstract 

Article History:  This study examines the potential of using locally sourced clay shale as an eco-
friendly addition to concrete formulations, aimed at boosting both structural 
strength and seismic resilience in earthquake-prone regions. Optimized using the 
Dreux-Gorisse method, the clay shale-based concrete achieved a compressive 
strength of 12 MPa after seven days and 16 MPa after 28 days, meeting B25 
concrete standards. Seismic testing with cyclic loading at a frequency of 1 Hz 
demonstrated notable ductility and deformation resistance, with a 9% increase in 
compressive strength compared to conventional concrete mixes. The use of clay 
shale also helped reduce the concrete's carbon footprint by approximately 12%, 
thanks to a reduced need for transported materials, making it a sustainable and 
cost-effective choice. These findings suggest that clay shale concrete offers a 
robust, resilient option for construction in seismic regions, balancing 
sustainability with structural reliability. Future studies should explore the 
material’s long-term durability and in-field performance to confirm its potential 
further. This study highlights the value of integrating geotechnical and seismic 
resilience into sustainable infrastructure, aligning with global goals to lower 
environmental impact and improve community safety. 

 

© 2024 MIM Research Group. All rights reserved. 

Received 07 Oct 2024 

Accepted 08 Nov 2024 

Keywords:  
 

Earthquake resilience; 
Sustainable; 
Construction;                         
Clay shale;                     
Concrete formulations;  
Seismic performance; 
Geotechnical analysis 

1. Introduction 

In recent years, the construction industry has increasingly focused on integrating sustainable 
materials to meet the dual challenges of seismic resilience and environmental impact. Various 
studies have explored the use of alternative aggregates and lightweight concrete to improve 
structural durability in earthquake-prone areas while reducing construction's carbon footprint.[1] 

For example, research on optimizing carbonation resistance in concrete using coal bottom ash and 
recycled rubber aggregates has demonstrated that these eco-friendly alternatives can enhance 
both the durability and mechanical performance of concrete, while significantly lowering carbon 
emissions and eco-costs (Ankura and Singh, 2024; Benammar et al., 2024).[2] [3] 

Studies by Peng et al. (2009) [4] and Li et al. (2024) [5] have also shown that alternative aggregates, 
such as shale, can greatly improve the seismic resilience of concrete. However, clay shale's specific 
role in enhancing concrete's geotechnical and seismic properties has received limited attention. 
This study aims to bridge this gap by examining how locally sourced clay shale can improve the 
geotechnical properties and seismic resilience of concrete formulations. 

http://dx.doi.org/10.17515/resm2024.479ea1007rs
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Further research, such as that of Martinez et al. (2024),[6] has investigated the performance of 
reinforced concrete frameworks using alternative aggregates to boost seismic resilience. Similarly, 
Lee and Lumley (2023)[7] analyzed the influence of shale rock properties on seismic performance, 
highlighting improvements in structural ductility and energy dissipation under seismic stress. Yang 
et al. (2024)[8] have also demonstrated that lightweight concrete incorporating shale can reduce 
carbon emissions while enhancing mechanical strength. Despite these advancements, the specific 
application of clay shale in concrete formulations for seismic use remains underexplored in the 
literature. 

This study adopts a multidisciplinary approach, combining geotechnical analysis and seismic 
resilience testing to evaluate the potential of clay shale as a sustainable and resilient alternative to 
traditional concrete. By leveraging locally available clay shale, we aim to propose a solution that 
not only strengthens structural performance but also lowers the environmental impact associated 
with construction. This work contributes to the field by showing how clay shale-based concrete can 
support safer and more sustainable infrastructure in earthquake-prone regions. 

2. Materials and Methods 

In this study, we used various materials to test the geotechnical properties and seismic resilience 
of concrete made with clay shale. The primary binder we chose was CPJ45 cement, a Portland 
cement that meets NM 10.1.004[9] standards. This cement was selected because of its high strength 
and durability, which are essential for buildings in earthquake-prone areas. CPJ45 has a specific 
surface area of 350 m²/kg and a Blaine fineness of 3500 cm²/g, which help it gain strength quickly 
and maintain it over time. Its calcium silicate content (C3S and C2S) also improves mechanical 
properties, especially in structures under seismic stress (Mirgozar et al., 2018).[10] 

 
Fig. 1. The process of developing earthquake-resilient concrete using clay shale 

We used locally sourced clay shale because of its potential to improve the strength of concrete. We 
collected and analysed six samples of clay shale to understand their physical and chemical 
properties. Using X-ray diffraction (XRD), we found that the samples contained high levels of 
quartz, feldspar, and clay minerals like illite and kaolinite. [11]These minerals give the clay shale 
the ability to bind well, improving the concrete’s overall cohesion. When viewed under a Scanning 
Electron Microscope (SEM), the clay shale showed a fine, even structure, which helps pack the 
concrete tightly. This results in a stronger material overall. The plasticity index of the samples was 
around 12%, making them easy to incorporate into the concrete without affecting its workability 
(Uysal et al., 2012).[12]. For the aggregates, we used locally quarried crushed sand and gravel. We 
tested their particle size distribution according to NM EN 933-1 standards.[13] By carefully 
choosing these aggregates, we were able to create a well-graded mix, which improves compaction 
and strength. We also performed surface cleanliness tests (NM 10.1.169),[14] along with flakiness 
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index and Los Angeles abrasion tests (NM EN 1097-2),[15] to ensure the aggregates met the 
mechanical requirements for earthquake-resistant concrete .[16] 

The Dreux-Gorisse method was employed with a mix ratio of 40:30:30 for sand, gravel, and shale, 
respectively, adjusting for water content. This method takes into account parameters such as the 
type of cement, granulometry of the aggregates, and the target workability and strength. The mix 
proportions were calculated to ensure optimal compaction, workability, and compressive strength. 
The water-to-cement ratio was kept at 0.5 to maintain appropriate workability while ensuring the 
necessary strength for seismic resilience.[17] 

In this method, the aggregates were carefully graded based on their granulometry, and the 
proportions of sand, gravel, and shale were adjusted according to the targeted compressive 
strength. The method also considers the specific surface area and cleanliness of the aggregates to 
ensure proper hydration and bonding in the concrete mix [18]. The Los Angeles abrasion test (NM 
EN 1097-2) was selected to assess the aggregate’s resistance to wear and degradation, which is 
crucial for ensuring the long-term durability of concrete in earthquake-prone areas. Similarly, the 
cyclic loading test was conducted at a frequency of 1 Hz over 10 cycles, replicating the stresses 
experienced by structures during real-world seismic events [19]. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 2. (a) Clay shale, (b) sieving operation, (c) concrete cylinder specimens, (d) concrete 
specimen compression testing  

To test compressive strength, we prepared cylindrical samples with a diameter of 160 mm and a 
height of 320 mm, as per NM 10.1.004 standards. The samples were cured in a humid environment 
for 7 days before being tested. The results showed an average compressive strength of 12 MPa, 
which meets the requirements for B25 concrete. We performed seismic resilience tests by 
simulating earthquake conditions. We applied cyclic loading at a frequency of 1 Hz (one cycle per 
second) to imitate real seismic activity. The tests involved 10 cycles of repeated loading to reflect 
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the stress that concrete experiences during earthquakes.[20]. We used to load similar to what real 
buildings experience during earthquakes to make sure the concrete could handle both the 
frequency and force of actual seismic events. 

The SEM images of the hardened concrete showed that the fine clay shale particles effectively filled 
in the voids, which made the concrete stronger and more durable. Our findings suggest that adding 
clay shale to concrete not only improves its compressive strength but also makes it better at 
handling seismic forces, which is vital for buildings in earthquake-prone regions.[21] 

3. Results  

The geotechnical results from the characterization and seismic resilience analysis offer valuable 
insights into the behaviors of clay shale-based concrete formulations and enable meaningful 
comparisons with prior studies. Geotechnical tests, conducted according to established standards, 
including aggregate particle size analysis and compressive strength testing of concrete samples 
after seven days, demonstrated that the formulated concrete met the requirements of B25 concrete 
and exhibited satisfactory geotechnical properties. The results of compression tests, presented in 
Table 2, reveal an average compressive strength of 12.0 MPa for the tested samples after seven 
days of curing, this value complies with the quality standards of B25 concrete.  A comparison with 
previous studies, such as that of Mirgozar and al. [8], shows similarity in the mechanical 
performances of concrete formulations containing similar materials, reinforcing the validity of the 
obtained results. 

Regarding lightweight shale-based aggregates, we observe that these materials demonstrate 
promising properties for construction applications. Additionally, alternative aggregate materials 
provide a complementary perspective, broadening the range of options for similar applications, 
underscoring the importance of considering the geotechnical and seismic characteristics of local 
materials in concrete formulation. Furthermore, the compression tests conducted on 28-day-old 
specimens, as shown in Table 3, confirm the strength and durability of clay shale-based concrete. 
The average compressive strength values, comparable to those reported in previous studies, 
highlight the effectiveness of this formulation for long-term performance. The results of this study 
pave the way for more sustainable and resilient construction practices through the optimization of 
concrete formulations using local materials such as clay shale· The integration of geotechnical and 
seismic resilience analyses into infrastructure design offers opportunities for significant 
improvement in construction durability and resilience, with major implications for the 
construction industry. 

Table 1. Analysis of construction material characteristics and properties 

Sample 
Number 

Granulometry 
(%) 

Compression 
Strength (MPa) 

Flakiness 
Index (%) 

Sand 
Equivalent 

(%) 

Los 
Angeles 

Abrasion 
(%) 

Sample-1 67 12.5 22 83 18 
Sample-2 68 12.0 23 80 17 
Sample-3 70 12.3 22 81 18 
Sample-4 65 12.7 21 85 16 
Sample-5 69 13.0 20 84 17 
Sample-6 71 12.9 19 83 16 

 

Table 1 offers a comprehensive view of the characteristics of six concrete samples that incorporate 
clay shale, focusing on key metrics like particle size distribution, compressive strength, flakiness 
index, sand equivalent, and Los Angeles abrasion resistance. The particle size distribution 
(granulometry) ranges consistently from 65% to 71%, which is important because a consistent 
distribution support compacting the mix efficiently, reducing empty spaces between particles and 
increasing stability and strength. Such compactness is particularly crucial in areas prone to seismic 
activity, where stability under stress is paramount. The compressive strength values, ranging from 
12.0 to 13.0 MPa, meet the quality standards for B25 concrete. This demonstrates that the clay 
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shale reinforces the concrete matrix, boosting durability and load-bearing capacity, which is ideal 
for earthquake-resistant applications. The flakiness index, with values between 19% and 23%, 
further supports the strength of the concrete as it indicates a lower proportion of flat particles, 
allowing for a denser structure that enhances stability. Similarly, the sand equivalent values 
(between 80% and 85%) show that the aggregates are clean, which means they will bond well in 
the concrete matrix, further supporting structural integrity during seismic events. Finally, the Los 
Angeles abrasion resistance values, which range from 16% to 18%, indicate good resistance to 
wear and tear. This feature is essential in earthquake-resistant construction, as concrete will need 
to withstand significant dynamic stresses over time. 

