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 The impact of Nanoparticles of (𝐴𝐿2𝑂3and 𝐶𝑎𝐶𝑂3) particles on the features of 
cement mortar was explored in current research with a mean diameter of 
~50nm, and 100nm in three various amounts of 1, 3, and 5% substitution by 
cement’s weight as binary blending materials with fixed water/cement 
proportion 0.46. Cement mortar's mechanical and physical features 
(compressive strength, density) were tested after 7 and 28 days. The findings 
illustrated that utilizing nanoparticles of 𝐴𝐿2𝑂3 improved the mortar 
compressive strength at early ages at 7 curing days better than 28 curing days, 
and 3% of substitution was the optimal proportion. Also, utilizing nano-𝐶𝑎𝐶𝑂3 
as a binary blending mixture with substitution proportion (1, 3, 5%) by cement's 
weight improved mortar compressive strength at early ages at 7 curing days 
better than 28 curing days. However, there were no apparent effects when 
nanoparticles of (𝐴𝐿2𝑂3  and 𝐶𝑎𝐶𝑂3) were replaced on the density and ultrasonic 
pulse velocity of cement mortar at 7 and 28 days. The interaction impact of 
substitution 1 and 3 percent of nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) particles to 
cement mortar increased the CS by (28 and 74%) at 7 curing days and (30 and 
42%) at 28 curing days, respectively. 
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1. Introduction 

Ordinary Portland cement (OPC) is a type of cement that is commonly utilized in concrete 
and mortar. It is made by heating limestone and clay at high temperatures and grinding 
the resulting material into a fine powder [1–3]. OPC is the most common type of cement 
utilized in various applications, including foundations, driveways, sidewalks, and walls. It 
also creates various structures, including bridges and dams [4,5]. OPC is highly durable 
and has a long-life span. It is also relatively inexpensive and has a high compressive 
strength (CS), meaning it can withstand much pressure. OPC concrete is made by mixing 
OPC with water and aggregate (sand, gravel, or crushed stone). This mixture is then poured 
into forms and allowed to harden. OPC concrete is strong, durable, and has a long life span, 
making it a popular choice for construction projects [6].  

Portland cement is an essential concrete component, producing significant amounts of CO2 
throughout its manufacturing process [7]. The primary sources of CO2 emissions come 
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from burning fossil fuels (coal and natural gas) utilized to heat the rotary kiln and from the 
calcination process [8,9]. Other sources of emissions include the burning of fuels to drive 
the grinding and mixing equipment and the movement of materials throughout the cement 
manufacturing process [10,11]. However, several alternatives to OPC can be utilized in 
place of it [10-21]. These alternatives include fly ash, slag cement, silica fume, and the 
Nanomaterials that have recently been utilized in a cement matrix, which involved various 
types, including Nanoparticles of SiO2, TiO2, 𝐴𝐿2𝑂3, carbon Nano-fibers, Fe2O3, and 
𝐶𝑎𝐶𝑂3. It was detected that the nanomaterials utilized in cement and concrete improve 
their mechanical, physical, and other features [22]. 

Ali Nazari et al. [23] explored the impact of 𝐴𝐿2𝑂3 with nanoparticles on the strength of 
concrete. Nano-𝐴𝐿2𝑂3 with four various amounts of 0.5, 0.1, 1.5, and 2.0 percent by 
cement's weight. The mean particle size of 𝐴𝐿2𝑂3 with nanoparticles is 15nm, with a 
water/binder proportion of 0.40. Cubes with a 100mm edge were cast and compacted in 
two layers on a vibrating table. The CS of concrete made without add had (27.3, 36.8, 42.3) 
MPa at (7, 28, and 90) days. However, by increasing 𝐴𝐿2𝑂3 nanoparticles to 2.0, the CS had 
(27.5, 37.7, 42.6) MPa at (7, 28, and 90) days, respectively. It indicates a reduction in CS 
with no discernible cause. According to the researcher, "it might be since the 𝐴𝐿2𝑂3 
nanoparticles greater than the required amount to incorporate with liberated lime 
throughout the process of hydration, resulting in excess silica leaching out and causing a 
deficiency in strength as it substitutes some of the cementitious material but does not 
contribute to strength. Additionally, the weak areas might result from faults created 
throughout the dispersion of nanoparticles. 

Arefi et al. [24] investigated the impact of adding 𝐴𝐿2𝑂3 nanoparticles on cement mortar 
features. 𝐴𝐿2𝑂3 nanoparticles with a mean particle size of 20nm were utilized with three 
amounts of 1, 3, and 5 percent by cement’s weight—water/binder proportion of 0.42. For 
compressive tests, cubes of size 50× 50 ×50 mm in three layers were cast and compressed 
by 10 impacts of a steel rod. This study illustrated that CS without add had 11.96MPa at 7 
curing days, while concrete made with 1 percent of 𝐴𝐿2𝑂3 with nanoparticles had (17.25 
MPa), with 3 percent had (19.54MPa). However, by increasing 𝐴𝐿2𝑂3 nanoparticles to 5 
percent, the CS had (10.9 MPa). That means the mechanical features are reduced severely 
by increasing 𝐴𝐿2𝑂3 nanoparticles to 5 percent. The researcher thinks it may be due to 
reduced nanoparticle distance and Ca (OH)2 crystals since limited space cannot grow to 
the appropriate size. This factor, along with the agglomerated nanoparticles, causes a 
reduction in CS.    

Liu et al. [25] investigate the impact of nanoparticles of 𝐶𝑎𝐶𝑂3 on cement paste. 
Nanoparticles of 𝐶𝑎𝐶𝑂3 were added to three various substitutions (1, 2, 3 percent) of 
cement weight and the mean particle size (15-50) nm. The water/cement proportion was 
0.45. The CS test was done at 7 and 28 curing days. Samples were cubic bars with the size 
(20*20*80) mm. The result illustrated that the CS in the two ages increased with 𝐶𝑎𝐶𝑂3 
until it reached 20 percent and then reduced when 𝐶𝑎𝐶𝑂3 was 2 percent; the CS had (111.2 
percent and 108.6 percent) at age (7 and 28) curing days, respectively. “Since the 
consuming and refinement of Ca(OH)2 grain, which occurred throughout the hydration of 
cement, especially at early ages". 

Barbhuiya et al.  [26] Conducted a study to find the impact of 𝐴𝐿2𝑂3 with nanoparticles on 
the CS of cement paste at an early age. 𝐴𝐿2𝑂3 with nanoparticles with a mean particle size 
of 27-43nm were utilized, two various replaced with 2 percent and 4 percent by cement's 
weight, the water-to-binder proportion of 0.4. Cubes of 50mm size were cast and vibrated 
on the vibration table. The CS of hydrated cubes was calculated at 1, 3, and 7 curing days. 
This research illustrated that the CS of cement paste having 2 percent and 4 percent nano-
𝐴𝐿2𝑂3 increased slightly at 1 and 7 curing days. It was noticed that adding nano-𝐴𝐿2𝑂3 in 
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cement paste does not directly impact CS because the changes in CS at 1, 3, and 7 curing 
days are minimal.   

AL Ghabban et al. [27] explored the impact of nanoparticles of 𝐶𝑎𝐶𝑂3 in concrete. 
Nanomaterials were added in four various substitutions (1, 2, 3, and 4 percent) of cement 
weight in the concrete mixture, with a water/binder proportion of 0.32. The test samples 
utilized were cubic with dimensions (150 *150*150) mm for the CS test. The result that 
concretes made with (0, 1, 2, 3, and 4 percent) had (52, 54, 58, 60, and 63) MPa at 28 curing 
days. It has been detected that an increase in CS (4 percent) at 28 curing days, and the 
optimal dosages for nanoparticles of 𝐶𝑎𝐶𝑂3 were 4 and 3 percent, respectively, for 
improving the mechanical features of concrete. 

Cosentino et al. [28] conducted to find the impact of nanoparticles of 𝐶𝑎𝐶𝑂3 in cement 
mortar. 𝐶𝑎𝐶𝑂3 nano partials with a mean diameter of 60nm were utilized with four 
different substitutions (1, 2, 3, and 7 percent) of cement weight. Cement mortar made 
without add had 40.16 MPa at 7 and 53.28 MPa at 28 curing days. Substitution of 
nanoparticles of 𝐶𝑎𝐶𝑂3 with (1, 2, 3, 7 percent) had (40.16, 43, 38, 44.16) MPa respectively 
at seven days, and (53.28, 55, 51.78, 50.81) MPa respectively at 28 curing days. The CS 
increased by 7 percent for seven days, but at 28 curing days, the CS reduced. Since poor 
dispersion and the agglomeration phenomena of the nanoparticles in the slurry and the 
cement matrix." 

Jawad et al. [29] determined the impact of various nanomaterials on the CS of cement 
mortar. Four amounts of 𝐴𝐿2𝑂3 with nanoparticles were utilized as a partial substitution 
of 1, 1.5, 3, and 5 percent by cement's weight. W/C proportion of 0.45. Cubic samples with 
dimensions 50× 50 ×50mm of cement mortar were produced for CS after 7 and 28 curing 
days in water. The CS without add had (22, 26) MPa respectively at (7, 28) days. 
Nevertheless, with (1, 1.50, 3, and 5 percent), the CS recorded (23, 27.7, 32, 33) MPa at 
seven days and (26.5, 30, 36, 38) MPa, respectively, at 28 curing days. It has been detected 
that the CS of mortar can be increased gradually by increasing the amount of 𝐴𝐿2𝑂3 with 
nanoparticles up to 5 percent by the weight of cement. The increase in CS of cement mortar 
since the fast consumption of Ca(OH)2 developed throughout the Portland cement 
hydration, especially early, is related to the high reactivity of 𝐴𝐿2𝑂3 with nanoparticles. 

Iskra-Kozak and Konkol [30] illustrated the impact of 𝐴𝐿2𝑂3 with nanoparticles on cement 
mortar's physical and mechanical features at early and later ages. Four amounts of 1, 2, 3, 
and 4 percent of 𝐴𝐿2𝑂3 with nanoparticles, respectively utilized by cement's weight. The 
water/binder proportion was 0.5, and the binder to the sand proportion was 1:3. Three 
samples of each additive were made, and the CS of the mortars was tested after 7, 28, and 
90 days of curing. The CS without add had (28.2, 36.9, 42) MPa respectively at (7, 28, 90) 
days. Nevertheless, with (1, 2, 3, and 4 percent) the CS recorded (34.1, 32.4, 31.6, 29.9) 
MPa, respectively, at seven days, had (39.5, 40.0, 39.6, 36.8) MPa, respectively at 28 curing 
days and had (47.3, 46.3, 44.6, 44.1) MPa respectively at 90 days. The highest CS of mortars 
is observed by adding 1 percent 𝐴𝐿2𝑂3 with nanoparticles. However, with the increase of 
the addition of nano alumina oxide, the CS of the mortar reduced since the nanoparticles 
of 𝐴𝐿2𝑂3 lead to the formation of agglomerates in the structure of the mortar, and this 
phenomenon findings from the high specific surface area of the 𝐴𝐿2𝑂3 with nanoparticles. 

Muhsin and Fawzi [31] explored the impact of nanoparticles of 𝐶𝑎𝐶𝑂3 on concrete. 
Nanomaterial was added in three various substitutions (0.75,1,1.5 percent) of cement 
weight. The mean particle diameter is 100 nm. By utilizing standard cubic samples 
(50*50*50) mm, the findings illustrated that the CS increased (11.4, 39.3, 23.7 percent) at 
seven days, (5.8, 28.2, and 4.6 percent) at 28 curing days. Also, the result demonstrates 
that 1 percent of nanoparticles of 𝐶𝑎𝐶𝑂3 give the highest CS at all ages. "Since there is high 
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surface energy throughout the hydration process, they grow and form a clump with 
nanoparticles as a nucleus that work on increasing and accelerating the hydration process. 

Many studies have been directed toward improving the mechanical features of cement 
mortar by utilizing nanoparticles, including nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) particles. 
Most researchers noticed that substituting 𝐴𝐿2𝑂3 with nanoparticles up to 4 percent and 
5 percent by cement weight reduces the CS of cement mortar. At the same time, some 
authors observed that substituting 5 percent of 𝐴𝐿2𝑂3 with nanoparticles increases the CS, 
and others observed that substituting 𝐴𝐿2𝑂3 with nanoparticles did not impact CS. Most 
researchers noticed that with substitution nano-𝐶𝑎𝐶𝑂3 up to (3,4, and 7 percent) by 
cement's weight, the CS increased at 7 and 28 curing days, while some observed the CS 
reduce at 7 and 28 curing days. Previous research found findings inconsistent when 
utilizing various proportions of nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3). Therefore, this 
research aims to study the impact of adding nanomaterials, including [nanoparticles of 
(𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3)], to cement mortar and find the best percentage of adding 
nanoparticles to improve cement mortar's physical and mechanical features. 

2. Material and Methodology 

2.1. Materials 

2.1.1. Cement 

Ordinary Portland cement was utilized; the physical and chemical features are illustrated 
in Table 1. This work utilized locally available natural sand with a fineness modulus of 2.17 
as fine aggregate. The grading of this aggregate was zone 3 as limits of Iraq requirements, 
No.45/1984.  

Table 1. The chemical and physical features of cement. 

Chemical composition 

Amounts 
(by 

weight 
%) 

Limits of Iraqi Requirements NO.5/2019 
(42.5 R) 

Cao 60.60 --- 
SiO2 19.80 --- 

AL2O3 4.80 --- 
Fe2O3 3.00 --- 
MgO 3.50 ≤ 5.0 percent 
SO3 2.22 ≤ 2.8 percent if C3A > 3.5 percent 

Loss on Ignition (L.O.I.) 3.10 ≤ 4.0 percent 
The insoluble residue (I.R.) 0.70 ≤ 1.5 percent 

OPC main compounds (Bogue's Eq.) 
Tricalcium silicate (C3S) 59.63 
Dicalcium silicate (C2S) 11.78 
Tricalcium aluminate 

(C3A) 
7.64 

Tetra calcium alumina-
ferrite (C4AF) 

9.12 

Test name Findings 
Limits of Iraqi Requirements NO.5/2019 

(42.5 R) 

Fineness (Blaine method), 
(m2/kg) 

320 ≥ 280 

Setting time (Vicat’s 
method), 

 
90 

 
≥ 45 
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2.1.2. Supplementary Materials 

Nano-𝐴𝐿2𝑂3 with a mean particle size of 50~  nm. The physical and chemical features of 
𝐴𝐿2𝑂3 with nanoparticles are given in Table 2; also, Nano-𝐶𝑎𝐶𝑂3 has a mean particle size 
of less than 100nm. The features of 𝐶𝑎𝐶𝑂3 with nanoparticles are illustrated in Table 3. 
Finally, tap water was utilized throughout this work for mixing and curing.   

Table 2. Physical and chemical features of nano-𝐴𝐿2𝑂3. 

F
ea

t
u

re
s Purit

y 

Mean 
particle 

size 
Density Ca K Cu Mg Fe Mn Zn Si 

M
ag

n
it

u
d

es
 99.9+ 

perce
nt 

(trace 
metal 
basis) 

50 nm 3.1 <100 <100 <10 <50 <100 <50 <50 <100 

Table 3. The physical and chemical features of nano-𝐶𝑎𝐶𝑂3. 

Features Appearance Density Size 
Specific 

area 
MgO 

Moisture 
amount 

Loss on 
ignition 

Residue 
on 

Sieve 

𝐶𝑎𝐶𝑂3 
amount 

Magnitudes 
White 

powder 
2.5 >100 ≥ 20 ≤0.8 ≤0.9 44±1 ≤0.02 ≥96 

Features Alumina + Iron oxide PH 
The insoluble 
matter with 

acid 
Activation rate 

DOP absorbed 
does 

Magnitudes ≤0.3 
8.5-
9.7 

≤0.3 ≥95 35-55 

2.1.3. Sand 

Locally available natural sand is applied as a fine aggregate conforming to the 
requirements of [32]. The fine modulus of 2.42 sulfate content is 0.1% with a density of 
fine aggregate of 1600 kg/m 3. The fine aggregate was utilized in the surface's saturated 
and dry state and has been utilized in the current study. The grading of fine aggregate is 
demonstrated in Table 4. 

Table 4. Fine aggregate grading 

Sieve size (mm) Percent Passing % 
10 100 

7.75 93.5 
2.36 84 
1.18 75.5 
0.6 50 
0.3 20 

0.15 4 

Initial setting time (min.) 
Final setting time (hr.) 

5 ≤ 10 

Compressive strength 
(MPa), 

Early strength (2 days) 
Standard strength (28 

curing days) 

 
24 
43 

 
≥ 20 

≥ 42.5 
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2.2. Mixing Procedure and Samples Preparing 

 In this study, nine types of mixes were produced to find the impact of nanoparticles of 
(𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) on the CS of cement mortar. These mixes were [A, B1, B2, B3, C1, C2, C3, 
B1+C1 and B2+C2]. Type-A mixture was produced of fine natural aggregate, cement, and 
water. Types-(B1, B2, B3, C1, C2, C3) were produced with various contest of nanoparticles of 
(𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) particles. The mixes have been produced with cement substitution (1, 
3, 5 percent) by weight. Types- (B1+C1 and B2+C2) mixtures were produced with 
nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) particles and the cement substitution (1, 3 percent) 
by weight. In the initial step of mixing the nanomaterials, the binder to the sand of 1:2 and 
the w\c of 0.46 (water =300 ml and cement =) was mixed in a dry condition for one minute 
and another two minutes after adding the water. Cubes with size 50  ×50 ×50 mm for the 
CS tests were cast and compacted in two layers on a vibrating table, where each layer was 
vibrated for 15 s. The mold was covered for 24 hours. Then, the samples were de-molded 
and cured in water for the test day. The concrete samples' compressive strength (CS) tests 
were determined at 7 and 28 curing days (three samples for each mix and the average 
value). The mixtures with nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) are presented in Fig. (1) 
and Table (5).  

The ultrasonic pulse velocity of the high-strength concrete was measured using Pundit 
Lab+ according to BS:12504 [33] requirements. It had a bandwidth between 24-500HZ. 
The Ultrasonic pulse velocity (Pundit Lab+) is demonstrated in Fig. 1(b). 