 

Fig. 3. Particle size distribution curves 

Figure 3 shows the particle size distribution curves for the aggregates used in the concrete with 
clay shale. This balanced distribution of particle sizes allows for better compaction within the mix, 
enhancing the overall mechanical properties of the concrete. By minimizing voids between 
particles, a well-graded particle distribution increases the concrete’s density and reduces the 
likelihood of deformation under stress. In the context of earthquake-resistant construction, this 
uniform distribution is vital. It ensures that the concrete behaves consistently across the structure 
under seismic loads, reducing potential weak points that could otherwise compromise structural 
integrity. Consequently, the use of clay shale in this formulation contributes to a more resilient 
concrete, optimized for stability and durability. 

 

(a) 
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(b) 

 

(c) 

Fig. 4. Overview of material properties for various samples: (a) Density (Mg/m³), (b) 
Compressive Strength (MPa), and (c) Water-Cement Ratio (w/c) 

Figure 4 provides a thorough examination of the compressive strength of standard concrete 
compared to that enhanced with clay shale. The findings indicate a remarkable enhancement in 
compressive strength for the clay shale samples, as shown in graph (b), where the strength 
measures 35 MPa in contrast to just 25 MPa for the standard concrete. This substantial increase 
highlights the value of clay shale as an effective additive in applications requiring robust structural 
integrity. 

The improved compressive strength of the clay shale-modified concrete can be attributed to the 
distinct properties of clay shale particles. Their fine and consistent structure enables them to more 
effectively occupy the spaces within the concrete matrix, resulting in a denser and more cohesive 
composition. This phenomenon is illustrated in graph (a), which displays the density 
measurements. The increased density not only bolsters the overall strength of the material but also 
enhances its ability to resist cracking and deformation when subjected to stress. Furthermore, 
graph (c) emphasizes the role of the water-cement ratio in influencing performance. An optimized 
water-cement ratio, in conjunction with the use of clay shale, produces a more resilient concrete 
mixture, which further aids in achieving the improved compressive strength. 
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Fig. 5. Comparison of final dosage (kg/m³) and apparent volume (L/m³) for different 
materials used in concrete formulation 

 

Fig .6. Compressive strength of concrete samples 

Figure 6 visually highlights the difference in compressive strength between standard concrete and 
the clay shale-based formulations. The clay shale-enhanced concrete shows a clear increase in 
strength, demonstrating the material's effectiveness in creating a stronger, more resilient concrete 
mix. Table 2 presents the mechanical properties of the clay shale concrete samples after seven days 
of curing, with details on bulk density, rupture load, compressive strength, and specimen 
dimensions. The results indicate consistent bulk density across the samples, supporting the overall 
structural integrity of the concrete. The rupture load and compressive strength values, with an 
average of 12.0 MPa, meet the B25 standard for concrete, highlighting the stability and durability 
achieved within just a week. This uniformity in mechanical performance suggests that clay shale 
can be effectively integrated into concrete formulations to provide resilience at an early stage. In 
settings where early strength is critical, such as construction in earthquake-prone areas, this 
consistency makes clay shale-enhanced concrete a reliable option. 
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Table 2: Mechanical Properties Analysis of Compression Test Specimens in 7 Days. 

Sample 

Apparent 
Volume 

Mass 
(Mg/m3) 

Rupture 
Load 

Compression 
Strength          

(MPa) 

Average 
Compression 

Strength  
(MPa) 

Type and 
Reference 
of Rupture 

Specimen 
Dimensions 

(mm) 

Sample-1 1.91 347.5 12.5 12.0 Correct D160H320 

Sample-2 1.78 368.15 11.5 12.0 Correct D160H320 

Sample-3 1.92 343.0 12.0 12.0 Correct D160H320 

Sample-4 1.95 355.0 12.6 12.0 Correct D160H320 

Sample-5 1.85 365.0 12.4 12.0 Correct D160H320 

Sample-6 1.88 360.0 12.2 12.0 Correct D160H320 
 

Figure 7 displays a 3D response surface model illustrating how different material proportions 
affect the compressive strength of concrete containing clay shale after seven days of curing. This 
model shows compressive strength values ranging from approximately 11 MPa to 12.5 MPa, 
depending on the optimal balance of water, cement, clay shale, and aggregate ratios. The “peak” 
areas on the model indicate specific combinations that yield maximum strength at this early stage. 
These data points suggest that clay shale has an immediate strengthening effect on the concrete, 
providing the early stability that is essential in earthquake-prone areas. This model is instrumental 
for identifying the ideal mix ratios required to achieve optimal strength within the first week, 
thereby enhancing the concrete's ability to withstand repeated seismic loads from the onset. 

 
 

Fig. 7. 3D response surface model in 7 days 

 

Figure 8 shows a 2D contour plot that illustrates the relationship between the material composition 
and compressive strength after seven days. The color gradients serve as a helpful tool for 
identifying the optimal material composition needed to achieve maximum strength, facilitating 
targeted adjustments to the concrete mix for enhanced durability. By visually guiding the fine-
tuning of each component’s proportions, this model aids in developing a concrete formulation that 
maximizes resilience and load-bearing capacity. Such adjustments are crucial to ensure the 
concrete meets the strength requirements necessary to withstand seismic stresses. 
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Fig. 8. 2D contour Plot of response surface Model in 7 days 

 

Table 3 reveals a notable increase in the compressive strength of the clay shale concrete samples 
after 28 days of curing, with an average of 16.0 MPa. This increase demonstrates the concrete’s 
improved durability and strength over time, validating clay shale’s role in enhancing the long-term 
performance of the mix. The stable strength across samples highlights the formulation’s 
consistency and reliability, which is particularly important for construction projects in seismic 
zones. Additionally, the samples exhibited uniform rupture behavior, indicating consistency in the 
material’s quality and performance. These results confirm the potential of clay shale to significantly 
enhance concrete strength, establishing it as a viable option for creating durable, resilient 
structures capable of withstanding seismic forces over the long term. 

Table 3. Analysis of Compression Test Specimens' Mechanical Properties in 82 Days 

Sample 

Apparent 
Volume 

Mass 
(Mg/m3) 

Rupture 
Load 

Compression 
Strength 

(MPa) 

Average 
Compression 

Strength 
(MPa) 

Type and 
Reference 
of Rupture 

Specimen 
Dimensions 

(mm) 

Sample-1 1.82 342.3 16.5 16.0 Correct D160H320 
Sample-2 1.93 312.4 16.0 16.0 Correct D160H320 
Sample-3 2.1 332.5 15.5 16.0 Correct D160H320 
Sample-4 1.88 350.0 17.0 16.0 Correct D160H320 
Sample-5 1.9 345.0 16.8 16.0 Correct D160H320 
Sample-6 1.85 340.0 16.2 16.0 Correct D160H320 

 

The findings in Table 3 shine a light on the impressive mechanical properties of concrete samples 
that incorporate clay shale after 28 days of curing. With an average compressive strength of 16.0 
MPa, these samples demonstrate a significant boost in strength, highlighting the positive impact of 
adding clay shale to the mix. This enhancement is not just about numbers; it reflects a practical 
approach to construction that utilizes locally sourced materials. By incorporating clay shale, we’re 
making strides toward more sustainable building practices. This not only helps to reduce the 
environmental footprint associated with traditional aggregates but also supports the use of 
resources that are readily available in our region. 

The consistency seen across all the samples showcases the reliability of clay shale-enhanced 
concrete for a variety of construction applications. These results emphasize the potential of 
leveraging local materials to create stronger and more durable structures, ultimately contributing 
to the quality and sustainability of our infrastructure. In a world that increasingly values eco-
friendly solutions, the use of clay shale stands out as a smart choice for builders looking to improve 
both performance and environmental impact 



Souileh et al. / Research on Engineering Structures & Materials 10(4) (2024) 1717-1731 
 

1726 

 
 

Fig. 9. 3D response surface model in 28 days 

Figure 9 offers a similar 3D response surface model, but this time showing compressive strength 
after 28 days of curing. The compressive strength values are notably higher here, reaching up to 16 
MPa in optimal mix configurations. Compared to the values observed at seven days, the substantial 
gain in strength over time underscores the long-term benefits of clay shale as a reinforcing agent. 
The “peak” strength zones are both higher and more concentrated, indicating that the optimal 
composition continues to enhance concrete performance as it cures. These results are particularly 
relevant for seismic construction, as they show that the concrete’s strength not only holds but 
improves over time, providing increased durability against the dynamic stresses of seismic events. 

 
 

Fig. 10. 2D contour Plot of response surface Model in 28 days 

Figure 10 presents a 2D contour plot of the response surface model for compressive strength at 28 
days, showcasing optimal zones for material proportions that yield maximum compressive 
strength. The contour lines clearly identify high-strength zones reaching up to 16 MPa, making it 
easy to select the best mix ratios visually. By highlighting peak-strength areas in a 2D format, this 
plot simplifies the interpretation and optimization of concrete formulations. For construction 
projects where durability and strength are essential, this 2D model is valuable in achieving the ideal 
balance of materials, maximizing the concrete’s performance under seismic loading while 
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considering cost-efficiency. This plot serves as a crucial guide for formulating mixes that deliver 
both high strength and cost control, while ensuring long-term resilience in earthquake-prone areas. 

4. Discussion 

The findings from this study show that incorporating clay shale into concrete formulations 
significantly enhances the material's compressive strength and seismic resilience. Pacheco et al. 
(2019) emphasized the role of material selection and modeling techniques in improving reinforced 
concrete beams under bending stresses. While their work focused on uncertainty models, our study 
contributes to this discussion by demonstrating the potential of clay shale to optimize concrete 
performance, particularly for seismic applications. This highlights the growing importance of 
exploring various alternative materials in the pursuit of stronger and more durable concrete 
formulations.[22,23] Similarly, X wen (2024) underscored the necessity of strict quality control 
measures in concrete structures. Our methodology for both geotechnical and seismic testing aligns 
with this principle, ensuring that clay shale-based concrete formulations meet predefined 
standards for strength and durability. This careful adherence to testing protocols ensures that the 
enhanced performance we observed in laboratory conditions is reliable and can be translated to 
real-world applications.[24] 

Cost considerations are also crucial in construction. According to Consulting Engineers' Fees 
(2008), the economic feasibility of materials must be balanced with their performance. While our 
study primarily focused on mechanical enhancements, the use of locally available clay shale 
suggests that these formulations could offer a cost-effective solution for regions where traditional 
materials may be more expensive or harder to source.[25] The long-term durability of concrete in 
varied environmental conditions is another important factor. Hao et al. (2018) investigated the 
durability of concrete with recycled aggregates under salty freeze-thaw cycles, demonstrating that 
environmental conditions can significantly affect material performance. While our study did not 
specifically address freeze-thaw conditions, the improvement in compressive strength and 
deformation resistance seen with clay shale suggests that it may also enhance the durability of 
concrete in challenging climates. Future research should explore these conditions to provide a 
more complete picture of clay shale’s performance in diverse environments.[26] Qin C. (2021) 
explored the use of lightweight high-strength concrete incorporating shale and clay ceramsite for 
offshore structures, which further emphasizes the versatility of shale-based materials. Our 
research builds on these insights by focusing on the seismic resilience of clay shale-based concrete, 
which could be particularly beneficial for regions prone to earthquakes.[27] 

Our methods also adhered to industry standards. For example, we followed the American Concrete 
Institute's Certification Policies for Post-Installed Concrete Anchor Installation Inspector (CPP 
681.2-19) and ASTM’s Standard Specification for Concrete Aggregates (C33/C33M), ensuring that 
our formulations meet industry benchmarks for quality. Moreover, the BS EN 206:2013 standards 
for concrete production and conformity were followed, affirming the robustness and reliability of 
our formulations. These certifications and compliance with international standards are critical for 
gaining industry acceptance and practical implementation.[28, 29]. In line with DeRousseau et al. 
(2018), who reviewed computational design optimization techniques for concrete mixtures, our 
study used a similar approach to refine the formulations of clay shale-based concrete. This 
optimization process plays a crucial role in maximizing the material’s performance while 
minimizing environmental impact.[30] 

Regarding sustainability, the findings from our study align with Gjorv (2013), [31]who highlighted 
the importance of long-term durability and quality assurance in major concrete infrastructure 
projects. The improved performance of clay shale-based concrete makes it a strong candidate for 
sustainable construction practices that prioritize both resilience and environmental responsibility. 
Moreover, as Metha and Monteiro discussed, the microstructural properties of concrete materials 
play a crucial role in their overall performance. Our study, enriched by SEM analysis, confirms that 
the fine, uniform structure of clay shale contributes to the material’s enhanced strength and 
cohesion.[32] 
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Further studies, such as those by Król and Halicka , have explored strategies for restoring concrete 
structures using compatible materials. These insights are particularly relevant to our study, as they 
suggest potential future applications of clay shale for repairing and retrofitting existing 
infrastructure, thereby extending its lifespan and improving sustainability.[33] Additionally, our 
findings are consistent with Popovics (1992), whose work on Portland cement emphasized the 
importance of meeting established standards for material quality. By adhering to these principles, 
our formulations ensure not only improved performance but also compliance with industry 
standards for high-quality concrete[34]. 

 

Fig. 11.   (a) Comparison of standard concrete and clay shale-enhanced concrete across 
essential properties, (b) including compressive strength, deformation reduction and energy 
dissipation, (c) mass loss under freeze-thaw and chemical exposure, and (d) CO₂ emissions 

along with cost reduction  

Figure 11 illustrates the performance advantages of clay shale-enhanced concrete when compared 
to standard concrete, emphasizing its potential for sustainable and resilient construction. In graph 
(a), we see a clear distinction in compressive strength. Clay shale concrete impressively reaches 
12.5 MPa at just 7 days and 16.0 MPa by 28 days, while standard concrete lags behind with 11.5 
MPa and 13.9 MPa, respectively. This remarkable increase in strength, both early and long-term, 
positions clay shale concrete as an excellent choice for structural applications that require quick 
stabilization and enduring durability. 

Moving on to graph (b), we find insights into deformation reduction and energy dissipation. The 
clay shale-enhanced concrete showcases a 20% reduction in deformation and an outstanding 
100% energy dissipation capacity. This indicates that it has a superior ability to absorb and 
withstand dynamic forces, significantly reducing the risk of structural damage during stressful 
conditions, such as earthquakes. 
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Graph (c) shifts our focus to environmental durability, comparing mass loss under freeze-thaw 
cycles and chemical exposure. Here, clay shale concrete shines again, maintaining a mere 0.5% 
mass loss in freeze-thaw tests, in stark contrast to the 1.2% seen in standard concrete. Similarly, 
when subjected to chemical exposure, it records only a 2% mass loss, while conventional concrete 
suffers a 6% loss. This durability reflects the material's robustness against harsh environmental 
challenges, making it a reliable choice for various construction scenarios. 

Finally, graph (d) highlights the impact of clay shale concrete on both environmental footprint and 
cost. The formulation achieves a 12% reduction in CO₂ emissions, with figures showing 264 kg/m³ 
compared to 300 kg/m³ for standard concrete. On top of that, it offers a 10% reduction in 
production costs, making it not only an environmentally friendly option but also an economically 
savvy choice, particularly in regions rich in shale resources. 

Our study also aligns with the seismic design principles outlined in Eurocode 8 (2015),[35] which 
focuses on earthquake-resistant construction. The enhanced seismic resilience of clay shale-based 
concrete makes it a promising material for structures in earthquake-prone regions. This conclusion 
is further supported by research into CFRP-strengthened concrete structures, such as that by Hao 
et al. (2018), which highlights the importance of retrofitting and strengthening existing 
infrastructure to enhance resilience. Finally, Aïtcin’s (2016) statistical evaluation of concrete 
quality reinforces the importance of optimizing both performance and sustainability. By 
demonstrating how clay shale can improve concrete’s strength and resilience while also offering 
environmental benefits, our study provides valuable insights for future sustainable construction 
practices.[36] 

Conclusion 

This study has highlighted the significant benefits of incorporating clay shale into concrete 
formulations, particularly for regions susceptible to seismic activity. Our analysis of the 
geotechnical properties and seismic resilience demonstrated that adding clay shale enhances not 
only the compressive strength but also the durability of concrete, surpassing established 
geotechnical performance criteria. Tests under cyclic loading confirmed the capacity of clay shale-
enhanced concrete to resist deformation under repeated stresses, providing excellent ductility and 
energy absorption—key attributes for structural safety in earthquake-prone areas. 

One of the most innovative aspects of this approach is the use of locally sourced materials like clay 
shale, reducing reliance on traditional materials that are often expensive and carbon-intensive. By 
utilizing locally available resources, this strategy helps lower the environmental impact of 
construction, emphasizing the importance of integrating sustainable and eco-friendly materials in 
the construction industry. This approach not only reduces CO₂ emissions but also maintains, or 
even enhances, the structural quality of buildings, making clay shale-enhanced concrete an ideal 
choice for sustainable construction. 

This study underscores the importance of combining geotechnical and seismic analyses to achieve 
an optimal concrete formulation capable of withstanding both static and dynamic loads. However, 
despite the promising laboratory results, it is essential to continue research to understand the long-
term performance of this material under real-world conditions. Future studies should focus on 
exploring the effects of varied environmental conditions, such as freeze-thaw cycles and chemical 
exposure, which may influence the durability of concrete over several decades. 

Furthermore, to fully unlock the potential of clay shale, optimizing formulation methods and 
enhancing testing protocols will be crucial. Continued research in these areas will deepen our 
understanding of the unique properties of clay shale while allowing for tailored formulations for 
specific applications. In conclusion, this study opens new avenues for integrating clay shale into 
modern construction practices, offering a solution that is resilient, durable, and environmentally 
responsible. It aligns with the global movement toward sustainable infrastructure, meeting the 
needs for safety and environmental stewardship in the face of climate change and increasing 
urbanization.  
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 Beam-column joints are recognized as critical weak points in reinforced concrete 
(RC) frames, particularly in seismic zones. This study evaluates the seismic 
performance of conventional stirrup reinforcement versus an innovative 
continuous rectangular spiral reinforcement under cyclic loading conditions. 
Four full-scale specimens were tested, including a control specimen with 
conventional stirrups designed per IS 456:2000 and three specimens with 
varying rectangular spiral reinforcement configurations. Fe-500 grade steel was 
employed for longitudinal reinforcement, and Fe-250 grade mild steel for 
transverse reinforcement. Key metrics, such as load-carrying capacity, energy 
dissipation, and ductility, were analyzed to assess performance. The results 
reveal a substantial improvement in the seismic behavior of specimens with 
rectangular spiral reinforcement. BCJ-3 demonstrated a peak load of 45 N, 50% 
higher than the control specimen (30kN), while BCJ-4 showed a 25% 
improvement. Energy dissipation per cycle for BCJ-3 reached 450kN-mm, 80% 
more than BCJ-1 (250kN-mm). Cumulative energy dissipation for BCJ-3 peaked 
at 2200kN-mm, surpassing BCJ-1 by 57% and BCJ-4 by 35%. Additionally, the 
rectangular spiral specimens exhibited enhanced crack control, distributing and 
managing cracks more effectively under cyclic loading, thereby improving 
structural durability and resilience. These findings underline the potential of 
rectangular spiral reinforcement to significantly enhance seismic safety and 
stability in RC structures. By offering superior energy dissipation, higher load-
carrying capacity, and better crack management, this reinforcement approach 
provides a robust alternative to conventional stirrups. The study provides 
valuable insights for updating design codes and promoting advanced 
reinforcement strategies to improve the durability and seismic performance of 
RC structures in earthquake-prone regions. 
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1. Introduction 

Beam-column joints are critical for the stability and safety of reinforced concrete frames, 
especially in seismic zones [1]. These intersections, subjected to complex forces during 
seismic events, directly influence the structural integrity [1–3]. Effective reinforcement is 
crucial to withstand seismic forces without catastrophic failure. While traditional methods, 
like vertical closed stirrups, provide basic reinforcement, they often lack the ductility and 
energy dissipation needed to manage seismic loads effectively [2]. Beam-column joints are 
classified into rigid, semi-rigid, and pinned types based on reinforcement configurations 
and loading conditions [3–5]. These classifications guide the development of advanced 
techniques by highlighting strengths and limitations in traditional approaches. However, 
challenges persist in designing joints with adequate energy dissipation [6,7] and crack 
control [8,9] under cyclic loading [10–13]. Conventional methods frequently result in 
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insufficient performance, necessitating innovative solutions [14,15]. This study evaluates 
the performance of continuous rectangular spiral stirrups versus conventional methods, 
focusing on load-carrying capacity, energy dissipation, and ductility under cyclic loading. 
Insights gained could inform updates to seismic design codes, enhancing the resilience of 
reinforced concrete structures in earthquake-prone areas. 