The density of the concrete was measured with 150x150x150 mm cubes by the ASTM C 
642-13 standard [34]. The dry density of concrete cubes can be determined through a 
series of steps. Firstly, the specimens are subjected to drying in an oven at a temperature 
of 110 degrees Celsius for one day. After this, the specimens are submerged in water for 
another day. Their wet weights are recorded once the specimens have reached a stable 
state. Finally, the samples are weighed again while submerged in water to obtain the 
weights. The investigation was conducted at the respective time intervals of 7 and 28 days. 
The density of cubic concrete samples can be determined by employing the formula 
outlined in the reference [35]. 

Dry density = 
𝑊1

𝑊2−𝑊3

∗ 𝑃𝑤  (1) 

Where: 

𝑊1: The dry weight of the sample (g), 𝑊2: The wet weight of the sample (g), 𝑊3: The 
immersed Specimen weights in water (g), 𝑃𝑤: The water density equals (1 g/cm3). 

 

   
(a) (b) (c) 

 Fig. 1. (a) Various mortar cubes, (b) Test of Ultrasonic pulse velocity, (c) compressive 
strength test machine. 
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Table 5. The mixtures of nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3). 

Sample  
Cement 

(gm) 
Sand 
(gm) 

Water 
(gm) 

Nano-
𝐴𝐿2𝑂3 

(gm), % 

Nano-𝐶𝑎𝐶𝑂3 
(gm), % 

W\C 

A (control) 650 1300 300 - - 0.46 

B1 643 1300 300 
7, (1 

percent) 
 0.46 

B2 630 1300 300 
20, (3 

percent) 
 0.46 

B3 620 1300 300 
30, (5 

percent) 
 0.46 

C1 643 1300 300  7, (1 percent) 0.46 
C2 630 1300 300  20, (3 percent) 0.46 
C3 620 1300 300  30, (5 percent) 0.46 

B1+C1 643 1300 300 
3.5, (1 

percent) 
3.5, (1 percent) 0.46 

B2+C2 630 1300 300 
10, (3 

percent) 
10, (3 percent) 0.46 

where;  

A is the cement mortar mix without nanoparticles, B refers to the mixes with 𝐶𝑎𝐶𝑂3 with 
nanoparticles with various substitution proportions, C refers to the mixes with 𝐴𝐿2𝑂3 with 
nanoparticles with various substitution proportions. 

(B+C) refers to the mixes of cement mortar and a combination of both nanoparticles with 
various substitution proportions.   

3. Result and Discussion 

3.1. Mechanical and Physical Features 

The CS, density, and ultrasonic pulse velocity (UPV) test of cement mortar with partial 
substitution of nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) by cement's weight are illustrated in 
Table (6). 

Table 6. Result of CS, density, and UPV for cement mortar with nanoparticles of (𝐴𝐿2𝑂3 
and 𝐶𝑎𝐶𝑂3) particles. 

Samples 
Nano 

𝐶𝑎𝐶𝑂3 
(%) 

Nano 
𝐴𝐿2𝑂3 

(%) 
 

CS (MPa) Density (kg\m3) UPV (m\s) 

7 days 
28 

days 
7 

days 
28 days 28 days 

A 
(control) 

0 0 20.5 27 2312 2320 4587 

B1 
 

1 31 33 2288 2278 4356 
B2 3 38.5 38 2288 2294 4520 
B3 5 21 37.5 2282 2309 4383 
C1 1 

 
31.6 31 2352 2336 4533 

C2 3 37.5 33 2253 2296 4587 
C3 5 33 27.5 2285 2329 4385 

B1+C1 1 1 26.3 35 2285 2296 4533 
B2+C2 3 3 35.7 38.3 2270 2299 4587 

 

Fig. 2 and 3 demonstrate the CS findings of the selected mixtures before and after replacing 
OPC with different nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) proportions, utilizing nano (𝐴𝐿2𝑂3, 
𝐶𝑎𝐶𝑂3 , and 𝐴𝐿2𝑂3+𝐶𝑎𝐶𝑂3) increase the CS at early ages when utilizing 1 and 3 percent, but 
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increase the replacement to 5 percent lead to decrease the early ages significantly since 
creating ettringite at early ages [36], and utilizing 𝐶𝑎𝐶𝑂3 with 3 percent considered best 
ratio for replacement. 

 

Fig. 2. CS finding various samples at 7 and 28 curing days 

Fig. 3 demonstrates the CS findings of the selected mixtures before and after replacing OPC 
with different nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) proportions, utilizing nano-𝐴𝐿2𝑂3, 
𝐶𝑎𝐶𝑂3 , and nano-𝐴𝐿2𝑂3+𝐶𝑎𝐶𝑂3 increase the CS at 28 ages when utilizing 1 and 3  percent, 
but increase the replacement to 5 percent lead to decrease the final ages significantly since 
converting ettringite to cement's get (C-H, C-S-H) at final ages and [36–38], and utilizing 
nano-𝐴𝐿2𝑂3+𝐶𝑎𝐶𝑂3 with 3 percent considered best ratio for replacement at final ages. 

 

Fig. 3. Influence of replacing OPC with Nano (𝐶𝑎𝐶𝑂3, 𝐴𝐿2𝑂3, and 𝐶𝑎𝐶𝑂3 + 𝐴𝐿2𝑂3) on CS 
at 7 and 28 curing days 

Figs. 4 and 5 demonstrate the density findings of the selected mixtures before and after 
replacing OPC with different nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) proportions; utilizing 
nano-𝐴𝐿2𝑂3, increasing the density at 7 and 28 ages when utilizing 1, but increasing the 
replacement to 3 percent led to a decrease the density of the early ages significantly, 
utilizing nano-𝐶𝑎𝐶𝑂3, decrease the density at 7 and 28 ages when utilizing 1, but increase 
the replacement to 3 percent lead to increase the density of the early ages little and notable 
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for final ages. While combining nano-𝐴𝐿2𝑂3+𝐶𝑎𝐶𝑂3 with 1 and 3 percent reduces the 
density for both 7 and 28 curing ages, final ages give better findings than early ones.  

 

Fig. 4. Density finding for various samples at 7 and 28 curing days 

It has been detected that the CS of cement mortar with 𝐴𝐿2𝑂3with nanoparticles (1, 3, and 
5 percent) (C1, C2, C3) substitution by cement’s weight, the CS increase (54, 82, 61 percent) 
at 7 curing days and (14, 22, 1 percent) at 28 curing days respectively. It was noticed that 
utilizing 5 percent 𝐴𝐿2𝑂3 with nanoparticles reduces the CS to a magnitude near the 
standard sample (A). It might be because there are more 𝐴𝐿2𝑂3 nanoparticles present than 
what is necessary to react with the freed lime throughout the hydration process, resulting 
in excess silica leaking out and weakening the concrete since it only replaces a portion of 
the cementitious material. Additionally, the weak areas might result from flaws created 
throughout the dispersion of nanoparticles [23]. The best CS for all cement mortar 
mixtures was noticed with substitution of 1 percent and 3 percent of 𝐴𝐿2𝑂3 with 
nanoparticles Because the 𝐴𝐿2𝑂3 had high activity. The presence of nanoparticles in the 
cementing system leads to the consumption of portlandite Ca(OH)2 caused by a pozzolanic 
reaction, filling the capillaries, reducing the pores, and increasing the strength. 

 

 

 Fig. 5. Influence of replacing OPC by Nano (𝐶𝑎𝐶𝑂3, 𝐴𝐿2𝑂3, and 𝐶𝑎𝐶𝑂3 + 𝐴𝐿2𝑂3) at 7 and 
28 curing days on density. 
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 Fig. 6. Ultrasonic pulse velocity finding for various samples at 7 and 28 curing days. 

 

 Fig. 7. Influence of replacing OPC by Nano (𝐶𝑎𝐶𝑂3, 𝐴𝐿2𝑂3, and 𝐶𝑎𝐶𝑂3 + 𝐴𝐿2𝑂3) at 28 
curing days on UPV. 

Furthermore, no apparent effects were when replaced nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) 
with (1, 3, and 5 percent) by cement's weight in density and ultrasonic pulse velocity of 
cement mortar at 7 and 28 curing days, respectively; this probably attributed to the size of 
cubes were small with dimensions (50× 50× 50) mm as illustrated in  Fig. 6 and 7. 

For 𝐶𝑎𝐶𝑂3 with nanoparticles replaced by (1, 3, and 5 percent) (B1, B2, B3) by cement’s 
weight, the findings illustrated that the CS increase (51, 87, 2.4 percent) and (22,40,38 
percent) at 7 and 28 curing days respectively. It was noted that the increase in CS at (1 
percent and 3 percent) because the 𝐶𝑎𝐶𝑂3 with nanoparticles are chemically stable and 
filled the pores and increased the surface activity. 

In the case of a combination of substitution of nanoparticles in cement mortar cubes having 
combined 1 percent and 3 percent (B1+C1) and (B2+C2) nanoparticles of (𝐴𝐿2𝑂3 and 
𝐶𝑎𝐶𝑂3). The substitution of 1 percent and 3 percent of nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) 
to cement mortar increased the CS (28 and 74 percent) at 7 curing days and (30 percent 
and 42 percent) at 28 curing days, respectively. Because the 𝐴𝐿2𝑂3 nanoparticles had high 
activity, the present nanoparticles in the cementing system led to the consumption of 
portlandite Ca(OH)2 caused by a pozzolanic reaction that fills the capillaries, reducing the 
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pores and increasing the strength. The 𝐶𝑎𝐶𝑂3 with nanoparticles filled the pores and 
increased the surface activity.  

3.2. Statistical Analysis of Results 

Determining which substitution proportion of nanoparticles significantly affects the 
explored parameters is possible by utilizing a completely randomized design and 
implementing two-factor ANOVA without replication. Hence, tests of samples' mechanical 
and physical parameters (i.e., CS and density) on one sample of each of the nine cement 
mortar mixes. Table (7) presents the CS and density based on the substitution proportion 
(treatment) per curing age.  

Table 7. Data for two-factor ANOVA without replication analysis. 

Treatment 
Curing time 

Control 
B1 

(1 %) 

B2 
(3 
%) 

B3 
(5 
%) 

C1 
(1 
%) 

C2 
(3 %) 

C3 
(5 
%) 

B1+C1 
(1 %) 

B2+C2 
(3 %) 

 CS (MPa) 

7days 20.5 31 38.5 21 31.6 37.5 33 26.3 35.7 
28 curing days 27 33 38 37.5 31 33 27.5 35 38.3 

 Density (kg/m3) 

7days 2312 2288 2288 2282 2352 2253 2285 2285 2270 

28 curing days 2320 2278 2294 2309 2336 2296 2329 2296 2299 

 
Tables (8 and 9) demonstrate the main part of the findings of the two-factor ANOVA 
analysis. The rows relate to the determined factors, and the columns relate to the 
substitution proportion. 
 

Table 8. Output for two-factor ANOVA analysis for CS (MPa) at a significant level of 0.05. 

Source  SS df MS F p-magnitude 
Rows 35.28 1 35.28 1.4796 0.2585 

Columns 311.23 8 38.9037 1.6316 0.2521 
Error 190.75 8 23.8437   

Total 537.26 17 31.6035   

 

Table 9. Output for two-factor ANOVA analysis for Density (kg/m3) at a significant level of 
0.05 

Source  SS df MS F p-magnitude 
Rows 1122.25 1 1122.25 4.3360 0.07582 

Columns 6487 7 926.7142 3.5805 0.0571 
Error 1811.75 7 258.8214   

Total 9421 15 628.0666   

df: the freedom degrees in the source; SS: the sum of squares because of the source;               
MS: the sum of squares means because of source; F: the F-statistic; P: the P-magnitude. 

As the focus was on the columns factor (substitution proportion) for both explored factors, 
there was a slight variance between the substitution proportions for the CS (p-magnitude 
= 0.2521). On the other hand, there was a significant variance between the substitution 
proportions for the density (p-magnitude = 0.0571), which was inferred to agree with the 
analysis of the previous findings [39,40]. 
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4. Conclusion 

The mechanical features of cement mortar are affected by substituting nanoparticles of 
(𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) with cement. It has been detected from replacing nanoparticles of 
(𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) in cement mortar that: 

• The compressive strength was improved by (54 82)% and (15 and 22)% when 
using nanoparticles of 𝐴𝐿2𝑂3 by (1 and 3)% by cement weight at 7 and 28 curing 
ages, respectively.  

• Increasing the utilized ratio of 𝐴𝐿2𝑂3 to 5wt% of cement led to a decreased 
compressive strength improvement rate for the produced mortar at the advanced 
ages from 61% to 2% only compared with the control sample without additives 
material. The best compressive value was obtained when using 3wt% of 𝐴𝐿2𝑂3. 

• The compressive strength was improved by (51, 88, 2)% and (22, 41and 39)% 
when using nanoparticles of 𝐶𝑎𝐶𝑂3 by (1, 3, and 5)% by cement weight at 7 and 28 
curing ages, respectively.  

• Increasing the utilized ratio of 𝐶𝑎𝐶𝑂3 to 5wt% of cement decreased the 
compressive strength of the produced mortar at the advanced ages. The best 
compressive value was obtained when using 3wt% of 𝐴𝐿2𝑂3. 

• Substituting 1 percent and 3 percent of binary combination nanoparticles of (𝐴𝐿2𝑂3 
and 𝐶𝑎𝐶𝑂3) to cement mortar increased the CS to (28 percent and 74 percent) MPa 
at 7 curing days and (30 percent and 42 percent) MPa at 28 curing days, 
respectively. 

• The effects of replacing nanoparticles of (𝐴𝐿2𝑂3 and 𝐶𝑎𝐶𝑂3) with (1, 3, 5 percent) 
by cement’s weight on density and ultrasonic pulse velocity of cement mortar at 7 
and 28 curing days were insignificant. 
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 This study investigated the inhibition characteristics of rice husk (RH) on 
corrosion of Aluminum 6061 in 1M hydrochloric acid. Gravimetric analysis and 
Scanning Electron Microscopy (SEM)/ Energy Dispersive X-ray analysis (EDX) as 
well as electrochemical studies revealed the potency of RH as a good inhibitor of 
the corrosion of Al 6061 in 1M HCl. Fourier Transform Infrared Spectroscopy 
(FTIR) indicated that –OH, C=C, and C=O with signals at (3317.19, 2932.9, 
2848.2), (1631.8) and (1105.73, 1030.2, 447.15), respectively in RH were the 
viable active functional groups which adsorbed on the metal surface to effect 
reduction of corrosion rates. However, literature suggested the presence of 
amorphous silica in RH which served as a complimentary corrosion inhibitor. 
The corrosion current density of Al 6061 was reduced to 3.46 × 10−7 A/cm2 at 24 
h as against 9.27 × 10−7 A/cm2 at the commencement of the potentiodynamic 
polarization measurements in inhibited 1M HCl. The control specimens 
exhibited an average corrosion rate of 3.86 × 10−6 A/cm2 in HCl solution at the 
start of this investigation as compared to the corrosion rate of 3.46 × 10−7 A/cm2 
at 24 h of exposure in 5 mg RH- inhibited HCl. The obtained results gave a 
corrosion inhibition efficiency of about 90 to 92%.  

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

Aluminium alloys are important structural engineering materials and their applications in 
industries come closely behind those of steel because of their lightweight, relatively high 
strength, and good corrosion resistance properties [1, 2]. Although highly resistant to 
atmospheric corrosion, aluminium alloys do undergo serious pitting corrosion in the 
presence of extraneous ions such as chlorides as may be encountered in process streams 
[3, 4]. Most of the generally known methods of corrosion control of metals are also suitable 
for aluminium alloys, however, in process streams as well as in radiators and heat 
exchangers, it is more appropriate to use inhibitors streams [3 – 6]. Inhibitors are either 
organic and/or inorganic chemicals that, when added in small quantities to corroding 
systems, reduce corrosion rates of metals by functioning as anodic, cathodic, or mixed-type 
inhibitors depending on their molecular structures and some other factors in the 
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environment.  Misgivings with inhibitors in current usage are their synthetic routes of 
production, high costs as well as being hazardous which affect both the environment and 
humans. These amongst others have made searches for low-cost, biodegradable inhibitors 
from renewable sources inevitable. Hence, researchers have beamed searchlights on 
extracts from plants such as Sabdariffa calyx, castor oil, and agricultural wastes such as rice 
husks, hydrolyzed chicken feather, walnut leaf, almond fruit leaves, Jatropha curcas leaf, 
Cascabela thevetia, and so on, as alternatives [7 – 11]. 

A series of studies by various authors [7-14] on the inhibitive effects of extracts of plants 
and waste farm produce, on acid corrosion of metals, using different electro chemicals, in 
conjunction with other techniques, indicated that all the extracts inhibited the corrosion 
process by virtue of adsorption of their phytochemical constituents on the corroding metal 
surface.  Inhibition efficiencies were shown to improve with a concentration of the active 
constituents. From such studies, the mechanisms of inhibition showed no generalized 
behaviour, however, it was noted that inhibition efficiencies, in excess of 90 to 95% in 
many instances, may be an indication that these extracts are suitable candidates for the 
formulation of non-toxic, environment-friendly corrosion inhibiting materials. 

In the current research, rice husk which forms about 25% of wastes from paddy milling 
[12] was valorized for use as a corrosion inhibitor for Al 6061 in hydrochloric acid.  
Valorized rice husks contain amorphous silica [13] and organic species such as cellulose 
[14] and have been severally employed as inhibitors in various environments [14, 15]. The 
RH was prepared and functional groups were obtained using Fourier transform infrared 
(FTIR) spectroscopy. The surfaces of the inhibited substrate and uninhibited substrate in 
1 M HCl were characterized using scanning electron microscopy with an attachment of 
energy dispersive X-ray analyzer (SEM-EDX). Both gravimetric and potentiodynamic 
polarization techniques were employed for the corrosion studies. 