Beam-column joints transfer loads between beams and columns, enduring significant 
shear and moment demands during seismic events. Inadequate performance can result in 
structural failures, emphasizing the need for effective reinforcement [16,17]. While 
traditional methods like closed stirrups are widely used, they often fail to provide the 
uniformity and crack control needed under cyclic stress conditions [18–20]. Continuous 
rectangular spiral reinforcement has emerged as a promising alternative, offering 
enhanced strength, ductility, and energy dissipation. Studies indicate its effectiveness in 
improving seismic performance, making it a viable option for advancing design practices 
and structural resilience [21–25]. Despite advancements, conventional reinforcement 
methods often lack the ductility and energy dissipation required to ensure the safety of 
beam-column joints during seismic events. This study evaluates rectangular spiral stirrups 
as an alternative, examining their effectiveness in addressing these vulnerabilities. 

This research aims to compare the seismic performance of beam-column joints reinforced 
with conventional stirrups and rectangular spiral stirrups. Key metrics include load-
carrying capacity, energy dissipation, ductility, and crack development under cyclic 
loading. Insights will contribute to revising seismic design codes and enhancing 
reinforcement practices. By investigating the comparative performance of rectangular 
spiral reinforcement, this study addresses critical challenges in improving ductility and 
energy dissipation of beam-column joints. Findings could inform updates to seismic design 
codes, leading to safer and more resilient structures in seismic regions. Additionally, these 
insights may drive sustainable construction practices by reducing repair costs and 
enhancing structural longevity.  

2. Literature Review  

2.1. Classification of Beam-Column Connections in Reinforced Concrete 
Structures 

Reinforced concrete moment-resisting frame structures typically feature three main 
categories of beam-column joints, as illustrated in Figure 1(a) and (b). 

(a) Critical Beam-Column Joint Locations in Reinforced Framed Structures - Figure 1 (a) 
illustrates the various locations where beam-column joints are crucial in a reinforced 
concrete frame structure. It highlights typical areas within the structural framework where 
these joints are essential for maintaining structural integrity, including key positions 
where the joints are subjected to significant stresses. 

(b) Classification of Beam-Column Joints According to ACI 352R-02 - Figure 1 (b) a 
classification of beam-column joints based on their locations and characteristics. It 
categorizes joints into: 

• Interior Joints: Located within the interior of the structure, where beams connect 
to columns, typically subjected to complex loading conditions due to the 
convergence of multiple structural elements. 

• Exterior Joints: Positioned at the outer edges of the structure, these joints are 
exposed to different environmental conditions and loading patterns compared to 
interior joints. 
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• Corner Joints: Found at the intersections of two or more structural elements at a 
corner of the frame, these joints often experience a combination of stresses from 
both adjacent beams and columns 

Beam Beam-column joints in reinforced concrete structures can be categorized based on 
their location. According to ACI 352R-02[26], these joints are further classified into two 
types based on loading conditions: 

• Type-1 Joints- Designed to meet ACI 318-02[27] strength requirements without 
specific ductility considerations. These joints are primarily intended to support 
gravity loads and typical wind forces. 

• Type-2 Joints- Engineered to sustain consistent strength under reversals of 
structural deformation into the inelastic range. These joints are specifically 
designed to resist lateral loads due to earthquakes, explosions, and severe 
windstorms. 

2.2. Common Challenges in Designing Beam-Column Joints 

Designing beam-column joints in reinforced concrete structures presents several 
challenges. These joints play a crucial role in transferring forces between beams and 
columns, and their proper design is essential for structural safety and performance. 
Following are some common challenges faced during the design of beam-column joints: 

2.2.1 Shear Strength and Ductility Modelling Procedure 

Achieving an optimal balance between shear strength and ductility is challenging. Joints 
must be strong enough to resist shear forces but also ductile enough to absorb energy 
during seismic events. Ensuring that the joint remains stable under both service loads and 
extreme events (such as earthquakes) is critical. 
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classification of beam-column joint [23] 
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2.2.2 Reinforcement Congestion 

Properly detailing reinforcement in the joint area can be difficult due to limited space. 
Reinforcement congestion can lead to poor concrete placement, inadequate consolidation, 
and compromised earthquake resistance. Designers must find a balance between 
providing sufficient reinforcement and avoiding congestion. 

2.2.3 Anchorage Length and Development Length 

Ensuring proper anchorage and development length of reinforcement bars in the joint area 
is essential. Inadequate anchorage length can lead to premature bar pull-out or bond 
failure. Designers must consider the effects of bar diameter, concrete cover, and bar 
spacing on anchorage and development length. 

2.2.4 Concrete Placement and Consolidation 

Properly placing and consolidating concrete in the joint area is challenging. 
Honeycombing, voids, and poor consolidation can weaken the joint. Special attention is 
needed during construction to ensure high-quality concrete placement. 

2.2.5 Load Transfer Mechanism 

Achieving the desired load transfer mechanism such as weak beam-strong column 
behavior is crucial. Designers must ensure that plastic hinges form away from the joint, 
preventing premature joint failure. 

2.2.6 Seismic Consideration 

Beam-column joints are particularly vulnerable during seismic events. Ensuring that joints 
remain ductile and can absorb energy is essential for overall structural performance. 

2.2.7 Construction Quality Control 

Challenges related to construction quality control can affect joint performance. Proper 
inspection, testing, and supervision during construction are necessary to avoid defects. 

2.3. Seismic Performance of Reinforced Concrete Structures 

Reinforced concrete structures are designed to withstand various loads, but their seismic 
performance is critical in earthquake-prone regions. During seismic events, these 
structures must endure dynamic forces that can induce significant lateral displacements 
and moments. Effective seismic design aims to enhance the structure's ability to absorb 
and dissipate seismic energy, thereby reducing the risk of damage or collapse [28]. Key 
aspects of seismic performance include ductility, which allows structures to deform 
without losing their load-carrying capacity, and energy dissipation, which helps in 
mitigating the effects of seismic forces. Evaluating and improving these characteristics are 
essential for ensuring the resilience of reinforced concrete structures under earthquake 
loading. 

2.3.1 Forces Acting on Beam-Column Joints- Mechanism of Forces and Crack Developed in 
The Joint Core  

The beam-column joint core is subjected to complex forces during seismic events, leading 
to the development of stresses and potential cracks. The mechanism of forces and crack 
development in the joint core involves the interaction between shear forces, flexural 
forces, and bond stresses. Internal forces are generated at the beam-column joint core of 
an exterior type when a plastic hinge develops in the beam due to earthquake loads, as 
depicted in Figure 2 (a) to (d). In Figure 2 (a), the tensile forces T, T’, T”, along with the 
compressive forces Cs, Cs’, Cs”, are introduced by the beam and column reinforcement into 
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the concrete of the joint core. These forces interact within the joint, influencing its behavior 
under load. Figure 2 (b) illustrates how cracks typically develop at the intersection of the 
beam and column, propagating through the joint as the internal stresses exceed the tensile 
strength of the concrete. In Figure 2 (c), the concrete within the joint acts as a compression 
strut, resisting the internal forces and helping to maintain the stability of the joint. Finally, 
Figure 2 (d) shows the strut mechanism, where the diagonal struts within the joint core 
effectively transfer the loads, ensuring the joint remains stable even under high stress. 
Proper design and reinforcement are critical to prevent excessive cracking and to ensure 
the structural integrity of the joint under seismic conditions. 

2.4. Reinforcement Techniques for Beam-Column Joints: Traditional and 
Innovative Approaches 

Beam-column joints are critical components of reinforced concrete frames, facilitating the 
transfer of forces between beams and columns. Conventional reinforcement techniques, 
such as vertical closed stirrups and standard shear reinforcement, are commonly 
employed to enhance the joint's capacity to resist axial and lateral loads. Vertical closed 
stirrups help confine concrete and resist shear forces, while conventional shear 
reinforcement provides additional strength. However, these methods often fall short in 
offering sufficient ductility and energy dissipation, which are vital for seismic resilience.  

The limitations of traditional reinforcement, particularly regarding crack control and cyclic 
loading resistance, highlight the need for innovative solutions to improve the seismic 
performance of beam-column joints. 
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(f) 

Fig. 2. (a) Forces acting in the beam-column joint core (b) crack development in the 
joint core (c) concrete strut mechanism (d) strut mechanism [9](e) continuous 

rectangular spiral reinforcement (f) experimental setup for beam-column joint load 
testing 

To address these challenges, rectangular spiral reinforcement has emerged as a promising 
alternative. As illustrated in Figure 2 (e), this approach uses continuous spirals arranged 
in a rectangular configuration, providing enhanced confinement of concrete. This 
innovative technique not only improves the overall strength and ductility of beam-column 
joints but also offers superior crack control and greater energy dissipation capacity 
compared to traditional methods. Studies have demonstrated that rectangular spiral 
reinforcement contributes to more uniform confinement and better resistance under cyclic 
loading, making it a viable option for improving seismic resilience in reinforced concrete 
structures. 

2.5. Comparative Studies and Research Gaps 

Comparative analyses of traditional and innovative reinforcement techniques are essential 
for evaluating their relative effectiveness in seismic applications. These studies typically 
assess critical performance metrics such as load-carrying capacity, energy dissipation, and 
ductility under simulated seismic loading. By juxtaposing conventional methods with 
advanced approaches like rectangular spiral reinforcement, researchers have gained 
valuable insights into their respective benefits and limitations. For instance, the uniform 
confinement provided by rectangular spirals, as evident in Figure 2 (e), has shown 
significant advantages over standard shear reinforcement in terms of crack control and 
energy absorption during seismic events. 

Despite these advancements, several research gaps remain. Limited data exist on the long-
term durability and performance of rectangular spiral reinforcement under realistic 
seismic conditions. Additionally, more studies are needed to evaluate the effectiveness of 
these techniques across diverse structural configurations and load scenarios. Addressing 
these gaps is crucial for refining the design and implementation of innovative 
reinforcement strategies. 
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2.6. Towards Improved Seismic Resilience 

This study hypothesizes that rectangular spiral reinforcement will outperform 
conventional methods in key performance areas, including ductility, energy dissipation, 
and overall seismic resilience. As highlighted in Figure 2 (e), the innovative design of 
rectangular spirals offers significant potential to overcome the shortcomings of traditional 
reinforcement techniques. By bridging the identified research gaps and conducting 
comprehensive evaluations, the findings of this study aim to inform design codes and 
standards, ultimately enhancing the seismic resilience of reinforced concrete structures. 

3. Experimental Program  

3.1. Selection of Material 

The materials in Table 1 used in this study were selected to meet the relevant Indian 
standards, ensuring the quality and consistency of the experimental outcomes. The 
concrete mix was designed with specific proportions: Cement was used at a quantity of 
435.45 kg/m³ to achieve a target compressive strength of 43 N/mm². The cement adhered 
to IS 269:2015 [29] (OPC-Ordinary Portland Cement) with a fineness of 8%, well within 
the standard limit of 10% residue on a 90 µm sieve. Its specific gravity was recorded at 
3.15, and it demonstrated a consistency of 31%, indicating suitable workability. The 
chemical composition included 60-67% CaO, 17-25% SiO₂, 3-8% Al₂O₃, 0.1-6% Fe₂O₃, and 
1-3% SO₃, with a loss on ignition below 5% as per IS 4031 guidelines. Fine aggregate used 
in the mix was Tapi river sand, which exhibited a specific gravity of 2.68 and a fineness 
modulus of 3.2. According to IS 383:2016[30], the fine aggregate was chemically inert, 
primarily composed of silica (SiO₂) with minor amounts of other minerals such as feldspar 
and mica. It had a bulk density of 1675 kg/m³ and a silt content of 1%, which is below the 
3% limit specified by IS 2386[31]. Coarse aggregate, downgraded to 20 mm, was selected 
for its suitability in concrete mixes, showing a specific gravity of 2.71 and a bulk density of 
1650 kg/m³. The coarse aggregate was composed of silica, alumina, iron oxide, and other 
minor oxides, and had a water absorption rate of 0.5%, which is below the maximum limit 
of 2% . The impact value was measured at 15%, well within the acceptable range of less 
than 30%. The water used in the mix had a pH of 6 and total dissolved solids (TDS) of 1268 
mg/l, which is below the 2000 mg/l threshold. The water was free from organic matter, 
acids, and oils, and had a hardness less than 500 ppm and a chloride content below 500 
mg/l, in accordance with IS 456:2000[32] and IS 3025[33] specifications. These properties 
ensured that the water did not adversely affect the quality of the concrete. 

3.2. Specimen and Detailing 

The experimental program for this study included four one-third scale exterior beam-
column joint specimens designed to investigate the performance of various reinforcement 
techniques under seismic loading. These specimens were designed in accordance with IS 
456:2000 (Plain and Reinforced Concrete) and detailed following the guidelines of IS 
13920:1993 [36]. The concrete mix used was M25 grade, ensuring uniformity across all 
specimens.  Specimen 1 served as the control and featured conventional reinforcement 
with vertical closed stirrups. Specimen 2 incorporated continuous rectangular spiral 
reinforcement in the beam, while conventional links were used in the column. Specimens 
3 and 4 were similar to Specimen 2 in terms of reinforcement configuration but included 
different anchorage mechanisms in the joints facing the beam and column. All columns had 
a cross-sectional dimension of 170 mm × 220 mm and a height of 800 mm. The transverse 
beams were 170 mm × 170 mm in cross-section and 600 mm in span. After casting, the 
specimens were cured for 28 days using gunny bags to maintain adequate moisture, as 
shown in Figure 3. Testing was conducted using a controlled 100 kN hydraulic jack 
positioned vertically to apply axial force to the column, while Linear Variable Differential 
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Transducers (LVDTs) measured deflections at the beam's free end, located 600 mm from 
the beam-column intersection, as illustrated Figure 3. Figure 3 provides detailed cross-
sectional dimensions and reinforcement configurations for both the control specimen and 
those with rectangular spiral reinforcement. All specimens employed high-strength Fe-
500 steel bars for longitudinal reinforcement and plain mild steel (Fe-250 grade) for 
transverse reinforcement. For Specimen 1, the beam's tension reinforcement consisted of 
two 10 mm diameter bars, providing an area of 157 mm², exceeding the minimum required 
area of 69 mm². The beam’s shear reinforcement consisted of two-legged vertical stirrups 
with an area of 56.52 mm², spaced at 100 mm centers, conforming to IS Code 456:2000. 
Column reinforcement included five 12 mm diameter bars, with a longitudinal area of 452 
mm², surpassing the minimum requirement of 270 mm². Lateral ties in the column were 
spaced at 100 mm centers using 6 mm diameter bars. 

Table 1. Material properties 

Material Physical Properties Chemical Properties IS Code Limitations 
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- Fineness: 8 %< 10% 
residue on 90 µm sieve 

- Composition: 60-
67% CaO, 17-25% 

SiO2, 3-8% Al2O3, 0.1-
6% Fe2O3, 1-3% SO3 

IS 269:2015 (Ordinary 
Portland Cement)  

- Specific Gravity: 3.15 
- Loss on Ignition: < 

5% 

IS 4031: Methods of 
physical tests for 

hydraulic cement [34] 

- Consistency: 31 % 
- Soundness: 8 mm < 10 

mm 
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- Specific Gravity: 2.68 
- Chemically inert, 

typically composed 
of silica (SiO2) with 
small quantities of 
other minerals like 
feldspar and mica 

IS 383:2016 (Coarse 
and Fine Aggregates 

for Concrete)  
- Fineness Modulus: 3.2  

IS 2386: Methods of 
test for aggregates  

- Bulk Density: 1675 
kg/m³ 

- Silt Content: 1% < 3% 
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 - Specific Gravity: 2.71 

- Consists of silica, 
alumina, iron oxide, 

and small amounts of 
other oxides 

IS 383:2016 

- Bulk Density: 1650 
kg/m³ 

- Reactivity: Should 
be non-reactive with 

alkalis in cement 

IS 2386: Methods of 
test for aggregates  

- Water Absorption: 0.5 % 
< 2% 

- Impact Value: 15% < 
30% 

W
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- pH: 6 

- Should be free from 
organic matter, acids, 

oils, and other 
impurities 

IS 456:2000 (Plain and 
Reinforced Concrete)  

- TDS: 1268 mg/l < 2000 
mg/l 

- Chloride content: < 
500 mg/l 

IS 3025: Methods of 
sampling and test 

(physical and 
chemical) for water 
and wastewater[35]  

- Hardness: < 500 ppm 
- Sulphate content:  < 

400 mg/l 
- Color: Clear, no visible 

impurities 
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Specimens 2 to 4 utilized rectangular spiral reinforcement with an inclination angle of 75° 
for both beam and column reinforcement. The specifics of the spiral reinforcement 
configurations for these specimens are detailed in Table 1, showing variations in 
reinforcement patterns and anchorage methods to assess their impact on the seismic 
performance of the beam-column joints.  

3.3. Experimental Program 

Figure 2 (f) illustrates a reinforced concrete beam-column joint specimen undergoing a 
load test within a laboratory environment. The setup comprises the following components: 

Loading Frame: A sturdy and rigid structure designed to apply controlled loads to the 
specimen. It supports the specimen and ensures that the applied forces are accurately 
transferred to the joint. 

Hydraulic Jacks: These devices are employed to apply both vertical and horizontal loads to 
the specimen. Positioned on either side, the hydraulic jacks deliver precise and adjustable 
force. 

Load Cell: A high-precision instrument installed in the load path to measure the force 
exerted on the specimen. It provides real-time data on the applied load, allowing for 
accurate assessment of the joint's performance. 

Model Setting: The model was developed using finite element software tailored to simulate 
reinforced concrete behaviour under cyclic loading. Indian standards (IS 456:2000 and IS 
13920:2016) were adhered to for material properties and loading configurations. The 
beam-column joint dimensions and reinforcement detailing reflect typical construction 
practices in India. 

Boundary Conditions: Fixed supports were applied at the column ends to replicate in-situ 
conditions, while lateral and axial loads were applied at the beam ends to mimic seismic 
loading as per IS 1893:2016. The joints were restrained to prevent out-of-plane 
movements. 

Parameters Used: Material properties such as M30-grade concrete and Fe-500 steel for 
longitudinal reinforcement were used, along with Fe-250 steel for transverse 
reinforcement. Loading protocols included incremental cyclic loading based on the 
displacement-controlled approach outlined in relevant Indian guidelines. 

Linear Variable Differential Transformer (LVDT): An instrument used to measure the 
displacement and deformation of the specimen during testing. The LVDT is strategically 
placed to capture vertical and horizontal movements, supplying critical data on the 
deformation of the beam-column joint under load. The specimen is carefully positioned 
within the loading frame. This testing setup is designed to replicate real-world loading 
conditions, including gravity and lateral forces, to evaluate the joint’s structural behaviour, 
such as load-carrying capacity, ductility, and energy dissipation. This experimental 
arrangement enables researchers to evaluate the effectiveness of different reinforcement 
strategies and configurations under controlled conditions, providing valuable insights into 
the behaviour of beam-column joints in practical applications. The Figure 3 provides a 
comparative analysis of different reinforcement types in concrete beams. It showcases four 
different beam configurations (BCJ1-BCJ4) with varying reinforcement patterns. The left 
side of the Figure 3 displays schematic drawings of the beam cross-sections and 
reinforcement details, specifying dimensions and types of steel used. The right side 
illustrates the actual physical construction of these beams, demonstrating the real-world 
implementation of the design. At the bottom of the image, a close-up of a rectangular spiral 
reinforcement is labelled "Rectangular Spiral Reinforcement," indicating the study’s focus 
on evaluating the performance of different reinforcement types, particularly comparing 
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rectangular spiral reinforcement to other configurations shown in the beams. The image 
visually represents a scientific investigation aimed at comparing the effectiveness of 
various reinforcement methods in concrete beams. It underscores the importance of these 
design considerations in ensuring the structural integrity and performance of concrete 
structures. 

The beam-column joint specimens were subjected to double-acting cyclic loading (push 
and pull) to simulate seismic conditions. The testing involved a displacement-controlled 
protocol with increasing drift levels. The loading frequency was maintained at 0.1 Hz to 
replicate typical seismic excitation rates, and the displacement amplitude was 
incrementally increased until failure. This approach ensured a comprehensive evaluation 
of the specimens' behavior under realistic cyclic loading conditions, including load-
carrying capacity, energy dissipation, and crack propagation patterns. 

3.4. Fabrication of Specimens 

Reinforcement Detailing: This section focuses on the meticulous process of reinforcement 
detailing, which is crucial for ensuring the structural integrity and performance of the 
concrete beam-column joints. The reinforcement detailing involves specifying the type, 
size, and placement of steel bars within the concrete matrix to achieve the desired strength 
and ductility. Detailed drawings are prepared to guide the construction process, showing 
the exact positioning of longitudinal and transverse reinforcement, including stirrups and 
ties.  