2. Materials and Methods  

Spade-like electrodes were made from Al 6061 sheet metal. The electrodes were etched in 
10% NaOH, rinsed in water, de-smutted in 50% HNO3, and given a final rinse in water 
before drying at room temperature. The corrosion medium was 1M HCl with and without 
5 mg of valorized rice husk. All chemicals were laboratory-grade reagents from BDH 
Chemicals, UK. 

2.1. Preparation of Rice Husks and FTIR Analysis 

Spade-like electrodes were made from Al 6061 sheet metal. The electrodes were etched in 
10% NaOH, rinsed in water, de-smutted in 50% HNO3, and given a final rinse in water 
before drying at room temperature. The corrosion medium was 1M HCl with and without 
5 mg of valorized rice husk. All chemicals were laboratory-grade reagents from BDH 
Chemicals, UK. 

 
(a) 

 
(b) 

 
(c) 

Fig. 1 Rice husk (a) As received (b) Pulverized (c) Powdered 

                    

(a) (b) (c) 

                    

(a) (b) (c) 
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2.2. Gravimetric Measurements 

The gravimetric analysis was performed in accordance with NACE recommended practice 
RP-0775 (NACE, 2005) [16] and ASTM G-31-72 (2004) [17] in which cleaned and weighed 
Al 6061 electrodes were immersed in 100 ml HCl in a 200 ml beaker in the absence and 
presence of 5 mg RH for periods ranging from 2 h to 16 h. After each period of immersion, 
the specimens were rinsed in running water, dried under the fan at room temperature for 
30 min, and reweighed. For each immersion period, three different measurements were 
made and the average of the readings were taken as final measurements. From the 
gravimetric measurements, corrosion rates were obtained with Eq. (1) and % inhibition 
efficiency, %IE, was calculated with Eq. (2). 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒, 𝐶𝑅 =
𝐾. 𝑊

𝐴. 𝐷. 𝑇
 (1) 

where CR is the corrosion rate (mm/year), K is a constant (8.766× 104), T is the time of 
exposure (hr), A is the area (cm2), W is the weight loss (mg), and D is the density of Al, 
(g/cm3).        

IE % = (𝐶𝑅 − 𝐶𝑅𝑖)/𝐶𝑅 × 100 
(2) 

where CR is the corrosion rate in the absence of inhibitor and CRi is the corrosion rate in 
the presence of inhibitor.  

2.3. Scanning Electron Microscopy (SEM) and Energy Dispersive Analysis of X-
Ray (EDX) 

Spade-like electrodes immersed for 16 h in 1M HCl in the presence of 5 mg of rice husk 
extract and without the extract were examined in a Scanning Electron Microscope, Model 
Pro X, with an Energy Dispersive X-ray analyzer (EDX) attached at high vacuum (HV) mode 
with 20 kV accelerating voltage. 

2.4. Electrochemical Measurements 

Electrochemical measurements were performed in a conventional three-electrode cell 
using computer-controlled potentiostat/galvanostat (Autolab PGSTAT 302N). The 
platinum electrode served as the counter electrode (CE), Ag/AgCl, as the reference 
electrode (RE), and Al 6061 specimens were employed as working electrodes (WE). The 
area of WE exposed to the medium was approximately 1 cm². Before each potentiodynamic 
polarization measurement, the electrode potential was allowed to stabilize while the open 
circuit potential (OCP) was recorded as a function of time up to about 30 minutes. After 
this, a steady-state OCP corresponding to the corrosion potential (Ecorr) of the working 
electrode was obtained. The potentiodynamic measurements were carried out on the 
specimens in 1M HCl with and without 5 mg of inhibitor. The potential scans were executed 
automatically between 200 and -200 mV vs OCP at a rate of 10 mV/s. Fresh HCl solution 
and Al 6061 samples were used after each potential sweep. 

3. Results and Discussion  

3.1. FTIR Analysis 

The spectrum generated for the rice husk is displayed in Fig. 2, where it can be observed 
that –OH, C=C, and C=O had signals at (3317.19, 2932.9, 2848.2), (1631.8), and (1105.73, 
1030.2, 447.15), were present respectively. These have electron-rich centers that interact 
with corroding surfaces to stifle corrosion reactions. 
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Fig. 2. FTIR spectra for rice husk 

However, for C=C, especially when the double bonds are conjugated as in organic moieties 
found in rice husks, delocalization of electrons occurred in electrolytes leading to 
interactions with corroding surfaces thereby destabilizing corrosion reactions to reduce 
corrosion rates. Cellulose in rice husks is a typical reference point with both double bonds 
and reactive –OH groups. Therefore, such interactions are expected to reduce corrosion 
while descaling aluminium artefacts and radiators in water cooling systems.  

3.2. Gravimetric Analysis 

The plot for the corresponding corrosion rates in 1M HCl solution at ambient temperature 
from gravimetric analyses is displayed in Fig. 3. The weight loss in blank HCl was observed 
to increase steadily with time from about 0.22 mg at 2 h to about 0.56 mg at 16 h of 
immersion periods with corresponding corrosion rates of 3.4 × 10-6 and 1.08 × 10-6 mm/y, 
respectively. On the other hand, the inhibited weight loss commenced from a lowly 0.03 
mg at 2 h to about 0.14 mg at 16 h of immersion time with corresponding corrosion rates 
of 4.63 × 10-7 and 2.7 × 10-7 mm/y, respectively.  From the foregoing, an inhibition 
efficiency of about 92% was observed.  
 

 

Fig. 3. Corrosion rate versus time in blank and 5 mg inhibited 1M HCl solution 
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This was expected as adsorption and desorption of inhibiting species occurred with time 
while the offending species continually interacted with the corroding surface. However, an 
overall decrease in corrosion rate was observed. 

3.3. Scanning Electron Microscopy (SEM)/Energy Dispersive Analysis of X-ray 
(EDX) Analysis 

The scanning electron micrograph of Al6061 specimens immersed in inhibited 1M HCl 
solution for 16 h is displayed in Fig. 4. It can be observed that there are only two major pits 
along a scratch line revealed on the surface, which indicated that the inhibitor was effective 
throughout the exposure period. The EDX revealed a major peak for Al and numerous other 
elements as displayed in Table 1 along with their percentage occurrences. The other major 
elements are C at 0.5 %, Si at 1% and Fe at 2.3% as against 0% C, 0.7% Si, and 0.6% Fe in 
Al6061 [18].  

 

Fig. 4. Scanning electron micrograph of Al 6061 immersed for 16 h in RH inhibited 1M 
HCl 

C is derived from organic components like cellulose in rice husks with active –OH groups 
at various positions [19], which can adsorb on corroding sites to inhibit corrosion in such 
areas. The presence of Si at a percentage higher than was expected in Al6061 suggested 
the interaction of SiO- with corroding alloy of interest. Amorphous silica is present in rice 
husks and is known to be a good corrosion inhibitor separately [14, 15] and in combination 
with other chemicals [20].  The higher weight percentage of Fe’s presence on the inhibited 
specimen than expected in Al6061 also indicated the interaction of rice husks with the 
corroding surface. In all, most of the elements detected are also present in rice husks albeit 
at higher percentages than expected in Al6061. 

The scanning electron micrograph of Al 6061 exposed for 16 h in 1M HCl is displayed in 
Fig. 5, where it can be observed that almost the entire surface was ravaged with pitting 
corrosion episodes with almost 90 to 95% of the surface covered with pits of various 
shapes as against 2 to 5% pitting corrosion observed on the inhibited specimen, Fig. 3. 
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Table 1. Percentage elemental composition of Al6061 exposed to 1 M HCl with 5 mg of 
rice husks and 1 M HCl only 

Element 
Number 

Element 
Symbol 

Al6061 in HCl + 5 mg RH Al6061 in HCl 

Atomic 
Conc. 

Weight 
Conc. 

Atomic 
Conc. 

Weight 
Conc. 

13 Al 92.61 88.90 94.68 90.50 
26 Fe 1.15 2.29 1.26 2.50 
47 Ag 0.43 1.64 0.37 1.41 
20 Ca 0.73 1.04 0.77 1.09 
41 Nb 0.30 1.01 0.29 0.96 
14 Si 1.00 1.00 0.70 0.70 
39 Y 0.31 0.99 0.32 1.00 
19 K 0.67 0.93 0.54 0.75 
16 S 0.61 0.70 0.38 0.44 
6 C 1.33 0.57 - - 

22 Ti 0.25 0.42 0.09 0.16 
12 Mg 0.44 0.38 0.40 0.34 
11 Na 0.16 0.13 0.19 0.15 
15 P 0.00 0.00 0.00 0.00 

 
Thus, it can be inferred that components of rice husks adsorbed and performed as 
corrosion inhibitors on Al6061 in 1M HCl solution. Table 1 presents the elemental 
composition of the uninhibited specimen. It is interesting to note that Si remained at 0.7 
wt.% and C remained at 0 wt.% as in Al 6061 as against 1% and 0.57% on the surface of 
the inhibited specimen. These further suggest interactions of rice husk components with 
inhibited specimens in reducing pitting corrosion episodes. 

 

Fig. 5. SEM micrograph of Al 6061 exposed for 16 h in 1M HCl without inhibitor 

Niobium and Yttrium present in both specimens may be contaminants present in 
chemicals employed during the various preparations in carrying out the research. 
However, since their weight concentrations remained almost constant at about 1%, Nb and 
Y are more likely to be in the substrate Al alloy. 
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3.4. Electrochemical Analysis 

The potentiodynamic curves for Al 6061 in HCl with and without inhibitor are displayed in 
Fig. 6 and corresponding parameters from the Tafel extrapolations are shown in Table 2, 
respectively. 

 

Fig. 6. Potentiodynamic polarization scans of Al 6061 exposed to 1M HCl at 30oC with 
and without 5 g of RH Inhibitor (Series 1 – OCP/blank; Series 2 – OCP/RH, Series 3 – 24 

h/RH) 

 
It has been canvassed in the literature [21,22] that the associated mechanisms with anodic 
and cathodic reactions for Al as described in Fig. 6 can be written as Eqs. (3-6): 

Anodic reactions:           Al + Cl →   AlCl-(ads)  (3) 

AlCl-(ads) + Cl-     →   AlCl2+(Sol) + 3e- (4) 

Cathodic reactions:       H+ + e-    →   H(ads) (5) 

H(ads) + H(ads)   →   H2 (6) 

The mechanism of corrosion inhibition of the rice husk on Al substrate in 1M HCl could be 
described as follows. Corrosion inhibitor causes adsorption on the interface of the metal 
and 1M HCl aggressive solution. The dissolution of metal and hydrogen gas liberation 
occurred at the anode and cathode, respectively [23]. The rice husk molecules’ adsorption 
on the surface of the substrate could be attributed to a negatively charged acid anion (Cl-) 
from the HCl solution. Hence, the adsorption results in the surface coverage of the metallic 
material by preventing the corrosion of the substrate [24]. The metal surface protection 
occurs due to coordinated bond creation between the Al alloy and the rice husk inhibitor 
molecules [25, 26].  

From the foregoing, it is obvious that Al readily reacts in HCl to form the various products 
observed in Equations 3 and 4. The cathodic polarization curves in the absence and 
presence of RH appear parallel to each other and the same can be observed for the anodic 
polarization which suggested that the inhibitor did not change the processes occurring on 
the electrode surface, it only decreased the rate of reaction to delay corrosion. 
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From Table 2, the difference in corrosion potentials in the presence and absence of 
inhibitor is not up to 85 mV suggesting that the inhibitor acted as a mixed type inhibitor. 
Thus, both anodic and cathodic reactions were slowed down to lower the corrosion rates 
of the specimens in inhibited HCl. Moreover, it is evident from Table 2, that the corrosion 
rate was reduced from 3.8 × 10-6 A/cm2 to 3.46 × 10-7 A/cm2 at 24 h of exposure in the 
presence of an inhibitor. The % inhibition from these readings was calculated to be about 
90% which approximates the values obtained from gravimetric analyses further indicated 
that RH was an efficient inhibitor capable of strong adsorption on the surface of corroding 
Al6061 

Table 2. Polarization parameters for specimens at attainment of OCP and at 24 h in HCl 

Samples 

Corrosion 
rate,  
CR 

(mm/y) 

Corrosion 
current 
density, 

Icorr 
(A/cm²) 

Corrosion 
potential, 

Cp (V) 

Polarization 
resistance 

Rp (Ω) 

Cathodic 
constant 

Bc 
(V/dec) 

Anodic 
constant 

Ba 
(V/dec) 

@OCP/blank 0.044831 3.86E-06 -0.89735 106.97 0.002653 0.001481 

@OCP/RH 0.010774 9.27E-07 -0.92046 548.82 0.002334 0.002353 

@24h/RH 0.004022 3.46E-07 -0.9351 1289.4 0.001631 0.00278 
             

Further examination of Table 2 in conjunction with Fig. 6 reveals that the values of Ba and 
Bc were altered on adding inhibitor to the corroding systems which is more prominent 
with Bc at 24 h exposure in the inhibited system. This implied that the cathodic hydrogen 
evolution reaction in the acidic system was impacted more by the adsorption of inhibitor 
moieties [27]. 

Various studies [3, 8, 15, 25, 28] on the corrosion inhibition performances of plants’ 
extracts have shown that “x-ray electron spectroscopy (XPS), scanning electron 
microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR) surface study 
techniques have all supported the existence of protective layers on the numerous metals 
studied. These extracts operated as mixed-type inhibitors, according to PDP data. The 
current research revealed significant findings in the preparation of original, environment-
friendly, sustainable inhibitors with high inhibitory power commensurate with findings 
from the literature. 

4. Conclusions   

This study is very important to the field of materials with regard to the development of 
eco-friendly and non-toxic corrosion inhibitors. The green inhibition tendencies of 
valorized rice husk on Al6061 substrate in 1M hydrochloric acid environment were 
investigated. Fourier Transform Infra-Red spectroscopy revealed the availability of 
functional groups, -OH, C=C, and C=O in RH with peaks at various wavelengths of 3317.19, 
2932.9, 2848.2, 1631.8, 105.73, 1030.2 and 447.15. These functional groups were 
variously employed to inhibit corrosion on the Al 6061 substrate. The functional groups 
adsorbed on the corroding substrate and reduced the pitting corrosion episodes to 
between 90 and 92%.  

The micrographs revealed that the density of pits on the surface of the substrates exposed 
in an uninhibited environment was reduced from about 100/mm2 to about 2/mm2 on the 
metal surface exposed to the inhibited 1M hydrochloric acid. 
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The rice husk performed as a mixed-type inhibitor as the difference in the corrosion 
potentials of the inhibited and uninhibited specimens was less than 85 mV. The corrosion 
rate of Al6061 was reduced from 3.8×10-6 A/cm2 in blank hydrochloric acid to 3.46 × 10-7 

A/cm2 at 24 h of exposure in rice husk-inhibited hydrochloric acid solution. Thus, rice husk 
performed as an effective corrosion inhibitor for Al 6061 in 1M hydrochloric acid solution 
with an inhibition efficiency of between 90 and 92%. 

The Tafel constants Ba and Bc differed slightly in values which suggested that the 
electrochemical mechanisms for the corrosion of Al 6061 remained the same in the 
presence and absence of inhibitor in the aggressive hydrochloric acid over the immersion 
periods employed in this investigation. The anodic and cathodic corrosion reactions were 
only slowed down to effect reduction in corrosion rates, without any change in 
mechanisms. This is an important study to material scientists and engineers based on the 
promising results obtained. 
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 The research on the rapid and sensitive detection of pollution caused by the 
products and technologies used has recently attracted attention in the literature. 
In the detection of volatile organic compounds (VOCs), polymers/monomers are 
used in the production of sensitive, fast-responding, reversible thin-film gas 
sensor elements. In this work, the monomer α-Naphthylmethacrylate was 
selected as thin film sensor element. The α-Naphthylmethacrylate-based nano 
thin films were prepared with technique of LB. Monomer LB thin films fabricated 
onto gold-coated glass substrate to investigate their vapour sensing properties 
by using Surface Plasmon Resonance (SPR) optical technique. This prepared 
monomer-based thin film sensor exposed to five different concentrations of 
chloroform vapors varying between 13.98x103-69.9x103 ppm and the sensor 
response values were recorded. Swelling dynamics’ of this monomer thin film 
sensor was also illuminated by using Fick's early-time diffusion law. Diffusion 
coefficients of α-Naphthylmethacrylate LB thin film sensor materials exposed to 
the five different concentrations of chloroform vapor were calculated with the 
help of reflected light intensity graph data and Fick's Law as a function of time. 
It was determined that the diffusion coefficient values of the first and second 
slope regions as varying between 5.72x10-17-21.97x10-17 cm2s-1 and 3.06x10-17-
6.25x10-17 cm2s-1, respectively. SPR kinetic measurement results showed that α-
Naphthylmethacrylate material is promising for the detection of chloroform 
vapor. 

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

Volatile organic compounds (VOCs) are the leading chemicals causing environmental 
pollution [1,2]. These compounds, which have low boiling points and high vapour 
pressures and can pose very serious health risks, have great negative effects on people's 
respiratory, circulatory, nervous, excretory and even immune systems [3,4]. It is of great 
importance that these compounds remain within acceptable limits in the indoor or outdoor 
environment, and various sensors are being developed for their detection. One of these 
compounds, chloroform, is harmful to the environment and human health. Chloroform 
with chemical formula CHCl3 is colourless, having a boiling point of 61 ℃ and it has a 
density of 1.48 g cm-3. Chloroform has very high volatility and very low solubility in water. 
It is a chemical that can be found at very low levels in some cleaning products and 
medicines. While short-term exposure can cause central nervous system disorders, long-
term exposure can lead to hepatitis, lung disorders, depression and irritability. Exposure 
to chloroform above 40000 ppm can result in death. Chloroform, which used to be used for 
anaesthesia, is no longer used for this purpose.  

These vapors can be easily detected due to the favourable cavity and host-guest 
interaction. With their assistance of Quartz Crystal Microbalance (QCM), Surface Plasmon 

mailto:yaser.acikbas@usak.edu.tr
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Resonance (SPR) and other gas measurement systems, the response of the thin film sensor 
can be recorded as a function of time when organic vapor is injected into a thin film sensor. 
Among these techniques, SPR technology provides both the elucidation of the optical 
properties of thin films and the analysis of the prepared thin film sensors at a low 
concentration.  