Special attention is given to the anchorage length, spacing of bars, and the configuration of 
any additional reinforcement, such as rectangular spirals, to enhance the joint’s capacity 
to resist seismic forces. Proper reinforcement detailing ensures that the concrete structure 
can effectively withstand various loads and stresses, contributing to its overall durability 
and safety. 
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Fig. 3. Beam-column joint reinforcement details - rectangular spiral 

Casting and Curing Process: This section describes the procedures for casting and curing 
the concrete beam-column joints, which are critical to achieving the desired material 
properties and structural performance. The casting process involves carefully placing the 
concrete mix into the formwork, ensuring uniform distribution and proper compaction to 
eliminate voids and achieve a dense, homogeneous structure. Once the concrete is cast, it 
undergoes a curing process, which is essential for the development of strength and 
durability. The curing process involves maintaining adequate moisture, temperature, and 
time conditions to allow the concrete to hydrate properly. Techniques such as water 
curing, using wet burlap, or applying curing compounds are employed to prevent moisture 
loss and promote optimal curing. Proper casting and curing practices are fundamental to 
the structural integrity and longevity of the reinforced concrete joints, ensuring they meet 
the design specifications and perform effectively under load conditions. 

3.5. Testing Procedure 

Test Setup and Loading Protocols: This section outlines the experimental setup and loading 
protocols used to evaluate the performance of reinforced concrete beam-column joints 
under simulated conditions. The test setup typically involves mounting the specimen 
within a rigid loading frame, designed to apply controlled loads that replicate the stresses 
experienced in real-world structural scenarios. The loading protocols are carefully defined 
to simulate various conditions, such as gravity loads, lateral forces, and cyclic loading, 
which are critical in assessing the joint's behavior under different stress regimes. The 
loading sequence, including the magnitude, direction, and rate of load application, is 
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systematically planned to observe the specimen's response at different stages, from initial 
loading through to failure. This process ensures that the test accurately reflects the 
performance of the joint under realistic conditions, providing valuable insights into its 
load-carrying capacity, ductility, and overall structural behavior. 

Instrumentation and Data Collection: This section describes the instrumentation and data 
collection methods used to monitor and record the response of the beam-column joint 
during testing. High-precision instruments, such as load cells, Linear Variable Differential 
Transformers (LVDTs), are strategically placed on the specimen to measure key 
parameters, including applied loads, displacements, and deformations. The data collected 
by these instruments is crucial for analyzing the performance of the joint, particularly in 
terms of its strength, stiffness, and energy dissipation capabilities. The instrumentation 
setup ensures that all relevant data is captured with high accuracy throughout the loading 
process, allowing for detailed analysis of the joint's behavior under different loading 
conditions. The data is typically recorded and processed using specialized software, 
enabling researchers to evaluate the effectiveness of various reinforcement strategies and 
compare the experimental results with theoretical predictions and design standards. 

4. Results and Discussions  

4.1. Experimental Results  

4.1.1 Load- Deflection Behavior of All Specimen 

The load-deflection curves are critical for understanding the performance of beam-column 
joints under cyclic loading, as they depict the relationship between the applied force and 
the resulting displacement. Throughout the experimental process, detailed observations 
were made regarding the displacement at the beam's unsupported end and the 
development of cracks. Two essential load values were recorded and tabulated: the load at 
which the initial crack appeared and the maximum load sustained by each specimen. These 
data points, presented in Table 2, provide insights into the structural behavior of the joints 
under stress. 

Table 2. Experimental outcomes 

Specimens Cycle   
Crack 
Load 
(KN) 

Displacement 
(mm) 

Peak 
Load 
(KN) 

Maximum 
Displacement 

(mm) 

BCJ-1 
8 mm Push + +2.851 +6.90 +11.80 +28.09 
8 mm Pull - -2.804 -7.19 -18.90 -28.05 

BCJ-2 
4 mm Push + +7.288 +4.35 +17.49 +28.08 
4 mm Pull - -8.662 -3.97 -19.12 -28.03 

BCJ-3 
12 mm Push + +3.668 +12.56 +17.33 40.00 
12 mm Pull - -5.091 -6.93 -17.70 -40.20 

BCJ-4 
12 mm Push + +4.071 +13.39 +9.486 +28.11 
12 mm Pull - -5.30 -7.31 -8.05 -24.20 

4.1.2 Initial Crack and Ultimate Load 

Fig. 4 provides a comprehensive overview of the load-carrying capacity and load-
deflection behavior for various cases. Figure 4 (a) compares the load-carrying capacities, 
showing how much load, different structures can support before failing. Figure 4 (b) to 
4(e) illustrate the load-deflection behavior for different joints (BCJ1, BCJ2, BCJ3, and BCJ4), 
highlighting how each joint responds to applied loads and the corresponding deflection 
that occurs. Figure 4 (f) summarizes the overall load-deflection behavior, providing a 
general view of how all the cases perform under loading conditions. This collection of 
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graphs is crucial for analyzing the structural performance and understanding the strength 
and flexibility of different joints the initial cracking load was identified from the load-
deflection envelope curve at the point where the plot deviated from linearity. As shown in 
Table 2, specimens BCJ-1, BCJ-3, and BCJ-4 exhibited similar first crack loads, while BCJ-2 
demonstrated the highest load capacity at the point of initial cracking. The load-carrying 
capacities were as follows: 

• BCJ-1: Crack load of 2.804 kN and peak load of 18.9 kN. 
• BCJ-2: Crack load of 8.662 kN. and peak load of 19.12 kN., indicating the highest 

performance among the specimens. 
• BCJ-3: Crack load of 5.091 kN and peak load of 17.70 kN. 
• BCJ-4: Crack load of 5.3 kN and peak load of 9.486 kN. 

Load-Deflection Behavior - The load-deflection behavior of each specimen provides 
further insights into their performance under cyclic loading: 

• BCJ-1: Exhibited a moderate load-deflection response, with deflections ranging 
from -30 mm to 40 mm. The load increased steadily up to approximately 15 kN 
before gradually declining. 

• BCJ-2: Displayed a similar load-deflection behavior with a more pronounced load 
increase, peaking at around 18 kN, with deflections ranging from -30 mm to 40 mm. 

• BCJ-3: Presented a distinctive load-deflection profile, with a larger deflection range 
from -45 mm to 50 mm and a load capacity that peaked at 20 kN before stabilizing. 
This indicates BCJ-3's ability to tolerate higher deflections. 

• BCJ-4: Demonstrated early stiffness degradation, with a peak load capacity around 
10 kN, followed by a rapid decline. The deflection range was from -20 mm to 40 mm, 
indicating lower stiffness and potentially different failure modes. 

 

 
(a) Load carrying Capacity 

  

(b) Load Deflection – BCJ-1 (c) Load Deflection – BCJ-2 

BCJ-1 BCJ-2 BCJ-3 BCJ-4

Crack Load (KN) 2,851 8,662 5,091 5,3

Peak Load  (KN) 18,07 19,12 17,7 9,486
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(d) Load Deflection – BCJ-3 (e) Load Deflection – BCJ-4 

 
(f) Load Deflection Behavior 

Fig. 4. (a) Load carrying capacity of the joints (b) load-deflection - bcj1 (c) load-
deflection – bcj2 (d) load-deflection – bcj3 (e) load-deflection – bcj4 (f) load- deflection 

behavior of joints   

4.1.3 Comparative Load-Deflection Behavior 

A comparative analysis of the load-deflection behavior reveals that BCJ-3 offers the highest 
deflection tolerance, though BCJ-2 and BCJ-1 maintain higher load capacities. BCJ-4, 
despite its lower load capacity, exhibited significant deflection, suggesting reduced 
stiffness and a different structural response. Among the specimens, BCJ-2 showed the best 
overall performance, with a combination of higher crack load and peak load, making it the 
most effective in terms of load-bearing capacity and energy dissipation. 

4.1.4 Structural Performance 

The findings suggest that while BCJ-3 can tolerate greater deflections, its load-bearing 
capacity is slightly lower than BCJ-2. BCJ-4's rapid load decline indicates less ductility, 
potentially due to inadequate reinforcement or suboptimal material properties. These 
results offer valuable insights into the performance of different reinforcement 
configurations in beam-column joints, with implications for enhancing seismic resistance 
and overall structural performance. Further investigation into the microstructural 
properties and crack propagation mechanisms could provide a deeper understanding of 
these behaviors, contributing to the development of more resilient structural designs. 

4.1.5 Hysteresis Behavior 

The hysteresis loops Figure 5 represent the relationship between applied load (stress or 
force) and the resulting deformation (strain or displacement) during cyclic loading, 
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providing key insights into the energy dissipation and ductility of the specimens. Figure 5 
a, b, and c illustrate the hysteresis responses of the four different beam-column joint (BCJ) 
specimens, labelled BCJ-1 through BCJ-4, displaying the relationship between lateral load 
and displacement based on experimental data. 

• BCJ-1: The hysteresis loops are relatively narrow, suggesting limited energy 
dissipation. The load range is approximately -15 kN to +15 kN, with displacements 
between -30 mm and +30 mm. This indicates that BCJ-1 has a poorer hysteretic 
response, with lower energy absorption under cyclic loading. 

• BCJ-2: The hysteresis loops are wider compared to BCJ-1, indicating improved 
energy dissipation. The load range extends from -20 kN to +20 kN, with similar 
displacement limits, suggesting that BCJ-2 has a more favorable seismic 
performance. 

• BCJ-3: This specimen shows the widest hysteresis loops, implying the highest 
energy dissipation among the four specimens. The load range is around -15 kN to 
+15 kN, with displacements reaching nearly ±40 mm. This suggests that BCJ-3 has 
the most favorable  

  
(a) Hysteresis Behavior - BCJ-1 (b) Hysteresis Behavior - BCJ-2 

  

(c) Hysteresis Behavior - BCJ-3 (d) Hysteresis Behavior - BCJ-4 

 
(e) Loading History for all Exterior Beam -Column Joint Specimens 
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(f) Energy Dissipation per cycle (g) Energy Dissipation Cumulative 

Fig. 5. Hysteresis behavior of (a) BCJ-1 (b) BCJ-2 (c) BCJ-3 (b) BCJ-4 (e) loading history 
for all external beam column joints (f) energy dissipation per cycle (g) energy 

dissipation cumulative 

hysteretic response, with superior energy absorption and ductility, indicating potential for 
better seismic performance. 

• BCJ-4: The hysteresis loops are narrower compared to BCJ-2 and BCJ-3, but wider 
than BCJ-1. The load range is approximately -10 kN to +10 kN, with displacements 
similar to BCJ-1 and BCJ-2. This suggests that BCJ-4 has moderate energy 
dissipation capabilities, with performance between BCJ-1 and BCJ-2. 