Many sensors with different operating mechanisms, fast and sensitive detection of organic 
volatile compounds in the indoor or outdoor environment can be carried out [5,6]. A thin 
film layer is usually preferred as the basic gas sensor element in the detection of volatile 
organic compounds in this field [7-9]. These thin films are designed to have a controlled, 
homogeneous structure and effective detection capability; researchers are making great 
efforts to develop gas sensor elements with increased sensitivity, low cost and reversibility 
[10-12]. Many thin film fabrication techniques such as LB thin film technique [13-15] and 
spin coating [16-18] are in the focus of researchers' attention in this sense; design, 
modelling and fabrication of thin films are carried out. These techniques, in which an 
unlimited number of raw materials can be used for different application areas, contribute 
to the emergence of thin films suitable for the purpose with their flexibility. There is a 
limited number of research on the synthesis and characterisation of new raw materials 
that can offer many of the desired properties at the same time at low cost. The majority of 
these synthesised raw materials are monomers and polymers. 

Polymers are considered as versatile materials that are suitable for an uncountable 
number of applications due to their controllable properties. The low cost of polymers, 
which can be produced in various forms and properties, makes them indispensable for 
many fields [19-21]. In the detection of volatile organic compounds (VOCs), these unique 
polymers are utilized in the production of sensitive, fast responding, reversible thin film 
chemicals sensor elements. The main objective of this study is to investigate monomers 
that can best interact with the volatile organic compounds to be detected and enable the 
production of efficient chemical sensors [22-24]. It is important to synthesize raw 
materials that are suitable for the molar volume of the gas to be detected and that can form 
dipole moments or other secondary interactions with the gas. 

Increasing environmental pollution and harmful organic vapors, which are increasingly 
emitted into the indoor and outdoor environment, can reduce the quality of life of people 
and cause serious health problems in long-term exposures. Considering the increase in 
these harmful chemical compounds, the importance of the design and application of 
reversible gas sensors that can perform fast, sensitive and repetitive detection is 
understood. For these reasons, this study aims to produce thin films from monomer 
materials, to elucidate their reactions and interaction mechanisms against harmful organic 
vapors. 

In this study, α-Naphthylmethacrylate based thin films were prepared by utilizing LB thin 
film technique onto the gold-coated glass substrates. These LB thin films were expose to 
chloroform vapour at different concentrations to investigate their gas sensing abilities. The 
performance of α-Naphthylmethacrylate based LB thin film sensor was measured by 
calculating the values of sensitivity, LOD and diffusion coefficients. The diffusion 
coefficients of chloroform for α-Naphthylmethacrylate LB thin films were illuminated with 
this study.  

2. Theory 

2.1. Method of Surface Plasmon Resonance (SPR) 

SPR is one of the spectroscopic methods used to measure the thickness and refractive 
index of thin films on metal surfaces. Fig. 1 shows a symbolic presentation of the SPR 
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measurements. The thickness of LB films and their weakly bound molecular interactions 
with organic vapors can be studied with the sensitivity of SPR [25,26]. That is, the layer-
by-layer production of thin films is controlled in relation to the angle shift in the SPR curve 
of the molecules attached to the substrate. On the contrary, the thickness of the thin film is 
kept constant and exposed to organic vapors and the molecular interactions are analysed 
in relation to the reflected light changes recorded in the photodetector. 

 

Fig. 1. A symbolic presentation of the SPR measurements 

The light intensity reflected of the metal-thin film structure is recorded in the form of an 
SPR curve given in Fig.1. Surface plasmons (SPs) occurs during interaction between 
incident light and thin film [27]. The setup of SPR experimental system known as the 
Kretschmann configuration is shown in Fig. 1. Molecular interactions that cause a change 
in the refractive index, or an increase in molecular mass, change the intensity of the sensor 
material and hence the angle of incident light, which translates into a response signal in 
the detector [28]. This change causes a shift in the minimum of the resonance angle in the 
SPR graph. For thin films with linearly increasing thickness, the change in the resonance 
angle increases in direct proportion.  

 

 

Fig. 2. A schematic demonstration of SPR curves and SPR kinetic measurements 
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From this data, the thickness of the transferred layers can be determined. Since SPR curve 
can display the distribution and amount of molecules transferred to a metal surface in real 
time, its use for the determination of the manufacturability of thin film monolayers is quite 
common [29]. A schematic representation of the gas cell for SPR kinetic measurements is 
given in Fig. 2. When the sensor surface is organized to contain selective receptors for 
specific chemicals or biomolecules, the structure of the newly formed material can be 
applied in chemical and biochemical sensor fields. SPR spectroscopy is one of the main 
optical techniques used today for the development of low-cost and high-resolution 
chemical and biochemical optical sensors [30]. SPR sensing has been receiving increasing 
attention in the scientific community due to its advantages of real-time monitoring and 
remarkable sensitivity. 

2.2. Fick's Law and its Application 

The diffusion coefficient (Ds) is calculated with the equations of diffusion described in 
Fick's 2. law. The data of SPR kinetic results obtained in real-time measurements was used 
during this calculations [31]. In this study, this diffusions’ law was applied to calculate the 
value of diffusion coefficient during chloroform molecule diffuse into the monomer film. 
The early-time approximation presented in Eq (1) for plane layers [31]. a0 is the initial 
thickness of the surface layer, D is the diffusion coefficient, Mt and M∞ represent the 
amount of material diffusing into the surface layer at times t and infinity, respectively. 

𝑀𝑡

𝑀∞
= 4√

𝐷

𝜋𝑎0
2 𝑡1/2 

(1) 

This behavior suggests that the number of saturated vapor molecules Mt diffusing into the 

LB thin film should be inversely proportional to Ir and Eq (1) can be expressed as Eq (2). 

𝑀𝑡

𝑀∞
≅ (

𝐼𝑟 (𝑡)

𝐼𝑟 (∞)
)

−1

= 4 √
𝐷

𝜋𝑎0
2 𝑡

1
2⁄  

(2) 

This new equation states that the ratio of reflected luminous intensity varies in direct 
proportion to the t1/2. Using Eq (2) and the plot of the normalized irradiance as a function 
of the t1/2, the diffusion coefficients can be calculated. 

3. Experimental Details 

The monomer α-Naphthylmethacrylate (given in Fig. 3) preferred in preparation of 
chemical sensor thin films was obtained with the procedure given in previous studies 
[32,33]. 

 

Fig. 3. The chemical structure of α-Naphthylmethacrylate monomer 
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In this study, the α-Naphthylmethacrylate was chosen as thin film element to research its 
VOCs sensing characteristics. The optimum surface pressure value for the production of α-
Naphthylmethacrylate LB thin film was determined as 13mN m-1 from isotherm graph of 
this monomer [25] and 10 layers of LB thin film were produced on a gold-coated glass 
surface for investigating their gas sensing properties. 

4. Results and Discussion 

Generally, the interaction mechanism between the thin film and organic vapor molecules 
is known to occur in three steps: surface adsorption interaction, interlayer diffusion and 
desorption [34,35]. A schematic representation of these steps is given in Fig. 4. When 
organic vapor is injected into the gas cell, the reason for the rapid increase in reflected light 
intensity is due to the surface adsorption interaction between the LB thin film and organic 
vapor molecules. This is followed by the diffusion effect where the organic vapor molecules 
begin to penetrate into the LB thin film layers. The diffusion process is related to many 
important physical properties of vapor molecules. Desorption is the removal of organic 
vapor by injecting fresh air into the gas cell.  

 

Fig. 4. A schematic representation of the interaction mechanism between monomer 
thin film and chloroform vapour 

From the graph given in Fig. 4, there is fresh air in the environment between 0 and 120 
seconds. At 120. Second, when chloroform vapor was introduced into the gas cell, the 
reflected light intensity increases rapidly and reaches a maximum value. It is noteworthy 
that the intensity changes rapidly as soon as organic vapor is introduced, indicating that 
the thin film reacts quickly to chloroform vapor. After a certain change in the reflected light 
intensity, approximately takes a constant value. The fact that the reflected light intensity 
remains stable in this period indicates that the thin film interacts with chloroform vapor. 
After allowing the chloroform vapor to remain in the environment for 2 minutes, air was 
introduced into the environment at 240. second and the reflected light intensity was 
observed to return to its previous value. After air introduced to cell, if the value of the 
reflected light intensity is not return to its previous value, the sensor coated with monomer 
thin film is not reversible property. Similarly, three times chloroform vapor was sent to 
cell and the reflected light intensity change was recorded. Fig. 5 displays the responses of 
monomer-coated SPR sensor to chloroform vapors nearly same.  
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The interactions of monomer LB thin film sensor with saturated and different 
concentrations of chloroform organic vapour is shown in Fig. 6. Between 0 - 120 seconds 
there is air in the environment. At 120 seconds, 13.98x103 ppm chloroform was introduced 
into the environment where the monomer LB thin film sensor was located. After the 
chloroform vapor was kept in the environment for 2 minutes, air was introduced into the 
environment to remove it from the environment. Then, at 360 seconds, 27.96x103 ppm 
chloroform vapor was introduced into the environment and kept in the environment for 2 
minutes, and then air was again introduced into the environment and removed from the 
environment. This process was repeated with 41.94x103, 55.92x103 and 69.9x103 ppm 
chloroform vapour. Fig. 7 shows that the shift in the reflected light intensity increases as 
the concentration ratio increases. The LB thin film sensor fabricated with monomer was 
found to be sensitive to harmful chloroform vapor. 

 

Fig. 5. The response of monomer LB thin film sensor to the saturated chloroform 
vapour for three cycles 

The sensitivity value of the monomer-based SPR optical sensor was obtained from the 
slope of Fig. 7. This figure explains the relationship between the sensor response and 
chloroform vapor at distinct concentration. As a result, the sensitivity value of the 
monomer-based SPR optical sensor is 1.297 × 10-3 ppm-1 with LOD value of 9.02 ppm. 

 
Fig. 6. The response of monomer LB thin film sensor to chloroform vapour at different 

concentrations 
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Fig. 7. The linearship relation between chloroform vapour and the change in the 

reflected light intensity 

The chloroform vapour may be interacted with the sensor films by the emergence of 
hydrogen bonds during interaction between VOC and sensor film. The SPR kinetic result 
can be also explained in terms of molecular weight of chloroform vapour. Such physical 
parameters have an impact on the adsorption behavior when vapor molecules bind to 
sensing films. A larger vapor molecular weight such as chloroform leads to higher 
sensitivity as reported in previous findings in the literature [36,37]. The diffusion data 
between 120-240 second obtained from Fig. 4. Using these data, the change in reflected 
light intensity of the monomer LB thin film for chloroform vapor is obtained as a function 
of diffusion time shown in Fig. 8. In order to compare the experimental data with each 
other, the y-axis is arranged as normalized irradiance. The variation of the normalized 
irradiance value versus time decreases as an exponential function. 

 

Fig. 8. The normalised responses as a function of  time for the interaction of monomer 
LB thin film and chloroform vapour 

In the diffusion interaction process, two different slopes were observed. During the first 
slope period, rapid surface adsorption interaction occurs as the organic vapor makes initial 
contact with the monomer LB thin film surface when it is introduced into the gas cell. In 
the second slope region, the chloroform vapor molecules enter the monomer LB thin film 
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layers, where they diffuse into the monomer LB thin film structure through physical 
and/or chemical interactions. This diffusion process can be reversible or irreversible 
depending on the physical and chemical interactions between the sensitive LB thin film 
material and the chloroform organic molecules. These interactions are not only dependent 
on physical properties such as vapor pressure, molar volume, viscosity, etc. [7,15], but also 
chemical interactions such as host-guest, hydrogen bonding, Van der Waals, etc. [38].  

Fick's law is one of the most effective approaches to analyze the diffusion process and 
calculate diffusion coefficients. When the saturated chloroform vapour (for 69.90x103 ppm 
concentration) molecules in the gas cell increases, the amount of material penetrating the 
monomer LB thin film will increase in both slope regions.  

Table 1. The values of diffusion coefficient for the first and second regions at different 
chloroform concentrations. 

Concentration 
(ppm) 

First region 
D(cm2s-1)x10-17 

Second region 
D(cm2s-1)x10-17 

13.98x103 8.23 4.05 

27.96x103 5.72 6.89 

41.94x103 14.64 3.06 

55.92x103 16.14 4.01 

69.90x103 21.97 6.25 
 

From this linear relationship given in Fig. 9, diffusion coefficients for both slope regions 
were obtained using Eq (2). As shown in the inset in Fig. 9, the values of diffusion coefficient 
for the first and second regions were determined as 21.97x10-17 cm2s-1 and 6.25x10-17 
cm2s1, respectively. The diffusion coefficient values of the first and second slope regions 
for other concentrations were presented in Table 1. 

 

Fig. 9. Plot of t1/2 versus normalized value of Ir(∞)/Ir(t) for monomer thin film-
chloroform vapour interaction 

The pyrene-based (PS) polymer chains, having three different molecular weights (PS1, PS2 
and PS3) were prepared via LB thin film technique by Erdogan and his group [22]. The 
response of PS-based sensor for chloroform vapor at distinct five concentrations by using 
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QCM technique. The obtained values of diffusion coefficients vary among 0.2-3.0x10-16, 5.0-
13x10-16, and 1.0-1.6x10-15 cm2s-1 for the sensor of PS1, PS2, and PS3, respectively. The 
values of diffusion coefficients for PS1 LB thin film nearly the values for α-
Naphthylmethacrylate LB thin film against to chloroform vapour. 

5. Conclusions 

SPR LB thin film sensors prepared using the monomer α-Naphthylmethacrylate were 
exposed to different concentrations of chloroform organic vapors. An increase in reflected 
light intensity was observed with increasing vapor concentrations. After the SPR LB thin 
film sensor materials were exposed to saturated chloroform organic vapors, time-
dependent measurements were repeated three times and the repeatability capacity of the 
monomer-based sensor material was measured.  

The results obtained for monomer LB thin film sensors indicate that this sensor is self-
renewing and has the capacity for multi-use potential. The response of monomer thin film 
materials was analyzed from SPR kinetic data. The fact that monomer-based SPR sensor 
material reacted to the chloroform VOC and that their responses to this vapor differed 
showed that this material have selectivity against chloroform organic vapors.  

The illumination of the diffusion process, which is a factor in the sensor interaction 
mechanism for the selected material, was also studied for the first time in this study. 
Diffusion coefficients of α-Naphthylmethacrylate LB thin film sensor materials exposed to 
the saturated concentration of chloroform vapor were calculated with the help of reflected 
light intensity graph data and Fick's Law as a function of time. It was determined that the 
diffusion coefficient values of the first and second slope regions as 21.97x10-17 cm2s-1 and 
6.25x10-17 cm2s-1, respectively. All diffusion coefficient values of the first and second slope 
regions as varying between 5.72x10-17-21.97x10-17 cm2s-1 and 3.06x10-17-6.25x10-17 cm2s-

1, respectively. It has been revealed that monomer LB thin films have sensor properties 
such as sensitive, selective, fast, recyclable and reusable as well as being suitable for use as 
sensor materials and can be used in this field. 
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 This paper studies the effect of temperature on Engineered Cementitious 
Composites (ECC) properties using induction furnace slag (SS) as a partial 
replacement for river sand (RS). Replacement percentages are between 5 and 
65%, with an increment of 15% by dry weight of RS having various particle sizes 
(2.36 mm, 1.18 mm and 0.6 mm). The cubes are subjected to various 
temperatures (200, 400, 600 and 8000C) in a muffle furnace. After heating, visual 
observations and strength deterioration of RS and SS ECC are assessed. The 
extent of postfire damage is determined using the UPV test. SEM and XRD are 
used to identify the changes in the microscopy morphology and the chemical 
compositions. It is clear from the test findings that with SS partially replacing RS, 
the heat insulation capacity of ECC is enhanced. Based on test results, the ECC up 
to 50% SS as an RS alternative performs better at all temperature exposures.   
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1. Introduction 

Engineered cementitious composites (ECC), composed of cement, fly ash, fine aggregate, 
chemical admixture, water and fibres, were developed by Victor Li to overcome the 
brittleness of traditional cement-based materials. Especially as a fine aggregate micro-
silica sand used in ECC [1]. Sand size, amount, and roughness impact ECC’s properties [2]. 
ECC is utilised in structural applications, including bridges, high-rise buildings, road 
pavements, and repair and retrofitting structures [3]. It can also be used in earthquake-
resisting structures [4]. ECC enhances structure service life, which reduces maintenance 
and repair costs [5]. Furthermore, ECC performs much better than conventional concrete 
when exposed to chemical attacks and various temperatures. 

Fire generally has an impact on structural behaviour at various temperatures. Including 
Polyvinyl alcohol (PVA) fibres in ECC can reduce explosive spalling at various 
temperatures [6]. Many researchers have studied the performance of ECC at various 
temperatures, and its performance depends on the materials used (fly ash, fibres, and 
aggregate). The existing literature on ECC at various temperatures shows that micro silica 
sand of size < 300 microns is used as fine aggregate [7–9]. Instead of using micro silica 
sand, quartz sand characterises the behaviour of fibre-reinforced cementitious composites 
at various temperatures [10]. He et al. [11] investigated high-strength ECC at various 
temperatures, in which River Sand (RS) with a 2 mm particle size is used. According to 
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experimental studies, the strength loss in high-strength ECC is less than in ECC with normal 
strength. Mohammed et al. [12] performed a study on nano-silica-modified self-
consolidating ECC at various temperatures using fine aggregate as RS with 450 microns 
size. The residual characteristics of nano-silica-modified self-consolidating ECC decreased 
as temperature increased from 2000C to 4000C. Cao et al. [13] explored the bonding 
characteristics of existing concrete and steel-basalt hybrid fibre-reinforced cementitious 
composite (SBFRCC) at various temperatures. The fine aggregate employed in this 
investigation is RS with a 0.6mm particle size. The test results show that the SBFRCC 
performed better at high temperatures than existing concrete. The earlier studies focused 
on ECC's performance with micro silica sand and RS as a fine aggregate at various 
temperatures. Still, its performance using steel industry by-products as a fine aggregate at 
various temperatures is not explored.  

The most crucial strategy for resolving sustainability issues in the construction sector is 
effectively transforming industrial by-products into useful concrete materials. Such an 
approach also protects the environment from harmful solid waste dumped from 
industries. Ferrites and Calcium silicates combined with the fused oxides of aluminium, 
calcium, iron, manganese, and magnesium form a non-metallic steel slag [14]. The 
expansion in concrete is caused by the Free lime and periclase in SS [15]. Studies related 
to the tests and methods for volume stability are developed. Mehta et al. described 
autoclave test evolution history as a critical assessment of its current state, and the widely 
used performance tests for cement soundness are described [16]. Hydration of crystalline 
magnesia (periclase) is a primary reason for such volume change. The microstructure and 
expansive behaviour of cement with varying Mgo contents and autoclave expansions are 
explored [17]. The volume stability of SS aggregate can be assessed by testing the free lime 
content [18]. Lun et al. developed techniques for enhancing the volume stability of SS as a 
fine aggregate [19]. Weathering is also the best approach for the volume stability of SS. 

The characteristics of the SS produced may vary based on furnace type, processing 
methods and raw materials used [20]. Induction furnaces have Induction Furnace Steel 
Slag (SS), a good substitute due to their efficient operation and clean manufacturing 
process [21]. Over 600 Induction furnace plants exist in India alone, each producing over 
15,000 tonnes of slag annually [14]. Netinger Grubesa et al. [22] demonstrated that 
concrete properties with steel slag are similar to the dolomite concrete up to 6000C. Liang 
et al. [23] implemented ultra-high-performance concrete with 69% residual strength after 
being subjected to 10000C with SS as fine aggregate. Jihad Miah et al. [24] observed that 
the strength reduction at various temperatures increases when sand is replaced by 100% 
Steel slag powder. The previous literature focused on cement mortar/concrete with SS as 
fine aggregate at various temperatures. Still, studies related to ECC behaviour at various 
temperatures with SS aggregate are not covered in the literature. The properties of ECC 
with SS as a partial substitute material for RS with 5%, 20%, 35%, 50% and 65% having 
various particle sizes at various temperatures (200, 400, 600 and 8000C) are evaluated. 
ECC's chemical composition and microstructural properties are identified with SEM and 
XRD. The results of ECC with SS at elevated temperatures are beneficial for ensuring stable 
fire resistance of the structural elements. 

2. Experimental Work  

2.1. Materials   

2.1.1 Cement 

As per IS 269: 2015, Ordinary Portland Cement is utilized in all the mixes. The test findings 
for cement are given in Table 1, confirming the IS: 269: 2015 specifications.  
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Table 1. Cement properties 

Properties  Values  As per IS:269-2015 

Normal consistency 30% - 

Initial setting time 147  >30 min 

Final setting time 257 < 600 min 

Fineness   

a. Dry sieving 4 Less than 10% 

b. Blain’s air permeability 310.7 More than 225 m2/kg 

Specific gravity 3.04 - 
 

2.1.2 Fly Ash 

Fly ash (FA) confirms the requirements of IS 3812 (Part-1): 2003. The chemical 
composition of the FA from Energy Dispersive Spectroscopy (EDS) is shown in Table 2. 

Table 2. Chemical composition of fly ash from EDS 

Chemical composition  Oxide (%) 

SiO2 62.73 

Al2O3 29.17 

Fe2O3 3.17 

MgO 0.68 

CaO 0.82 

Na2O - 

K2O 1.23 

       2.1.3 Fine Aggregate 

RS and SS are used as fine aggregates in ECC and classified as Zone-II, according to IS 383: 
2016. The fine aggregate chemical composition is shown in Table 3. The distribution of 
particle sizes is shown in Fig. 1. Both RS and SS, particle size distributions, are within the 
upper and lower bound limit. In Table 4, the engineering properties of RS and SS are listed. 
SEM images of RS and SS particles are shown in Fig. 2, which indicate that the particles of 
SS are relatively rough and angular compared to those of RS particles. 

Table 3. Chemical composition of fine aggregate (RS and SS) by EDS analysis 

Chemical composition  Oxide percentage in RS (%)+Oxide percentage in SS (%) 

SiO2 75.11 49.86 

TiO2 - 0.48 

Cr2O3 - 0.2 

Al2O3 13.18 15.95 

Fe2O3 4.92 24.66 

Mn - 1.92 

MgO 0.33 0.76 

CaO 1.34 4.52 

Na2O - 0.95 

K2O 5.09 0.65 
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Fig. 1. Distribution of RS and SS particle sizes 

Table 4. Fine aggregate Properties 

Description RS SS 

Zone II II 

Fineness modulus 2.58 2.68 

Specific gravity 2.56 2.45 

 

 

(a) 

 

(b) 

Fig. 2. SEM images of (a) RS and (b) SS 

2.1.4 Polyvinyl Alcohol (PVA) Fibres 

In the current study, PVA fibres coated with a 1.2% hydrophobic oiling agent are utilized, 
and their features are listed in Table 5. The image of PVA fibres is depicted in Fig. 3. Fibres 
may decrease the flowability because they may restrict the smooth flow and movement of 
sand particles and cement paste. 
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Table 5. Manufacturer-specified properties of PVA fibres 

Properties PVA fibres 

Length 12 mm 

Fracture elongation 6 % 

Modulus of Elasticity 40 GPa 

Density 1.30 g/cm3 

Diameter 40 µm 

 

 
Fig. 3. PVA fibres 

2.1.5 Superplasticizer (SP) 

Polycarboxylic acid-type superplasticizer is deployed to enhance the flowability and 
prevents fibre agglomeration, thus regulating the distribution of fibre in the mix. 

2.2 Mix Proportions  

In the ECC mix design, the mix proportion is adopted per Li et al., [25] as shown in Table 6. 
The standard M45 ECC mix is the most common ECC mix used in practical applications, 
which has an FA-to-cement ratio of 1.2. It also enhances the flowability of fresh ECC and 
improves mechanical properties after 90 days. The materials used in preparing ECC mixes 
are fixed, and the amount of SS varies as a replacement of (5%, 20%, 35%, 50%, and 65%) 
RS. Based on the past literature available on SS, the percentages are fixed. However, for 
each percentage, RS or SS particle sizes vary. All mixes are given a specific identity, such as 
E1, E2 and E3 for control mixes without SS at 2.36 mm, 1.18 mm and 0.60 mm particle 
sizes. At the same time, E4 - E18 is used for mixes containing 5%, 20%, 35%, 50%, and 
65% SS with various particle sizes, respectively. Due to the larger aggregate size in the 
present research, a higher amount of fibre may lead to fibre clumping; hence, it is only 
employed at 1% of the volume for all the mixes. Based on the local ingredient conditions 
to ensure proper fibre dispersion, the superplasticizer and water content are finalized by 
conducting a marsh cone test. To investigate the influence of SS percentage and size on the 
properties of ECC, the same constituent proportions but with various particle sizes 
(2.36mm, 1.18 mm and 0.6 mm) for varying replacement percentages of RS by SS are 
prepared. 

Table 6. Different mix proportions 

Mix Cement 
Fly 
ash 

River sand 
Steel 
Slag 

Water SP 
PVA 
fibre, 
vol% 
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E1 1 1.2 0.8 - 0.64 0.015 1 
E2 1 1.2 0.8 - 0.64 0.015 1 

E3 1 1.2 0.8 - 0.64 0.015 1 

E4 1 1.2 0.76 0.04 0.64 0.015 1 

E5 1 1.2 0.76 0.04 0.64 0.015 1 

E6 1 1.2 0.76 0.04 0.64 0.015 1 
E7 1 1.2 0.64 0.16 0.64 0.015 1 
E8 1 1.2 0.64 0.16 0.64 0.015 1 

E9 1 1.2 0.64 0.16 0.64 0.015 1 

E10 1 1.2 0.52 0.28 0.64 0.015 1 

E11 1 1.2 0.52 0.28 0.64 0.015 1 

E12 1 1.2 0.52 0.28 0.64 0.015 1 

E13 1 1.2 0.4 0.4 0.64 0.015 1 
E14 1 1.2 0.4 0.4 0.64 0.015 1 

E15 1 1.2 0.4 0.4 0.64 0.015 1 

E16 1 1.2 0.28 0.52 0.64 0.015 1 

E17 1 1.2 0.28 0.52 0.64 0.015 1 

E18 1 1.2 0.28 0.52 0.64 0.015 1 

 

2.3 Test Methods 

The methodology used in the current research is shown in Fig. 4. The flowability of fresh 
ECC is evaluated using a spread flow test after the mixing process. The ECC mix is poured 
into a 70.6 mm cube mould. After a day, the specimens are de-moulded and placed in water 
til the testing age (28 and 90 days). A muffle furnace is used for heating specimens.  

 

Fig. 4. Methodology for the current study 

The exposure time maintained is considered from ISO 834 guidelines [26]. It is calculated 
based on the formula given in Eq (1), and The ISO 834 curve is shown in Fig. 5 [27]. The 
exposure temperatures selected from the literature are 2000C, 4000C, 6000C, and 8000C 
[7]. UPV and compressive strength are evaluated after the heating process. SEM and XRD 
are used to identify changes in microstructure and chemical composition. 

Tf =T0 + 345 log10 (1+8t) (1) 
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Where, Tf = average “furnace” temperature, 0C; T0 = initial temperature 0C, and T= time, 
min 

 

Fig. 5. ISO 834 curve 

3. Results and Discussions 

3.1 Spread flow test 

The Flowability of fresh ECC is evaluated using a spread-flow test. Depending on the size 
of the employed fine aggregate, the flowability of ECC changes. Fresh ECC’s plastic viscosity 
affects the material’s characteristics [28]. So, the impact of grading on flowability needs to 
be evaluated. Fig. 6 shows that adding the SS marginally reduces the flowability for ECC. 
The flowability values of the mixes containing only RS (E1-E3) are about 210-185 mm. 
When RS partially replaces the SS, the flowability values are 200-135 mm for the E4-E18, 
respectively. The combination of fibres with SS's angular and rough surface texture (see 
Fig. 2b) may restrict the smooth flow. The shape of SS aggregates significantly affects 
flowability; while designing the mix, more care must be taken for the required w/c and 
proper gradation.  

 

Fig. 6. ECC flowability for different mix proportions 
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All mixes are prepared with the same dosage of SP and water-to-binder ratio (W/b). The 
flowability of the SS ECC mixes is not improved Because the same dosage of SP is used for 
aggregates with different water absorption. However, using SP does not increase the 
flowability, and it is later noticed that the strength and durability are not affected by the 
decrease in flowability. 

3.2 Compressive Strength Test 

The compressive strength is determined per IS 516 standards. Fig. 7 indicated that the 
strength increased significantly with an increase in SS of up to 50% replacement, and after 
a 50% gradual decrease is observed. As compared with coarser particle mixes (E1, E4, E7, 
E10 and E13), the finer particle mixes (E3, E6, E9, E12 and E15) show higher strength at 
all curing periods.  

 

(a) 

 

(b) 

Fig. 7. ECC compressive strength for different mix proportions 
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Due to the larger proportion of finer particles than RS, mixes that contain 50% SS have an 
increase in strength, which helps in the development of a denser microstructure. Another 
reason is the reaction between SiO2 and Ca(OH)2. According to Table 3, SS contains about 
50%SiO2.  Ca(OH)2 produced on the hydration of cement can react with SiO2 to form more 
C-S-H, which reduces the porosity and enhances the strength. Additionally, the SS 
employed in this study has a rough surface texture and an angular shape (see Fig. 2 b), 
which improves the bond between the aggregate and cement paste along with the 
reduction amount of voids [29]. 

3.3 UPV Test  

A non-destructive experiment to check the homogeneity of a specimen is UPV. It calculates 
the sound wave transmission velocity inside the specimen. In Fig. 8, it is observed that ECC 
mixes with partial substitution of RS by SS up to 50%; the UPV increases gradually, and 
after that, it decreases at all curing ages—the reaction of SiO2 with Ca(OH)2. According to 
Table 3, SS contains about 50%SiO2. Ca(OH)2 produced on the hydration of cement can 
react with SiO2 to form more C-S-H, which reduces the porosity and enhances the strength. 
Another reason is due to finer particles in SS, which fill the micropores in the composite; 
E15 exhibits the peak value in UPV. 

 
(a) 

 
(b) 

Fig. 8. ECC UPV for different mix proportions 
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3.4 ECC Properties at Various Temperatures 

3.4.1 Appearance of the Specimen 

A change in the specimen’s colour is observed as a result of exposure to various 
temperatures, as illustrated in Fig. 9. The darker surface of RS ECC specimens at 2000C 
results from dehydration and water evaporation. As the temperature reaches 4000C, PVA 
fibres melt, resulting in grey. After 6000C, a light grey colour indicates C-S-H gel 
dehydration. Yellowish grey at 8000C is related to C-S-H gel decomposition. Similarly, the 
colour of SS ECC specimens is comparable to that of RS ECC specimens up to 6000C. Grey-
white after exposure to 8000C is due to ECC containing SS, which has higher heat-insulation 
capacity and extends the time it takes for hydration products to decompose.  

 
(a) 

 
(b) 

Fig. 9. Appearance of specimens at various temperatures: (a) RS ECC (b) SS ECC 

3.4.2 Compressive Strength Test 

The ratio of compressive strength at various temperatures (fCT) and compressive strength 
at 280C (fC) is used to obtain normalized strength (fCT/ fC). The fCT/ fC of ECC at various 
temperatures for 28 and 90 days are indicated in Fig. 10 and Fig. 11. Fig. 10 shows that 
after exposure to 2000C, the strength for E1, E2 and E3 is improved by 6.1%, 8.3% and 
7.5% for 28 days as compared with specimens at 280C.  A similar phenomenon is observed 
in another study [30]. It is due to the accelerated pozzolanic reaction, but for 90 days (Fig. 
11), it shows a 9%, 6% and 4% reduction in strength. 

 

Fig. 10. ECC compressive strength at various temperatures after 28 days 
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When the temperature rises over 4000C, the strength of ECC mixes decreases, due to the 
small channels from melted PVA fibres in the matrix (Fig. 18). After exposure to 6000C and 
8000C, due to hydrates decomposition, the strength is decreased. Normalized strength for 
E4-E18 is higher than those of E1-E3 regardless of the curing period because of the denser 
structure and heat-insulation capacity of the SS [31]. As mentioned below, C-S-H would 
decompose at 8000C, and Fig. 16 clearly shows that E3 contained significantly less C-S-H 
than E15. The C-S-H is responsible mainly for the ECC strength. So, the strength loss is 
greater when C-S-H is very low. A similar trend is observed (Fig. 11) for 90 days. 

 

Fig. 11. ECC compressive strength at various temperatures after 90 days 

 

Fig. 12. Normalized compressive strength comparison with literature 

The normalized compressive strength of M45 ECC  obtained from the literature is 
compared in Fig. 12 [8][7][32]. The normalized strength of E15 is higher at all 
temperatures when compared to the results of earlier research. The reaction between SiO2 
and Ca(OH)2. According to Table 3, SS contains about 50%SiO2. It is well known that the 
silicates can react with Ca(OH)2 produced during cement hydration to form additional C-S-
H compounds, which reduce the porosity and enhance the strength. Another reason is that 
ECC containing SS, which has higher heat-insulation capacity, delays the decomposition of 
hydration products even at 8000C. 
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3.4.3 UPV Test 

The ratio of UPV at various temperatures (UT) and UPV at 280C (U) is used to obtain 
normalized UPV (UT/ U). The UT/U of ECC at various temperatures for 28 and 90 days are 
presented in Fig. 13 and Fig. 14. Up to 4000C, the formation of small channels in the 
specimens due to the melted fibres causes the percentage variation in UPV. At high 
temperatures (6000C and 8000C), more pores are formed in ECC, extending the pulse wave 
travel distance and lowering the UPV values. ECC developed with SS (E4-E18) suffered less 
internal damage at various temperatures than ECC made with RS (E1-E3), because of the 
stable chemical composition of SS. However, E15 stands out best because of its denser 
structure and stronger heat insulation capacity. 

 

Fig. 13. ECC UPV at various temperatures after 28 days 

 

Fig. 14. ECC UPV at various temperatures after 90 days 

 3.4.4 Stress-Strain Curves at Various Temperatures 

The stress-strain curves of E3 and E15 specimens at various temperatures (T0, T1, T2, T3 
and T4 represent the 280C, 2000C, 4000C, 6000C and 8000C) at 90 days are shown in Fig. 



Naveen and Bhat / Research on Engineering Structures & Materials 10(3) (2024) 897-915 

 

909 

15. The decrease of peak stress of the curves are observed for both RS and SS ECC 
specimens with an increase of temperature up to 8000C. But, higher peak stress and strain 
values are observed for E15 compared to E3 at various temperatures. The peak strain is 
relatively high at 280C because the PVA fibres prevent cracks from forming and expanding. 
The PVA fibres melted at 2000C, increasing the porosity. As the temperature rises, more 
cracks form and the peak strain is attained at a higher rate. With increased temperature, 
the ductile nature of both RS and SS ECC specimens becomes brittle. 

 

Fig. 15. Stress-strain curves at various temperatures after 90 days 

3.4.5 Chemical Composition at Various Temperatures 

A study on various mixes at various temperatures is conducted on cube specimens. XRD 
analysis is performed on the samples collected after the compressive testing process to 
identify the chemical composition of ECC. Among all, better properties are observed in E3 
and E15. So, the XRD pattern of E3 and E15 at various temperatures is highlighted in Fig. 
16. At 280C, hydration products like Calcium Silicate Hydrate (C-S-H) and Portlandite 
(Ca(OH)2) are identified for both E3 and E15.  