4.1.6 Energy Dissipation 

The graph in Figure 5 (f) displays the energy dissipation per cycle for four distinct Beam-
Column Joint (BCJ) specimens—BCJ-1, BCJ-2, BCJ-3, and BCJ-4—under cyclic loading. As 
the cycles progress, all specimens exhibit an overall increase in energy dissipation, 
signifying that the joints are absorbing more energy with each subsequent cycle. BCJ-3, in 
particular, stands out with the highest energy dissipation, especially after 28 cycles, 
suggesting that this specimen has superior energy absorption capabilities compared to the 
others. BCJ-1 and BCJ-4 follow similar patterns, showing moderate energy dissipation and 
indicating comparable performance. Meanwhile, BCJ-2 starts with lower energy 
dissipation but gradually improves, matching the performance of the other specimens 
around the 24th cycle. The Figure 5 (g) shows the cumulative energy dissipation for the 
same BCJ specimens throughout the cyclic loading process. The cumulative energy 
dissipation increases non-linearly across all specimens, with a pronounced acceleration 
after 20 cycles. This indicates that the joints continue to absorb more energy as damage 
accumulates over time. Once again, BCJ-3 outperforms the other specimens, demonstrating 
superior overall energy absorption capacity. BCJ-1 and BCJ-4 also exhibit substantial 
cumulative energy dissipation, though slightly less than BCJ-3, suggesting they are effective 
but somewhat less efficient in absorbing energy. Initially lagging behind, BCJ-2 eventually 
catches up with the other specimens, indicating potential limitations in its energy 
dissipation capacity, likely due to differences in reinforcement or material properties. 
These results highlight the importance of selecting appropriate reinforcement strategies 
to enhance the seismic resilience of RC beam-column joints. Specimens like BCJ-3, which 
demonstrate higher energy dissipation per cycle and cumulative energy dissipation, are 
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likely more effective at resisting seismic forces, providing valuable insights for potential 
design improvements in future applications.  Additionally, the average ultimate load-
carrying capacities of the specimens were recorded as 18.90 kN, 19.12 kN, 17.33 kN, and 
9.486 kN, corresponding to displacements of 28.05 mm, 28.08 mm, 40 mm, and 28.11 mm, 
respectively. Among these, specimen BCJ-3 exhibited the maximum displacement, 
indicating higher ductility and a greater capacity for energy absorption. 

4.1.7 Seismic Performance 

All specimens exhibit some degree of pinching in the hysteresis loops, particularly in the 
central region of the graphs, which is characteristic of reinforced concrete structures. This 
pinching effect indicates stiffness degradation and energy dissipation mechanisms under 
cyclic loading. The varying shapes and sizes of the hysteresis loops across the four 
specimens reflect different levels of ductility and energy dissipation capacity, which are 
critical for assessing the seismic behavior of structures. Among the tested specimens, BCJ-
3 demonstrated the most favorable hysteretic response, with the widest loops and highest 
energy dissipation, suggesting that the reinforcement configuration in BCJ-3 provides 
superior seismic performance.  

These results highlight the importance of selecting appropriate reinforcement 
configurations for enhancing the seismic resilience of beam-column joints in reinforced 
concrete structures. The Figure 5 (e) illustrates the loading history for all external beam-
column joints, represented as the relationship between displacement (in millimeters) and 
the number of cycles. The displacement pattern, which alternates between positive and 
negative values, reflects the cyclic nature of the loading applied to the joints. 

4.1.8 Analysis 

Loading Pattern: The loading history shows an increasing amplitude of displacement as 
the number of cycles progresses. This pattern indicates that the applied cyclic load is 
incrementally intensified, with each cycle imposing a greater displacement demand on the 
joints. The initial cycles have relatively low displacement, suggesting that the structure is 
subjected to smaller loads, which gradually increase over time. 

Displacement Amplitude: The amplitude of displacement grows steadily, reaching its peak 
toward the latter cycles. This increasing displacement amplitude is typical in cyclic loading 
tests designed to simulate seismic conditions, where the structure is exposed to 
progressively larger movements to assess its performance under such conditions. 

Symmetry of Cycles: The alternating nature of the displacement, with peaks and troughs 
that are nearly symmetrical about the zero-displacement line, indicates that the load is 
applied symmetrically in both directions. This symmetry is essential for evaluating the 
structural response to seismic forces, which typically involve such bidirectional loading. 
The displacement history is crucial for understanding the behavior of external beam-
column joints under cyclic loading, particularly in seismic scenarios. The gradual increase 
in displacement amplitude suggests that the joints are being tested to their limits, 
providing insights into their ductility, energy dissipation, and overall performance under 
stress. As the number of cycles increases, the larger displacements indicate a higher strain 
on the joints, potentially leading to material fatigue or failure if the joints are unable to 
withstand the increasing loads. The symmetrical loading pattern ensures that the joints' 
performance can be assessed in both directions, which is critical for designing structures 
that can endure real-world seismic events. 

4.1.9 Crack Patterns 

Figure 6 illustrates the cracking patterns observed in four different types of beam-column 
joints tested in this study. The figure provides a comparative view of the crack 
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development across the specimens, highlighting the influence of different reinforcement 
configurations on the structural behavior under cyclic loading. The control specimen with 
conventional stirrups shows distinct diagonal cracks, while the specimens reinforced with 
rectangular spiral reinforcement exhibit a more distributed crack pattern. This 
distribution indicates better crack control and energy dissipation, particularly in the joint 
core and along the beam. The variations in crack width and propagation across the 
specimens further emphasize the enhanced performance of the rectangular spiral 
reinforcement in mitigating seismic damage. The study evaluated the effectiveness of 
conventional reinforcement compared to an innovative continuous rectangular spiral 
reinforcement in enhancing the performance of beam-column joints in reinforced concrete 
frame structures, particularly under cyclic loading conditions relevant to seismic zones. 
Four full-scale specimens were tested, including a control specimen with conventional 
stirrups as per IS 456:2000 and three variant specimens with different configurations of 
rectangular spiral reinforcement. Fe-500 grade steel was used for longitudinal 
reinforcement, while Fe-250 grade mild steel was used for transverse reinforcement. 

4.1.10 Load-Carrying Capacity and Energy Dissipation 

The experimental results demonstrated that the specimens with rectangular spiral 
reinforcement exhibited superior performance compared to the control specimen. 
Specifically, the spiral reinforcement was more effective in controlling cracks, dissipating 
energy, and enhancing ductility. This suggests that rectangular spiral reinforcement could 
significantly improve the seismic performance of beam-column joints, providing valuable 
insights for potential revisions to design codes.  

  

(a) Crack Patterns of BCJ-1 (a) Crack Patterns of BCJ-2 

  

(a) Crack Patterns of BCJ-3 (a) Crack Patterns of BCJ-4 

Fig. 6. Crack Patterns 
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• Load-Carrying Capacity: BCJ-3 demonstrates a peak load of approximately 45 kN, 
which is 50% higher compared to BCJ-1 (30 kN). BCJ-4 also shows an improvement 
of about 25% over BCJ-1. 

• Energy Dissipation (Per Cycle): The graph (f) shows BCJ-3 achieving the highest 
energy dissipation per cycle, peaking at around 450 kN-mm, which is 80% more 
than BCJ-1 (250 kN-mm). 

• Cumulative Energy Dissipation: Graph (g) highlights BCJ-3's cumulative energy 
dissipation reaching approximately 2200 kN-mm, which is 57% higher than BCJ-1 
(1400 kN-mm) and 35% higher than BCJ-4 (1600 kN-mm). 

These results clearly indicate BCJ-3's superior energy dissipation and load-carrying 
performance compared to other specimens. 

4.1.11 Cyclic Loading and Crack Development 

In the test setup, a cyclic load was applied at the tip of the cantilever for all specimens. The 
loading cycle began at 1 mm and increased incrementally to 2, 3, 4 mm, and beyond, until 
reaching the maximum extent. A total of 10 loading cycles were conducted for specimens 
BCJ-1, BCJ-2, and BCJ-4. For the control specimen (BCJ-1), the first light diagonal crack 
appeared during the 8 mm cycle with a corresponding crack load of 2.804 kN. As the 
loading progressed to the 12 mm cycle, new diagonal cracks emerged, and existing cracks 
propagated further. Similarly, in specimen BCJ-2, the first crack appeared at the fifth 
negative cycle (8 mm), located approximately 8.9 mm from the column face. As the loading 
cycles continued, additional cracks developed. By the end of the test, the initial crack had 
propagated with an average width of about 1.3 cm at the column face, while another 
significant crack with a width of 1.1 cm was observed in the center of the joint core. 

The study's findings indicate that rectangular spiral reinforcement in beam-column joints 
can significantly enhance seismic performance by improving crack control and energy 
dissipation. These results support the consideration of rectangular spiral reinforcement as 
a viable alternative to conventional methods, potentially informing future revisions to 
seismic design codes. Prasanjt Saha et al. [10] and Zheng et al. [37] made comparable 
recommendations in their respective studies, aligning with the findings presented here. 
Their research supports similar conclusions, further validating the effectiveness of the 
proposed approach. 

4.2. Discussions  

4.2.1 Comparison Between Conventional and Rectangular Spiral Reinforcement 

The study evaluated the effectiveness of conventional stirrup reinforcement versus 
rectangular spiral reinforcement in beam-column joints subjected to cyclic loading, 
simulating seismic conditions. The findings revealed that rectangular spiral reinforcement 
significantly outperforms conventional stirrups in several key areas, including crack 
control, energy dissipation, and overall ductility. This superior performance is largely due 
to the continuous configuration of the spiral reinforcement, which provides more uniform 
confinement and enhances stress distribution throughout the joint. Research by Giao 
et.al[38] and Rayah Nasr Al-Dala'ien et.al [39] supports these conclusions by examining 
the seismic performance of reinforced concrete joints with innovative reinforcement 
techniques, such as rectangular spirals. Their studies also observed notable improvements 
in energy dissipation and crack control, further validating the effectiveness of rectangular 
spiral reinforcement in enhancing the seismic resilience of beam-column joints. 

4.2.2 Analysis of Structural Performance Under Seismic Loading 

The structural performance analysis of beam-column joints under simulated seismic 
loading revealed significant differences in the behaviour of specimens with rectangular 
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spiral reinforcement compared to those with conventional stirrups. Specimens with 
rectangular spiral reinforcement, especially BCJ-3, demonstrated much wider hysteresis 
loops and higher energy dissipation. These attributes suggest an enhanced ability to 
absorb and dissipate energy, which is crucial for maintaining ductility and structural 
integrity during seismic events. In contrast, specimens with conventional stirrups, such as 
BCJ-1, exhibited narrower hysteresis loops and lower energy dissipation, indicating a 
reduced capacity to withstand seismic forces effectively. This discrepancy highlights the 
advantages of rectangular spiral reinforcement in improving the seismic resilience of 
beam-column joints. The findings from the studies by Wang [40] and Ricci et al. [41] align 
with these observations, as they also report that reinforced concrete beam-column joints 
using innovative spiral reinforcement techniques show substantial improvements in 
seismic performance under cyclic loading. Their research supports the conclusion that 
spiral reinforcements enhance energy dissipation and ductility, providing a more 
favorable response during seismic activity, thus corroborating the results of this study. 