The dehydration process is initiated at various temperatures. For E3, at 2000C, the 
decreased peak value of SiO2 is observed, as indicated in Fig. 16 (a), but it increases when 
ECC is subjected to 400, 600 and 8000C. For E15, the peak of SiO2 is higher at 280C and 
becomes lower after exposure up to 8000C (Fig. 16 (b)), resulting in more C-S-H gel 
formation than E3. The C-S-H phase is still identified at 8000C for E15 and not observed for 
E3. At 2000C and 4000C, part of Ca(OH)2 starts to decompose (Ca(OH)2 →  CaO + H2O), 
at 6000C and 8000C, is not observed in E3 and E15. In general, Ca(OH)2 decomposition is 
completed at about 5300C [33]. At 8000C, Dicalcium Silicate (Ca2SiO4) and Tricalcium 
Silicate (Ca3SiO5) are identified, which are formed due to hydration products 
decomposition for E3, along with Ca2SiO4 and Ca3SiO5, the Magnesium Ferrite (MgFe2O4) is 
found for E15. The MgFe2O4 is formed due to a chemical reaction between magnesium 
oxide (MgO) and ferric oxide (Fe2O3). 
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Fig. 16. XRD pattern for ECC at various temperatures: (a) E3, (b) E15 

3.4.6 Microstructure at various temperatures 

The microstructure of E3 and E15 at various temperatures is shown in Fig. 17. At 2000C; 
both mixes show a change in the morphology of the fibres (Fig. 18). Therefore, PVA fibres 
Shrinking may result in matrix separation and a loss of strength. At 4000C, when compared 
to the E3, the E15 exhibits a compacted matrix with a lower availability of unreacted FA.  

E3 E15 

  
2000C 

(a)  (b)  
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4000C 

(c) (d) 

  
6000C 

(e) (f) 

 

  
(g) (h) 

8000C 

Fig. 17. Microstructure of E3 and E15 at various temperatures 

In RS and SS ECC, the PVA fibres helped reduce pore pressure and prevent spalling through 
melting (seen in Fig. 9 and Fig. 19). At 6000C, irregular bush-like structures are observed 
due to thermophysical reactions. Strength loss in both mixes occurred at 8000C due to 
matrix deterioration, hydration product decomposition, and cracking. In contrast to E3, 
however, E15 exhibits a lesser loss in strength because of the denser structure and heat 
insulation capacity of the SS. 
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(a) 

 
( b) 

Fig. 18. Shrinking of PVA fibres at 2000C (a) E3 (b) E15 

 
(a) 

 
(b) 

Fig. 19. Melted PVA fibres after 4000C (a) E3 (b) E15 

4. Conclusions 

The effect on the characteristics of ECC at elevated temperatures is experimentally studied. 
The following conclusions are formed in perspective with test findings: 

• The reduction in flowability is observed when SS partially replaces the RS. The RS 
ECC mixes flowability is about 210-185 mm, and SS ECC mixes vary from 200-135 
mm. Combining fibres with SS's angular and rough surface texture may restrict the 
smooth flow. 

• The rise in compressive strength and UPV at all ages is observed with the 
replacement of the RS by SS up to 50%. Among all in the E15 mix, better 
improvements in strength and quality are noticed. Ca(OH)2 produced on the 
hydration of cement can react with SiO2 to form more C-S-H, which reduces the 
porosity and enhances the strength and quality. 

• The spalling behaviour is not observed in both RS and SS ECC at elevated 
temperatures. 

• The darker surface of RS ECC at 2000C results from dehydration and water 
evaporation. As the temperature reaches 4000C, PVA fibres melt, resulting in grey. 
After 6000C, a light grey colour indicates C-S-H gel dehydration. Yellowish grey at 
8000C is related to C-S-H gel decomposition. Similarly, the colour of SS ECC 
specimens is comparable to that of RS ECC specimens up to 6000C. Grey-white after 
exposure to 8000C is due to ECC containing SS, which has higher heat-insulation 
capacity and extends the time it takes for hydration products to decompose. 
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• UPV test is used to understand the developments of voids and cracks in the ECC. 
The higher and lower values depend on the evolution of cracks in ECC. Thus, UPV 
tests have revealed that the E15 has better resistance to the evolution of cracks 
under elevated temperatures. 

• The normalized strength of SS ECC is higher than that of RS ECC at elevated 
temperatures. The E15 specimens provided higher normalized strength even at the 
8000C. 

• The higher peak stress and strain values are observed for E15 compared to E3 at 
various temperatures. The peak strain is relatively high at 280C because the PVA 
fibres prevent cracks from forming and expanding. The PVA fibres melted at 2000C, 
increasing the porosity. As the temperature rises, more cracks form and the peak 
strain is attained at a higher rate. 

• The XRD results revealed that The C-S-H phase is still identified at 8000C for E15 
and not observed for E3. At 8000C, MgFe2O4 is found in E15. 

• The SEM images showed that the increase in temperature, the voids and cracks 
increased in the RS ECC. However, at elevated temperatures, SS ECC retained a 
better-compacted structure than RS ECC due to the greater heat insulation capacity 
of the SS. 

5. Future Scope 

The performance of SS ECC reinforced with higher temperature-resistant fibres, including 
steel, carbon, and basalt fibres, should be studied. The durability property of hardened ECC 
in terms of volume stability has to be investigated. 
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 Piled-raft foundations have gained increasing popularity in the past few decades, 
providing a viable alternative to traditional raft and pile foundations. Despite 
this, designers are reluctant to apply them frequently in practice due to their 
complex behaviour and the lack of well-defined guidelines specific to piled-raft 
foundations. Previous studies have demonstrated that piled-rafts are more 
effective in reducing settlement and can sustain heavier loads from 
superstructures. Experimental investigations have been conducted in the 
present study to ascertain the load-sharing behaviour in piled-raft foundations 
under vertical loading. Since experimental research on piled-rafts, especially 
over clay, is quite sparse, small-scale lab tests were conducted on piled-rafts over 
both sand and clay. Experimental comparisons of unpiled rafts and rafts with 
piles have been established for a better understanding of the individual and 
collective response of piles and rafts. Moreover, the effects of a few geometric 
parameters on the load-bearing capacity of the foundation have been observed. 
The results showed a significant contribution of the raft to load sharing in piled-
raft foundations. It was also observed that the individual load-bearing capacities 
of the raft and the piles, when summed together, differ from that of the piled-raft 
foundation due to the interactions between the soil and the foundation 
components. Observations also supported the fact that increasing the length and 
number of piles enhances the load-bearing capacity of the foundation. The load-
sharing ratio and load improvement ratio increase with the number of piles. 
Eventually, it can be concluded that piled-rafts are better at minimizing 
settlement and simultaneously carrying heavier loads. 
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1. Introduction 

There is an increasing need for high-rise constructions due to the rising global population 
and fast urbanization. The foundations of such constructions are often subjected to 
tremendous stresses, yet there might not always be a rigid stratum everywhere to sustain 
them. Hence, they must be placed on soft soils, where settlement, especially differential 
settlement, is a major problem. The raft foundation has proven to be a good basis for 
overcoming bearing capacity restrictions, although it may still exceed the permissible 
differential settling. The conventional pile foundation might restrict the settlement to a 
permissible limit and transmit the superstructure load to deeper strata. 

The conventional pile foundation design does not consider the raft’s contribution to load 
sharing, and hence, several piles may be used to serve the purpose. Consequently, a 
combination of pile and raft foundations has become popular in recent years as a rational 
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and economical foundation system. Such foundations have commonly been known as 
piled-rafts or piled-raft foundations. Piled-rafts can be used whenever the raft or pile 
foundation alone is not sufficient to counteract the upcoming stresses. 

Since their introduction by Burland et al. [1] as settlement reducers, piled-raft foundations 
have drawn a lot of attention as an economical foundation system. Following that, several 
studies have extensively employed this approach [2-6]. In such an approach, the bearing 
capacity of the raft is utilized to withstand the applied load, and piles are used to reduce 
settlements, particularly differential settlements, to a reasonable limit. Another approach 
is the conventional pile design wherein the piles resist the entire load, and the contribution 
of the pile cap is completely ignored. 

 

Fig. 1. Interaction mechanism in piled-rafts 

High-rise constructions may be assured of having a safe and economical foundation by 
utilizing a midway strategy that makes use of both the raft and piles' load-bearing capacity. 
The load-sharing between piles and the raft in such an approach can be more advantageous 
in the case of strategically employed geometries and soil characteristics. With growing 
popularity, this approach has been adopted by several scholars [7-9]. Studies on the load-
sharing behaviour of piled-rafts have primarily focused on the geometry and stiffness of 
the foundations [10, 11]. The load-sharing behaviour in piled-raft changes with the 
settlement as its load-bearing capacity depends on a specific settlement. Hence, it is 
necessary to consider the non-linear load response of the piled-rafts as well as the 
interactions between supporting soil and the foundation elements. Following that, a 
normalized load response model was proposed by Lee et al. [9]. 

Recent times have witnessed a growing exploration of eco-friendly practices. Rouhanifar 
[12] explores sustainable sand-rubber mixtures, focusing on mechanical behaviour 
parameters for low compaction efforts. Similarly, Fareghian [13] proposes recycling waste 
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tire textile fibre (WTTF) to enhance soil properties, reflecting a broader shift toward 
environmentally conscious practices in the field. 

Due to the interactions between soil and the foundation elements, it becomes very complex 
to understand the load distribution behaviour in piled-rafts (Fig. 1). However, it becomes 
feasible with modern technologies and high-speed computers to numerically analyse them 
through available commercial codes. Viggiani [4] broadly classified piled-raft foundations 
into small and large piled-rafts. Small piled-rafts refer to those in which the raft lacks the 
necessary bearing capacity to withstand the overall load. Piles are hence affixed to attain a 
reasonable level of safety. Due to the high rigidity of rafts in small piled-rafts, differential 
settlement is not a serious issue. Alternatively, those in which the raft alone carries the 
applied load satisfactorily and needs piles only for reducing the settlement are called large 
piled-rafts. 

The strategic location of piles plays a key role in improving the load-bearing capacity of the 
raft and also serves to minimize the total and differential settlement. Moreover, due to 
recent technological advancements, piled-rafts are now not only limited to high-rise 
structures but can also find their application in bridges, thermal power plants, offshore 
structures, residential buildings, and oil storage tanks [14, 15]. Various approaches to 
piled-raft analysis have been briefly reviewed in the subsequent section. 

2. Literature Review 

Several approaches to piled-raft analysis have been developed since its inception. The 
initial theories viewed a raft as a plate or a succession of strips supported over spring. [16, 
17]. Later on, simplified approaches have been developed. It includes a manual calculation 
approach by Poulos and Davis [18] which assumed a tri-linear load-settlement curve. 
Randolph [2] established approximate equations for the stiffness of piled-rafts that were 
mostly acceptable for traditional pile design. 

For complex problems, researchers started using commercial codes based on numerical 
methods like BEM, FEM or their combinations. Finally, to validate the numerical results 
and evaluate the performance of piled-rafts under real-world conditions, experimental 
trials have been conducted. The most frequently used methodologies nowadays are the 
numerical techniques which may comprise of the finite difference method, finite element 
method, boundary element method or a hybrid amalgamation of these. The emergence of 
high-speed computing technology and the various commercial codes generated over time 
has boosted the use of these strategies. Researchers have used tools like PLAXIS, FLAC, and 
ABAQUS to simulate the complicated 2D and 3D problems involving interaction problems 
of piled-raft foundations. A benefit of 3D simulation is its capacity to analyse even the most 
complicated scenarios. Although using 2D simulation is quicker and easier than using 3D 
simulation, the underlying 3D problem must first be adequately simplified. 

Reul and Randolph [19] conducted parametric investigations on piled-rafts exposed to 
uneven vertical loads using finite element analysis. de Sanctis & Mandolini [8] performed 
a 3D analysis to figure out the failure load coefficients that consider the interaction 
between the piled-raft components. A non-linear 3D study on piled-rafts supported over 
soft and stiff clay was done by Cho et al. [20]. The widely spaced piles were found more 
productive at lowering the average settlement. It was observed that the loading type 
mostly influences the differential settlement, whereas the pile geometries significantly 
affect both the average and differential settling. Sinha and Hanna [21] investigated the 
variations in soil properties and piled-raft geometry using a 3D model. Similarly, several 
other articles on numerical analysis of piled-rafts are listed in their references. 
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Case studies on piled-rafts over Frankfurt clay have been the focus of numerous 
investigations [22, 23]. Yamashita [24] examined certain constructions on piled-rafts in 
Japan that were subjected to seismic loading. Additionally, Japan has released a design 
standard for piled-raft foundations [25]. Reports on the behaviour of piled-rafts under 
actual structures have also been published [26, 27]. 

In contrast to numerical analysis, there is limited information available about experimental 
studies on piled-rafts, especially those supported over clayey soil. It is evident from the 
literature that experimental studies of piled-rafts can be conducted either using small-
scale model tests or centrifuge tests. 

Unsever et al. [28] conducted experimental studies on a piled-raft in the sand under 
combined loadings. Lateral and vertical tests were carried out on a piled-raft with three 
piles and the results were later verified using PLAXIS 3D software. It was evident that the 
interaction between raft and piles has a significant impact on how a piled-raft behaves. 
Kumar [29] studied the impact of raft size, pile length, and number of piles on the 
settlement of a foundation system in dry sandy soils with relative density of 70% through 
an experimental study. Deb et al. [30] analysed two variations of small-scale piled raft 
models are created, featuring 2 × 2 and 3 × 3 pile configurations. The experimentation 
involves modifying the spacing between piles and the thickness of the clayey soil to explore 
diverse scenarios. Chandiwala & Vasanwala [31] investigates a 160 mm x 160 mm pile-raft 
model, revealing that optimal pile spacing and length enhance bearing capacity while 
reducing raft settlement. The findings suggested that careful consideration of pile spacing 
and length in pile-raft systems has the potential to markedly impact lateral load 
distribution, presenting a more cost-effective and efficient foundation option for 
skyscrapers. 

Piled-raft behaviour in the sand was analysed experimentally in the laboratory using small 
model foundations by Elwakil & Azzam [32]. It was discovered that the percentage of load 
shared by raft increased with a reduction in pile numbers and lengths. Moreover, the 
optimum performance of settlement-reducing piled-raft was achieved at a settlement ratio 
of 0.7% and the percentage of load taken by raft was 39%. Kumar and Kumar [33] 
experimentally examined the piled-raft behaviour in which the relative density of sand was 
varied. The differential settlement ratio was observed to decrease while the load 
improvement ratio increased with the number of piles. It was determined that the raft in 
combination with piles was found to be very effective in reducing the settlements. 

Variations in relative density and number of piles were also investigated by Sosahab et al. 
[34] through lab experiments on piled-rafts. In contrast to the pile numbers, the former 
parameter proved to be more influential. Besides, the load improvement ratio was noticed 
to be more pronounced in the case of loose sands. A study on load eccentricity was 
conducted and it was revealed that the ultimate bearing capacity of the piled-raft gets 
reduced when the eccentricity of load increases. 

Bajad & Sahu [35] performed 1g laboratory model tests to examine the effects of 
interaction among the raft and piles in a vertically loaded piled-raft supported on locally 
available soft clay. Mandal & Sengupta [36] inspected the behaviour of piled-rafts on soft 
clay under eccentric loading. For the same e/B ratio, the average settlements for rafts with 
piles were lowered significantly when compared to unpiled-rafts. Additionally, it was 
determined that piled-rafts were quite beneficial in minimizing the differential settlement. 
Hoang & Matsumoto [37] studied the long-term consolidation in clays. Although ground 
creep caused the foundation to continue settling, the load supported by the raft and piles 
remained steady.  
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A number of centrifuge tests were performed by Park and Lee [38] to explore several 
interaction effects of piled-rafts over silica sand. Load-displacement curves demonstrated 
that the response of a piled-raft first resembled that of piles and with the later settlement, 
it became more comparable to those of rafts. According to load response, the influence of 
raft-pile interaction was more pronounced in the upper soil zone. Azizkandi et al. [39] 
conducted centrifuge tests in the sand to examine the impact of relative density on the 
interaction between two piles. The findings indicated that the relative density of soil has a 
significant impact on the interaction coefficients. Consequently, the consideration of the 
relative density to modify the Randolph and Wroth equation proved to outperform the 
earlier approaches. 

A parametric study using a centrifuge test was also conducted on connected and non-
connected piled-rafts by Rasouli et al. [40]. The parameters involved were pile spacing, pile 
numbers and thickness of the granular layer. Several centrifuge experiments were 
performed by Sahraeian et al. [14] to analyse an oil tank over piled-raft foundation on dry 
and saturated sand. It was observed that using piled-rafts to support an oil tank can 
effectively lessen the tank settlement and rocking motion. 

Horikoshi et al. [41] and Nakai et al. [42] performed dynamic centrifuge model tests to 
examine the dynamic response of pile groups and piled-rafts. Shake-table tests were 
performed by Matsumoto et al. [43] to examine the response of piled-rafts beneath a 
superstructure. The effect of moments and lateral loads have also been observed on a 
piled-raft in the sand by Sawada and Takemura [44] using centrifuge tests. Due to the raft’s 
contact with the supporting soil, the horizontal resistance of piled-raft was found to be 
greater as compared to group piles. Cyclic lateral loading tests were conducted by Hamada 
et al. [45] to investigate the behaviour of vertical load during the seismic activity. The 
findings demonstrated that the majority of the lateral forces were resisted due to the 
friction of the raft when there was significant earth pressure below it. Horikoshi et al. [41, 
46] examined load sharing in laterally loaded piled-rafts over loose sand while considering 
various pile head fixities. 

In the current paper, the performance of piled-rafts in sandy and clayey soil was 
investigated under vertical loading. Several small-scale tests were performed on a raft, 
group piles and piled-rafts to observe the load-sharing behaviour under vertical loading. 
For this purpose, an experimental setup was prepared and several trials were conducted 
using a model raft with piles of three different lengths, namely, 160mm, 260mm, and 
360mm. The number of piles used to perform parametric analysis on sand and clay varied 
from 1 to 9. Finally, the load improvement ratio (𝐿𝐼𝑅) and the load sharing ratio were 
evaluated with the number of piles. 

3. Test Materials and Equipment 

The expense of large field tests makes it challenging to conduct several trials in a brief 
amount of time. For this reason, laboratory tests have traditionally been prevalent. 
Further, it is easier to monitor and achieve desired soil characteristics under controlled 
laboratory circumstances. With a proper understanding of the model’s behaviour, it can be 
more feasible to apply it in the field reliably and cost-effectively. 

The objectives of the current study focus on the load-settlement behaviour of piled-rafts 
with various layouts. The following sections provide details on test materials, model 
configurations, and testing techniques that have been used. 

Several numbers of test-trials were performed on both sand and clay to attain the 
objectives of the study. To verify the outcomes, the tests were repeated twice wherever 
required. The dimensions of the box used for the tests were chosen in a way such that the 
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boundaries shouldn't have any impact on the test results. Hence, it was decided to use a 
soil bin with a depth at least twice the longest pile length [21]. Also, the bin width was 
assumed to be five times the raft width. 

3.1 Test Soils 

Locally available Son River sand and clay from the Ganga basin were used in the current 
investigation. The Son River is one of the Ganges’ largest tributaries, and its sand is widely 
used in civil engineering purposes across India. The sand particles are yellowish-brown 
and coarser in size. The used sand and clay were collected from the nearest construction 
site. Undesirable materials such as roots, plastics or organic wastes were physically 
removed from the soils and were completely dried. Fig. 2 displays the clay and sand 
samples that were used. 

  

Fig. 2. Sand and clay 

The Index properties of soils used in engineering establish their classification and 
identification. Table 1 lists some of the key index properties of the soil utilised in the 
current research. Hata! Başvuru kaynağı bulunamadı.3 shows the particle size 
distribution curves of the used sand. Such a curve represents the distribution of the soil 
sample into different fractions depending on their sizes. Fig. 4 graphically illustrates the 
relationship between the density index and the voids ratio for the sand.  

  

Fig. 3. Particle size distribution curve of 
sand 

Fig. 4. Density index v/s voids ratio 

The coefficient of uniformity (𝐶𝑢) and coefficient of curvature (𝐶𝑐) were obtained as 2.71 
and 0.91, respectively. Consequently, the sand sample can be categorized as poorly graded 
sand (𝑆𝑃) as per IS1498-1970 [47]. Direct and triaxial shear tests are widely adopted 
methods to determine the shear parameters [48]. Shear parameters of sand were 
computed using direct shear tests and triaxial tests as per IS 2720 (Part 13)-1986 and IS 
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2720 (Part 11)-1993 [49], respectively. The friction angle was found approximately to be 
39°.  Specific gravity was obtained to be 2.67 using the Pycnometer method. The minimum 
and maximum dry unit weights of the sand sample were determined as per IS 2720 (Part 
14)-1983 as 1.52 and 1.73. Finally, the relative density of sand was discovered to be 65%, 
indicating dense sand. 

Table 1. Physical properties of sand and clay 

Parameters Sand Clay 

Specific Gravity (𝐺) 2.67 2.58 
Minimum dry unit weight, 𝛾𝑑,𝑚𝑖𝑛(kN/m3) 14.90 - 

Maximum dry unit weight, 𝛾𝑑,𝑚𝑎𝑥(kN/m3) 16.96 - 

𝐷10(mm) 0.35 0.004 

𝐷30(mm) 0.55 0.015 

𝐷60(mm) 0.95 0.075 

Uniformity Coefficient (𝐶𝑢) 2.71 18.75 

Coefficient of Curvature (𝐶𝑐) 0.91 0.75 

Liquid Limit (𝑤𝐿) - 40.50% 

Plastic Limit (𝑤𝑃) - 22.68% 

Soil Type 
Poorly graded sand 

(𝑆𝑃) 
Intermediate plasticity clay 

(𝐶𝐼) 

In the case of clay, sieve analysis and hydrometer analysis were performed in accordance 
with IS 2720 (Part 4)-1985. The corresponding curves are illustrated in Fig. 5 and Fig. 6. 
The liquid limit and plastic limit tests were performed using procedures mentioned in IS 
2720 (Part 4)-1985 [49] and were found to be 40.50% and 22.68%. Finally, according to 
IS1498-1970 [47], the Casagrande plasticity chart identified the used clay as clay with 
intermediate plasticity (𝐶𝐼). 

  

Fig. 5. Sieve analysis Fig. 6. Hydrometer analysis 

3.2 Raft and Piles 

A square steel plate with sides of 150mm and a thickness of 10mm was used to model the 
raft. To fasten the model piles in prescribed layouts, 9 similar holes with 50mm spacings 
were made. Depending on the required configurations, the piles were fastened to these 
holes and tightened using the nuts through threads. The threaded portion in the piles is 
confined to the upper section, leading to a minimal impact on the overall behaviour of the 
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system. The bolts were used to plug holes in the raft. Fig. 7 depicts a model piled-raft with 
9 piles attached in a proper arrangement. The current investigation used 1, 4, 5 and 9 piles 
with lengths of 160mm, 260mm, and 360mm. The cross-sections of all 27 model piles were 
circular, with a diameter of 12mm. Elastic modulus and Poisson’s ratio of the piles were 
found to be 200GPa and 0.28, respectively.  

 

Fig. 7. Model piled-raft 

Table 2 provides other mechanical properties of the model steel piles. These piles were 
threaded on the upper side and attached to the raft using nuts. To achieve total fixity, the 
bolts were provided on both sides of the raft and tightened with a wrench. The different 
configurations of model piled-rafts used in the study are shown in Fig. 8. 

Table 2. Mechanical properties of the steel piles 

Parameters Values 

Unit weight (kN/m3) 72.43 
Minimum yield strength (N/mm2) 355.53 

Minimum ultimate strength (N/mm2) 511.62 
Minimum % elongation 23.33 

 
Based on the relative stiffness factor (𝐾𝑟𝑐), Poulos and Davis [18] categorised piles into 
two types: rigid and flexible. Mathematically, the relative stiffness factor 𝐾𝑟𝑐  is defined as 
follows in Eq (1): 

𝐾𝑟𝑐 =
𝐸𝑝𝐼𝑝

𝐸𝑠𝐿4
 

(1) 

Here, 𝐸𝑝 represents the elastic modulus of the model pile and 𝐸𝑠 denotes the secant 

modulus of the supporting soil. 𝐿 denotes the embedded length of pile and 𝐼𝑝 represents 

the moment of inertia of the model pile. A pile is considered rigid if 𝐾𝑟𝑐  is greater than 
(10−2) and while it is classified as flexible if 𝐾𝑟𝑐  is less than (10−2). With L/D ratios of 13.33, 
21.67, and 30, the piles considered for the present study fall into the category of flexible 
piles. 
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Fig. 8. Different configurations of model piled-raft 

3.3.1. Scaling Law 

The dimensions and proportions of the model need to be adjusted to accurately represent 
the prototype. To achieve this, scaling is performed using specific scaling laws. Various 
researchers have suggested scaling laws to imitate the prototype using an equivalent 
experimental model. Both laboratory and prototype models exhibit direct proportionality 
in dimensions such as length and width. However, parameters like moment of inertia and 
flexural rigidity cannot be directly scaled proportionally. Hence, distinct scaling laws are 
utilized to accommodate these variations. The present study applies the scaling law 
proposed by Alnuaim et al. [50], which can be represented in Eq (2) and Table 3 below. 

(𝐸𝐼)𝑝 = 𝑛3.64(𝐸𝐼)𝑚 (2) 

Table 3. Scaling factors used in the present study 

Parameters Scaling factors  

Pile length 1/𝑛 
Pile diameter 1/𝑛 
Raft thickness 1/𝑛 

Density 1 

Flexural rigidity, (𝐸𝐼)𝑚 (𝐸𝐼)𝑝/𝑛3.64 

Stress 1/𝑛 
Strain 1 

 

Here, 𝐸𝐼 represents the flexural rigidity of the pile, while 𝑝 and 𝑚 denote the prototype and 
model, respectively. The scaling factor is denoted by '𝑛'. It is important to note that the 
primary objective of this paper is not to replicate a specific prototype. Instead, it aims to 
investigate and analyse the behaviour of piled rafts within layers of sand and clay. 
Moreover, the existing literature on experimental analysis has utilized raft dimensions of 
150mm × 150mm [29] and 300mm × 300mm [30]. Therefore, it is reasonable to justify 
the adoption of a square raft with dimensions of 150mm × 150mm in the current paper. 

3.3 Soil Bin 

The entire experimental work was carried out in a soil bin with dimensions of 
750mm × 750mm × 800mm. Wooden plies were used to construct the bin and an iron 
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framework was used to stiffen the bin. The framework was made up of multiple iron rods 
that were welded together and wrapped around the wooden bin to prevent the 
connections from opening. The dimensions of the bin were chosen to ensure that the 
influence zone of the foundation remained within the boundaries. 

3.4 Loading Mechanism 

A manually operated hydraulic jack was used to load the foundation model. The 
mechanism of the hydraulic jack is designed to pull self-lubricating fluid from its reservoir 
and release it into a cylinder that further applies the loads. This fluid being incompressible 
helps in creating pressure between the reservoir and the cylinder through a pump plunger. 
On each stroke, the plunger assists in drawing the fluid from the reservoir via a suction 
valve. The fluid is then released into the cylinder after being pushed via a check valve. The 
suction valve closes after the fluid has passed through the check valve, creating oil pressure 
inside the cylinder. This oil pressure pushes the cylinder to exert loads. 

To measure the amount of load applied, a proving ring with a maximum capacity of 15kN 
was mounted at the centre of the raft. Two dial gauges of accuracy 0.01mm were attached 
to the raft to determine its vertical settlement. Dial gauge comprised of a gauge for 
assessing the displacement that the needle has gone through during the entire process. The 
gauge was fixed to steel rods to adjust the position and height of the needle. Needles of dial 
gauges were placed at the extreme corners of the raft and the gauge was clamped using a 
magnetic base. 

4. Test Procedures 

The following sections cover all of the test procedures for the current experimental 
investigation. The unpiled-raft was investigated first, then the piled-raft, and finally the 
group piles. Figs. 9 and 10 illustrate the schematic diagram and the actual experimental 
arrangement. 

  

Fig. 9. Schematic diagram of the 
experimental arrangement 

Fig. 10. Actual experimental arrangement 

 

4.1 Preparation of Soil Bed 

Soil bed preparation is a crucial step in conducting experimental analyses of small-scale 
model piled rafts. It involves meticulous planning and execution to ensure accurate 
representation of real-world soil conditions. The soil is carefully selected based on its 



Pandey et al. / Research on Engineering Structures & Materials 10(3) (2024) 917-942 

 

927 

gradation and properties, such as particle size, shape, and angularity, to closely resemble 
the target soil profile. The soil is then evenly spread and compacted layer by layer, ensuring 
uniform density throughout the bed. The behaviour of small-scale model piled rafts under 
various loading situations can be thus precisely modelled in an experimental setup by 
carefully preparing the soil bed. 

The soil bed was prepared using the dry pluviation method, where the soil was allowed to 
fall freely from a predetermined height at a consistent rate. By employing a pluviation 
height of 750mm, a relative density of 70% was achieved. To create the sand bed, regular 
intervals were marked within the container, and a measured amount of sand was added 
up to each marking to maintain the desired density. A 4.9kgs circular plate with a diameter 
of 150mm and a thickness of 25mm was used to compact the sand. This activity was 
repeated until the bin’s full height of 750mm was reached. The top 50mm of the soil bin 
was left empty to prevent any overflow during loading. The respective densities were 
maintained throughout the soil bin with a tolerance of 0.5%. The topmost layer of the soil 
surface was properly levelled and verified using a spirit level to ensure the proper 
placement of the raft. The aforementioned process was repeated for each set of tests. 

The clay bed preparation followed a procedure similar to that described by Rao et al. [51]. 
The clay was combined with the appropriate amount of water in a separate mixing tank 
until it reached a consistency (𝐼𝑐) of 0.30, representative of the clay used in the study. The 
same procedure was adopted for clay as discussed above for sand in order to compact the 
clay in layers. Measurements were taken of the water content, density, and undrained 
shear strengths at different depths within the soil bed to confirm homogeneity. 

4.2 Driving of Piled-Raft 

The model foundation was positioned at the centre and slowly inserted into the soil using 
the hydraulic jack. In the case of piled-rafts, the process was continued until the raft’s 
bottom came into contact with the soil and thus completely supported over it. Likewise, 
the raft was kept 30mm above the surface in the case of group piles 

4.3 Taking Observations 

The jack was lowered until it came in contact with the proving ring and dial gauges started 
responding. Further, the readings in all the dial gauges were corrected to zero. Centring of 
the raft was done using a plumb bob suspended through the centre of the jack to ensure no 
eccentricity. Concentric vertical loading was hence employed through the jack in 
increments. The load was continued till the full extension of the jack length. Since the 
loading was concentric and rotation of the raft was not allowed, hence the dial gauge 
readings were nearly identical. 

The load readings were observed at every 5 divisions of the proving ring having a 
calibration factor of 1.18. Corresponding settlements in dial gauges were noted down. 
These dial gauge readings were averaged to acquire the average settlement. Ultimately, the 
load versus settlement curves were potted for each model configuration. 

5. Results and Discussion 

The following sub-sections discuss the behaviour of piled-rafts with different 
configurations. In the current experimental investigations, the variation in pile lengths and 
pile numbers is analysed and plotted as load-settlement curves. 

El-Garhy et al. [52] used 10mm and 25mm as the index parameters for the experimental 
study. Bowles [53] adopted the ultimate load capacity as the load at 60mm of settlement. 
However, the load-settlement curves in the present study do not show a considerable 
change at the initial phases of settlement and the change may be better noticed in the later 
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stages. Besides, the observations are restricted to 50mm due to the limitation of dial 
gauges. As a result, a higher settlement of 40mm has been chosen as the index parameter 
in the current research. 

5.1 Effect of Number of Piles 

The model raft was initially rested on the foundation soil, and its behaviour was assessed. 
It was important to examine the raft’s behaviour to compare it with the behaviour of model 
piled-rafts. To analyse the effectiveness of attached piles, the number of piles (𝑛𝑝) varied 

from 1 to 9. 

Fig. 11 and Fig. 12 indicate that as the number of piles increases, the load-bearing capacity 
of the piled-raft also increases. It was observed that an unpiled-raft in the host sand has a 
load-bearing capacity of 3.6kN at 40mm settlement. This capacity increased to 4.5kN, 8kN, 
10kN, and 14kN, when the number of piles affixed to the raft varied, measuring 1, 4, 5, and 
9, respectively. Similarly, the load capacity improved from 3.6kN  to 5.2kN, 7.9kN, 8.8kN 
and 10.2kN, in the case of clay. The results are anticipated as the additional piles begin 
interacting with the underlying soil over a wider surface area. Consequently, the piles can 
resist a greater amount of the load. It can be confirmed by the literature reported [30]. 

(a) (b) 

(c) 

Fig. 11. Effect of number of piles in sand 
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(a) (b) 

(c) 

Fig. 12 Effect of number of piles in clay 

However, Poulos [54] noted that adding more number of piles to improve the performance 
of a piled-raft foundation may not always be advantageous. This is due to the fact that once 
a certain threshold is crossed, very little benefit is observed, and this could result in an 
uneconomical decision. 

5.2 Effect of Pile Length 

The impact of varying pile lengths has been presented using load-settlement curves in Fig. 
13 and Fig. 14.  The experimental setup involved the unscrewing of one set of piles while 
substituting them with piles of different lengths attached to the raft. As the pile length 
increased, we observed a corresponding improvement in the overall load-carrying 
behaviour. This relationship is indicative of the enhanced support and structural stability 
provided by longer piles. 

The increased pile length contributed to a more substantial interaction with the underlying 
soil, effectively distributing and transmitting loads more efficiently. This phenomenon led 
to a higher load-bearing capacity as longer piles exhibited improved resistance to 
settlement and deformation. As the length of the piles (𝐿𝑝) affixed to the raft varied, 

measuring 160mm, 260mm, and 360mm, the load capacity in the case of sand further 
improved to 6.2kN, 8.5kN, and 13.8kN, respectively at 40mm settlement. Although this 
load capacity is for a piled-raft with 9 piles, similar increases can be noticed for different 
numbers of piles as well. It can also be observed that piled-rafts over sand and clay with 
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any number of piles exhibit a similar trend, and the load capacity in the clay case also 
enhanced by almost 92%, 150%, and 192%, respectively. 

(a) 
 

(b) 

(c) (d) 

Fig. 13. Effect of pile length in sand 

 

(a) 

 

(b) 
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(c) (d) 

Fig. 14. Effect of pile length in clay 

It is evident that when pile lengths increase, surface area increases as well. It suggests an 
improvement in shear strength and eventually an increase in the load capacity. This 
supports the findings that have been documented in the literature [34] reporting that 
piled-rafts with longer piles sustain greater loads. 

5.3. Effect of Pile Numbers in Pile Groups 

The behaviour of pile groups was first studied to compute the load sharing in piled-rafts. 
Fig. 15 illustrates the comparison of model pile foundations with different numbers of 
piles. The pile length of 360mm was only considered. The pile foundation model was 
inserted into the soil such that the raft serving as the pile cap was not in contact with the 
soil surface and raised 30mm above it. 

Using 25mm as the reference settlement level in the pile group over sand and clay, the 
single pile carried a load of 0.25kN and 0.75kN, respectively. It was found that the pile 
group comprising of 9 piles carried more than 7 and 6 times higher load than a single pile. 
Similar to the piled-raft case, it was also found that the load-bearing capacity of the pile 
group gets improved with an increase in the number of piles. Moreover, the deviation in 
the curve after 30mm settlement indicates that the raft has made contact with the soil 
surface, and has started taking loads. 