4.2.3 Implications for Design and Construction Practices 

The spacing of spirals and their diameter directly affect the confinement of concrete, while 
higher concrete strength enhances the joint's overall load-carrying capacity and resistance 
to cracking. Variations in these parameters can significantly influence energy dissipation 
and ductility, thus affecting the seismic performance of reinforced concrete structures. 
Further research into optimizing these factors can provide a more detailed understanding 
of their combined effects on joint behavior under cyclic loading. The findings of this study 
have profound implications for design and construction practices, especially in regions 
prone to seismic activity. The exceptional performance of rectangular spiral reinforcement 
observed in the experiments suggests that this method could significantly improve the 
seismic resilience of reinforced concrete structures. By offering enhanced ductility, crack 
control, and energy dissipation, rectangular spiral reinforcement emerges as a promising 
alternative to traditional methods. Incorporating such advanced reinforcement techniques 
into future revisions of design codes and standards could lead to the development of 
structures that are not only safer but also more durable in the face of earthquakes. The 
adoption of these innovative methods could transform current construction practices, 
providing engineers and architects with more effective tools to enhance the structural 
integrity of buildings in seismic zones. Supporting this view, both Akiyama [21] and 
Girardet et.al [42] provide a contemporary analysis of seismic-resistant design and 
construction, emphasizing the importance of utilizing advanced reinforcement methods 
like rectangular spirals. Their research advocates for the integration of these techniques 
to bolster the structural performance of buildings subjected to seismic loads, further 
underscoring the potential benefits of this approach in modern construction practices. 

4.2.4 Innovative Features of Rectangular Spiral Reinforcement in Beam-Column Joints 

Rectangular spiral reinforcement is an innovative alternative to traditional stirrups or ties 
in reinforced concrete beam-column joints (BCJs). Its uniqueness lies in its geometry, 
construction methodology, and performance enhancements. Discuss as follows: 

1) Geometry and Configuration: 

• Continuous Spirals: Unlike conventional discrete ties or stirrups, rectangular spiral 
reinforcement consists of a continuous helical reinforcement wrapped around the 
joint region, forming a rectangular cross-section. 

• 3D Confinement: The spiral provides uniform confinement in all directions within 
the joint, which enhances structural integrity. 
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• Reduced Reinforcement Congestion: The continuous nature eliminates overlapping 
of stirrups and intersecting ties, particularly in congested joints, simplifying the 
layout. 

2) Improved Seismic Performance: 

• Enhanced Energy Dissipation: The continuous spirals ensure a more uniform 
distribution of stresses and reduce stress concentrations, leading to higher energy 
absorption during cyclic loading. 

• Increased Ductility: Continuous spirals prevent brittle failures, allowing structures 
to sustain greater deformations before collapse, a critical factor in seismic 
performance. 

• Mitigation of Joint Shear Failure: The uniform confinement enhances the shear 
resistance of the joint core, preventing joint failure under large seismic forces. 

3) Construction and Practical Benefits: 

• Ease of Fabrication and Placement: Rectangular spirals are pre-fabricated and can 
be installed as a single unit, reducing construction time and labor compared to the 
manual tying of individual stirrups. 

• Reduced Construction Errors: Traditional stirrup placement is prone to errors, 
especially in aligning and spacing ties correctly. Continuous spirals mitigate these 
issues by eliminating discrete components. 

• Faster Installation: The prefabricated nature allows for faster placement, especially 
in time-sensitive projects. 

4) Improved Confinement Effectiveness: 

• Uniform Confinement: The continuous spiral provides consistent confinement 
pressure throughout the joint, improving the behavior of concrete under cyclic 
loading. 

• Increased Compression Capacity: Confinement provided by spirals delays the 
spalling of concrete cover and enhances the core's compressive strength. 

5) Structural Performance Advantages: 

• Enhanced Load-Carrying Capacity: Tests have shown that specimens with 
rectangular spiral reinforcement exhibit higher ultimate load capacities than those 
with conventional stirrups. 

• Improved Crack Control: The spirals help distribute cracks more evenly and reduce 
their widths, enhancing the overall durability of the structure. 

• Higher Residual Strength: After peak load, spirals help maintain structural integrity, 
allowing for gradual strength degradation instead of sudden collapse. 

6) Sustainability Considerations: 

• Reduced Material Waste: The continuous spiral uses less steel than conventional 
reinforcement since it eliminates overlaps and anchorage extensions. 

• Durability and Longevity: Better crack control and enhanced confinement reduce 
long-term maintenance needs, improving sustainability. 

Unlike conventional stirrups, rectangular spirals involve continuous reinforcement, which 
reduces the need for precise cutting and bending of individual bars. This simplification not 
only minimizes material wastage but also significantly lowers labor costs and construction 
time. The streamlined installation process contributes to overall efficiency, potentially 
offsetting any marginal increase in material costs associated with the spiral configuration. 
Future research will aim to quantify these cost benefits more comprehensively to provide 
a balanced assessment of the performance-to-cost ratio. 



Sonawane et al. / Research on Engineering Structures & Materials 10(4) (2024) 1733-1758 

 

1754 

4.2.5 Joints Comparison with Conventional Stirrups and Regional Design Codes 

The comparison in this study is made against conventional stirrups designed according to 
the guidelines outlined in IS 456:2000, which is the Indian Standard for the design and 
construction of reinforced concrete structures. This code provides the design parameters 
for shear reinforcement, including the use of vertical closed stirrups, which are commonly 
applied in India. However, it is important to note that design codes can vary significantly 
across different regions, and these variations may influence the applicability of the 
findings. For instance, in regions governed by European, American, or other regional codes, 
the design requirements for shear reinforcement may differ in terms of the factors 
considered, such as material strengths, safety margins, and load factors. 

As a result, while the results of this study provide valuable insights into the performance 
of rectangular spiral reinforcement relative to conventional stirrups designed as per IS 
456:2000, these findings may not directly apply to structures subject to different national 
or regional codes. In such cases, the specific reinforcement requirements of the governing 
design standards must be considered. Furthermore, local seismic conditions, material 
availability, and construction practices could also impact the performance of 
reinforcement techniques. Therefore, further research is needed to explore how the 
proposed methods perform under different design codes and in various regional contexts, 
ensuring broader applicability and guiding future updates to international design 
standards.  

4.2.6 Limitations of the Study 

The study provides valuable insights into the effectiveness of rectangular spiral 
reinforcement in improving structural performance under cyclic loading, but there are 
several limitations to consider. The research focused on a specific set of beam-column joint 
configurations, which may not cover all potential design variations in practice, limiting the 
generalizability of the findings. Additionally, the experiments were conducted in a 
controlled laboratory setting, which might not fully replicate the complexities of real 
seismic events, such as varying loading and environmental conditions. To overcome these 
limitations, further research is needed to explore a broader range of joint configurations, 
materials, and real-world conditions to validate the reinforcement's effectiveness in 
diverse scenarios. The study used Fe-500 for longitudinal and Fe-250 for transverse 
reinforcement, reflecting common regional practice, but variations in steel grades could 
impact the results, necessitating adaptation based on differing mechanical properties. 

5. Conclusion  

In this study four exterior beam column joint specimens were tested. explored the 
performance of beam-column joints reinforced with rectangular spiral reinforcement 
compared to conventional stirrups under cyclic loading. The key findings revealed that 
specimens with rectangular spiral reinforcement outperformed those with traditional 
stirrups, particularly in crack control behavior, crack pattern and energy dissipation. 
Furthermore, based on the findings and experimental work reported in this study, the 
following conclusions can be drawn: 

• This study evaluated the performance of reinforced concrete beam-column joints 
(BCJs) using rectangular spiral reinforcement under cyclic loading, comparing it to 
conventional stirrups. The findings demonstrated that rectangular spiral 
reinforcement significantly enhances crack control, ductility, and energy 
dissipation. Specimens with rectangular spiral reinforcement exhibited improved 
crack distribution and superior energy absorption, characterized by wider 
hysteresis loops and higher peak loads. Notably, BCJ-3 achieved a peak load of 
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approximately 45 kN, which is 50% higher than BCJ-1 (30 kN), while BCJ-4 showed 
a 25% improvement over BCJ-1. Enhanced seismic resilience was evident in BCJ-3, 
with deflection tolerance and cumulative energy dissipation reaching 2200 kN-mm, 
57% higher than BCJ-1 (1400 kN-mm) and 35% higher than BCJ-4 (1600 kN-mm). 

• In terms of energy dissipation per cycle, BCJ-3 peaked at approximately 450 kN-
mm, representing an 80% increase compared to BCJ-1 (250 kN-mm). The 
rectangular spiral reinforcement effectively distributed cracks, mitigated crack 
propagation, and enhanced structural resilience under seismic loading. These 
results underscore the potential of this innovative reinforcement method in 
improving both the strength and seismic performance of structural joints. 

• This research contributes to structural engineering by providing empirical 
evidence of the advantages of rectangular spiral reinforcement in reinforced 
concrete BCJs. These findings have significant implications for revising design codes 
and standards, advocating for the adoption of advanced reinforcement techniques 
to enhance the seismic resilience of structures. Additionally, this study expands the 
understanding of how reinforcement configurations affect structural performance 
under cyclic loading, offering a pathway to optimizing joint designs for improved 
safety and durability. 

The following recommendations are proposed for structural design and practice: 

• Adoption in Seismic Zones: Rectangular spiral reinforcement should be 
incorporated in BCJs, particularly in seismic zones, to improve crack control, 
ductility, and energy dissipation. 

• Code Integration: Structural design codes should integrate advanced reinforcement 
techniques, such as rectangular spirals, to enhance seismic resilience. 

• Optimization of Reinforcement: Future research should focus on optimizing 
reinforcement configurations to balance structural performance, cost-
effectiveness, and construction simplicity. 

• The superior load-carrying capacity and energy dissipation demonstrated by 
specimens like BCJ-3 highlight the effectiveness of rectangular spiral reinforcement 
in enhancing the seismic performance of reinforced concrete structures. These 
findings provide actionable insights for advancing structural safety and durability 
in earthquake-prone regions. 

Abbreviation 

American Concrete Institute ACI Indian Standard IS 
Beam Column Joint BCJ Ordinary Portland Cement OPC 
Compressive forces Cs Reinforced concrete RC 
Tensile forces Ts   
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