(a) 
 

(b) 

Fig. 15. Effect of pile numbers in pile group in (a) sand and (b) clay 
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5.4. Comparison Between Raft, Piles and Piled-Raft 

To study the combined behaviour of the raft and piles in a piled-raft, load-settlement 
curves depicting raft and group piles are individually plotted and then compared with the 
piled-raft. In the case of group piles, it was ensured that the piles are freestanding and that 
the bottom surface of the raft does not touch the supporting soil. When the raft was 
unpiled, it was resting directly over the supporting soil, without any piles attached to it. It 
was discovered from Fig. 16 and Fig. 17 that the combined load-bearing capacity of the raft 
and group piles does not equal the piled-raft's capacity. It can also be supported by the 
observation in literature [34] that the load carried by piled-raft exceeds or is equal to the 
combined load carried by the raft and the pile. This indeed results from the interactions 
between the foundation components and the supporting soil. Mathematically, the load-
bearing capacity of piled-raft system can be given by Eq (3). 

𝑄𝑃𝑅 = 𝑄𝑅 + 𝑄𝑃 = 𝛼𝑝𝑟𝑄𝑈𝑅 + 𝛼𝑝𝑟𝑄𝑃𝐺 (3) 

Here, 𝑄𝑅  and 𝑄𝑃  represents the load that the raft and the piles are carrying. 𝛼𝑝𝑟  and 𝛼𝑟𝑝 

are the interaction factors that characterize interactions between pile and raft and vice-
versa, respectively.  

The subscripts 𝑈𝑅, 𝑃𝐺, and 𝑃𝑅 stand for unpiled-raft, pile group, and piled-raft, 

respectively, whereas 𝑄 represents the load capacity. The current study, however, is 

(a) 
(b) 

 

 
(c) 

Fig. 16 Comparison between raft, pile group and piled-raft in sand 
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limited to the load sharing in piled-rafts over sand and clay and does not include the 
evaluation of these interaction factors. The future objectives of the study could include 
assessing such interaction factors. 

(a) (b) 

(c) 

Fig. 17. Comparison between raft, pile group and piled-raft in clay 

5.5. Load Improvement Ratio 

An increase in the load-bearing capacity of the foundation due to the addition of piles can 
be defined by a dimensionless parameter, known as load improvement ratio (𝐿𝐼𝑅). It is 
expressed as the ratio of the load carried by piled-raft (𝑄𝑃𝑅) to that by the unpiled-raft 
(𝑄𝑈𝑅) at constant settlement. 

𝐿𝐼𝑅 =
𝑄𝑃𝑅

𝑄𝑈𝑅
 (4) 

Fig. 18 shows the variation of 𝐿𝐼𝑅 with the settlement in the case of sandy and clayey soil. 
It is observed that with an increase in the number of piles, 𝐿𝐼𝑅 increases. Also, the 𝐿𝐼𝑅 
value is high at the early stages and decreases with an increase in settlement value. In the 
case of sand, the piled-rafts with higher pile numbers show a sudden decrease initially and 
finally after a certain value, such decrease becomes gradual. This implies the mobilization 
of piles after initial loading, leading to a reduction in 𝐿𝐼𝑅. Similar outcomes can be observed 
in earlier pieces of literature [34, 55]. Moreover, in the case of clay, the 𝐿𝐼𝑅  values converge 
to roughly the same value regardless of the number of piles and do not significantly vary 
in later phases. 
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(a) (b) 

Fig. 18. Variation of load improvement ratio in (a) sand and (b) clay 

5.6. Load Sharing Ratio (𝜶𝒑) 

It is now widely accepted that in pile-raft foundations, the anticipated load from the 
superstructure is shared among the piles and the raft. Such a complex load-sharing 
mechanism is governed mostly by load sharing ratio. Load sharing ratio represents the 
load-sharing behaviour in piled-rafts and is usually defined as the percentage of the total 
load imposed on piled-raft (𝑄𝑝𝑟) that is carried by piles (𝑄𝑝). It can be defined by the 

following equation: 

𝛼𝑝 =
𝑄𝑝

𝑄𝑝𝑟
= 1 −

𝑄𝑟

𝑄𝑝𝑟
 (5) 

where 𝑄𝑟 and 𝑄𝑝 denotes the load resisted by raft and piles, respectively. The variation of 

load sharing ratio for the present case of sand and clay with the settlement is depicted in 
Fig. 19 and Fig. 20, respectively. Individual share of load carried by piles and the raft is 
presented for different configurations. The load share of a raft on sand is initially high and 
rises until it reaches a fixed limit. Even when there are higher number of piles, the piles 
share of load is comparatively better but still less than the rafts share. Thus, it can be 
inferred that neglecting the load shared by rafts in the analysis process will not be a wise 
decision. 

It is evident that in the case of clay, initially the load share of piles is high and gradually the 
load is transferred to the raft at higher settlements. At initial settlement, the bottom of the 
raft had inadequate contact with the supporting clayey soil and hence lesser raft share is 
observed. On the contrary, since the piles are in direct contact with the soil, it leads to 
confinement of soil and results in a higher proportion of pile share during initial 
settlement. The density of the soil beneath the raft increases as the piled-raft model settles 
more. As a consequence, the raft and soil make better contact with each other, increasing 
the raft's share of the load. A higher percentage of load sharing ratio can also be observed 
initially in the case of the piled-raft with a greater number of piles due to the greater 
resistance offered by them. 
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(a) 𝑛𝑝 = 4 (a) 𝑛𝑝 = 4 

(b) 𝑛𝑝 = 5 (b) 𝑛𝑝 = 5 

(c) 𝑛𝑝 = 9 (c) 𝑛𝑝 = 9 

Fig. 19. Variation of load sharing in sand Fig. 20. Variation of load sharing in clay 
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6. Validation with Numerical Results 

In response to the formidable challenges arising from the cost and time limitations 
inherent in laboratory or in-situ testing, the scientific community has embraced numerical 
modelling techniques as a practical alternative. Various commercial codes, such as PLAXIS, 
FLAC, ABAQUS, and others, have been developed to assist the creation of numerical models 
[56]. These codes play a crucial role in accurately simulating complex scenarios, with a 
specific focus on piled raft foundations supported over soil. 

The present study uses PLAXIS 3D to validate the experimental study. The dimensions of 
both the soil continuum and the piled-raft model were matched with those of the 
experimental model. The test sand was simulated using the elasto-plastic Mohr-Coulomb 
model obtained from the PLAXIS library. Two models, an unpiled raft and a piled-raft with 
four piles, were created to validate the experimental findings. The square raft was 
represented as a plate element, while the pile was modelled as an embedded beam 
element. The properties of the soil and piled-raft were consistent with those observed in 
laboratory tests. A medium mesh was generated, comprising 7686 elements and 12450 
nodes for the raft and 8019 elements and 13009 nodes for the piled-raft model supported 
on soil. To mitigate boundary effects, the width of the soil model was set to five times the 
raft size, and the depth was more than twice the pile length. Fixed boundary conditions 
were applied to the bottom, while lateral movement was restricted on the sides. 
Incremental loading was applied to the foundation system through the imposition of 
vertical pressure.  

 

Fig. 21. Numerical model of piled-raft in PLAXIS 3D 

In the numerical simulation, the soil-pile interface was modelled with fictitious thickness 
elements, displaying elasto-plastic behaviour under Coulomb's failure criteria. A strength 
reduction mechanism, determined by the factor (𝑅𝑖𝑛𝑡𝑒𝑟), was applied to the interface 
elements [57]:  

𝑡𝑎𝑛𝜙𝑖 = 𝑅𝑖𝑛𝑡𝑒𝑟 × 𝑡𝑎𝑛𝜙𝑠𝑜𝑖𝑙 (6) 

This comprehensive approach ensures that the numerical models closely mimic real-world 
conditions, providing a robust foundation for validating the experimental results. Figure 
21 illustrates the deformed mesh of the current numerical model utilized for validation. 
The results obtained from the numerical simulation were systematically compared with 
the experimental data derived from laboratory tests, as depicted in Figure 22. Notably, the 
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plot demonstrates a good level of agreement between the numerical and experimental 
results. 

 

Fig. 22. Validation of the experimental model 

7. Limitations of the Experimental Study 

The limitations of the present experimental study encompass several factors: 

• Dimensional Scaling: Scaling down model pile and raft dimensions from real-world 
counterparts can introduce inaccuracies due to the behaviour of physical 
phenomena at smaller scales, potentially affecting findings’ applicability to full-
scale scenarios. The study adheres to scaling laws, necessitating the use of scaled-
down models. While valuable, these models may not fully replicate real-world 
behaviour at full scale, possibly leading to scale-dependent discrepancies. 

• In-situ Stress Representation: Replicating in-situ stress conditions accurately in the 
testing tank is challenging. Differences between the laboratory setup and actual 
field conditions can impact the realism and relevance of experimental data. Soil 
density variations across test scenarios may introduce uncertainties, affecting 
result comparability. 

• Material Differences: The use of steel piles in experiments may not perfectly mimic 
the behaviour of commonly used reinforced concrete (RC) piles. Material property 
differences can impact the accuracy of findings related to RC pile foundations. 

• Deviation from Natural Soil Conditions: Experiments conducted in a controlled 
laboratory setting may not fully capture the complexities of real-world scenarios, 
and the use of artificial soil substitutes could introduce deviations from natural soil 
conditions, potentially impacting the study's ability to replicate the intricate 
properties of real soils. 

• Exclusion of Pore Pressure Effects: Pore pressure effects, which significantly 
influence soil behaviour, are omitted from the experiments. This simplification may 
limit the study’s ability to account for the full range of factors influencing piled-raft 
behaviour in practical applications. 

Acknowledging these limitations is essential for interpreting the study’s results accurately 
and for considering the applicability of its findings to real-world engineering scenarios. 
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8. Future Scope 

The findings underscore the need for future research in several key areas. These include: 

• Effect of soil variability: The behaviour of piled rafts exhibits notable variations 
contingent upon the specific type of soil, its inherent properties, and the underlying 
stratigraphy. Even the present study underscores significant distinctions in the 
behaviour of piled rafts above sandy and clayey soils. Consequently, there arises a 
compelling necessity to investigate and comprehend the behaviour of piled rafts in 
soils characterized by different properties. 

• Emphasis on Total Settlement vs. Differential Settlement Models: Current studies 
on piled rafts tend to concentrate on overall or total settlement, often overlooking 
differential settlement, which refers to differential movements between different 
parts of the foundation. By focusing more on differential settlement models, 
researchers can gain insights into how non-uniform settling might affect the 
performance of the foundation and surrounding structures, especially in uneven or 
complex soil conditions. 

• Dynamic loading: The current study focuses solely on piled raft foundations under 
static loads. However, it's essential to recognize that numerous structures 
experience dynamic and cyclic loading conditions. Therefore, future research 
endeavours should delve into the analysis of piled-raft foundations subjected to 
dynamic loads and assess their response to such forces. 

• Complexity of Numerical Models vs. Simplified Analytical Models: While advanced 
3D numerical models have been developed to capture the intricate behaviour of 
piled rafts, there is a lack of simplified analytical models and standardized 
guidelines. This absence hinders the adoption of new design approaches and 
techniques. Developing simplified yet accurate analytical models and codified 
guidelines can bridge the gap between complex numerical simulations and 
traditional design methods, making advanced analyses more accessible and 
applicable in practical engineering design. 

Furthermore, there is a need for more field monitoring and testing to validate the 
performance of piled raft foundation in real-world applications. With continued research 
in these areas, piled raft foundation systems can become even more reliable and efficient, 
providing a sustainable and economical solution for various construction projects. 

9. Conclusions 

The current experimental research provides the analysis of piled-raft foundation systems 
employing small-scale model tests. Notably, the absence of standardized practices in this 
domain prompted our investigation. There was a lack of comprehensive studies, 
particularly in the local region, focusing on load-sharing behaviour in both sand and clay 
soils. By conducting experiments in both sand as well as clay, our study broadens the scope 
of knowledge regarding piled-raft foundations' effectiveness as a choice for load-sharing. 
The inclusion of both soil types enhances the applicability of the findings to diverse 
geological conditions. Load improvement and load-sharing behaviour were then studied 
in those cases.  

Based on the current experimental investigations, the following conclusions could be 
inferred: 

• The observations of the present lab experiments showed that the piled-rafts 
substantially reduce the settlement and resist more as compared to the raft 
foundations. The reason behind this is that the piles alone resisted the majority of 
the load in piled-rafts. 



Pandey et al. / Research on Engineering Structures & Materials 10(3) (2024) 917-942 

 

939 

• Even a few piles added to the raft enhance the load-bearing capacity of the 
foundation. Also, such enhancement gets stronger with an increase in pile numbers. 
In both the sand and clay cases, the observed raft capacity against 40mm reference 
settlement was found to be around 3.6kN. In the case of sand, improvements of up 
to 4.5kN, 8kN, 10kN, and 14kN, respectively, can be seen for 1, 4, 5, and 9 piles.  The 
corresponding load capacity in clay was found to improve from 3.6kN  to 5.2kN, 
7.9kN, 8.8kN and 10.2kN. 

• Piled-rafts with longer piles typically exhibit greater bearing capacity. The present 
case showed up to a 300% increase in the load-bearing capacities for the longest 
length of pile. In comparison to the unpiled-raft carrying a load of 3.6kN, piled-raft 
having 9 piles and 360mm pile length resisted about 13.8kN and 10.6kN for the 
sand and clay case, respectively. 

• The load improvement ratio has been noticed to rise as the number of piles 
increases. The load improvement ratio (𝐿𝐼𝑅) was found to be larger in the early 
phases and decreases with an increase in settlement value, suggesting the 
mobilization of piles after the initial loadings. 

• The findings also demonstrated that the raft significantly contributed to the load 
sharing in piled-raft foundations; as a result, its significance in the analysis and 
design process cannot be unappreciated. 

• In the majority of cases, piled-rafts over clay exhibited patterns resembling those 
over sand. However, it was found that the raft contributed a larger portion of the 
load in the sand than in clay. Raft's share of the load in sand reached about 90% 
when piles were lesser, and decreased as the pile numbers increased. In the clay 
case, the influence of the piles on load sharing was higher, and the raft's share 
improved with the settlement. 

• The experimental findings also revealed that the load-bearing capacity of the 
combined piled-raft system is greater than the simple addition of the load capacities 
of the raft and the piles, hence proving its complex behaviour of load-sharing. Such 
complexity arises due to the interactions between soil and the foundation 
components. Moreover, these interactions have a considerable impact on the 
behaviour of piled-rafts. 

• To restrict the maximum settlement, an optimization of the piled-raft geometries 
should be established to prevent an irrational and uneconomical design. 

• Since the current study is only capable of testing the piled-raft behaviour at 1g, 
centrifuge tests could provide a more comprehensive analysis. 

• The soil-dependent nature of load-sharing in piled-raft foundations necessitates 
further exploration within distinct soil types until region-specific guidelines are 
established for these foundation systems. 

• Furthermore, a concise literature survey on several experimental studies on piled-
raft foundations has also been provided. 
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 Hybrid aluminum metal matrix composites (AMMCs) include qualities including 
being lightweight, very effective, and highly resistant to wear, and corrosion. The 
process used in this study to maximize friction and minimize wear of hybrid 
AMMCs involves applying grey relational analysis (GRA) to optimize the process 
features. Stir-casting was used to create hybrid AMMCs of the Al-6061 alloy 
reinforced with graphene (Gr) and silicon carbide (SiC). The experiment used 
Taguchi's L27 design, and three process parameters—normal load, sliding 
distance, and sliding speed—were combined with GRA to produce the maximum 
coefficient of friction and lowest wear rate. Al-6Gr-6SiC obtained the maximum 
hardness of 128 VHN and 253 MPa as tensile strength, further coefficient of 
friction, and wear were analyzed for the same composite., respectively. The ideal 
mixture of graphene (6 weight percent) and silicon carbide (6 weight percent) as 
reinforcement in Al-6061 alloy obtained the optimum value of frictional 
coefficient (0.29766) and wear (0.002588 mm3/m), respectively. 
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1. Introduction 

Aluminum alloys are extensively used as matrix materials in producing metal matrix 
composites (MMCs). These composites use the advantageous qualities of aluminum alloys 
while integrating reinforcing elements to attain improved mechanical, thermal, or other 
distinct performance characteristics. Due to their higher mechanical qualities compared to 
monolithic materials, aluminum alloys are deemed to be the most appropriate materials in 
the aerospace and automotive sectors. Aluminum alloys are popular among researchers 
for the creation of novel materials with improved properties because of their affordability 
and ease of supply [1]. A composite is a multi-stage construction that is created by 
combining reinforcements and a matrix. When metal is employed as the matrix material 
during the production process, the created composite is referred to as a Metal Matrix 
Composite (MMC) [2]. Aluminum alloys and two or more reinforcements are combined to 
create hybrid aluminum metal matrix composites (AMMCs), which have exceptional 
mechanical and tribological qualities [3]. Due to its high magnesium and silicon content, 
the aluminum alloy 6XXX series has already been utilized in the transportation and 
automotive industries. Due to its castability, the Al-6061 alloy is discovered to be the most 
popular alloy in the 6XXX family. Al-6061 alloy is used to make lightweight automobile 
components as well [4]. Al-6061 was used as the matrix in the current experiment, with Gr 
and SiC particles serving as reinforcement. Using Taguchi's L27 experimental design, the 
friction and wear of manufactured AMMCs were measured under ASTM standards [5]. The 
ideal set of process parameters at which the friction and wear values reach their optimum 
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levels was found using the GRA approach [6]. A hybrid composite was formed by 
including graphene (Gr) and silicon carbide (SiC) as dual reinforcements in the aluminum 
matrix. The present literature has yet to extensively investigate the combination of 
graphene (Gr) and silicon carbide (SiC). Research publications often demonstrate the use 
of either SiC or graphene as a sole reinforcement or in combination with other 
reinforcements such as Al2O3, CNT, TiC, etc. [7]–[11]. The limited availability of literature 
on the particular combination of silicon carbide and graphene highlights our work's 
originality and unique character, enhancing the overall comprehension of hybrid 
composites with the capacity to reveal new synergies between these two reinforcing 
elements. The amount of reinforcement can be used up to 20% in metal matrix composites 
to avoid negative effects on the mechanical properties of the composite. Excessive amounts 
of reinforcement material can lead to poor bonding between the reinforcement and matrix, 
resulting in reduced ductility and toughness. The decision to restrict the experimentation 
to 12% for (6% graphene and 6% silicon carbide) despite the observed increase in 
hardness with higher percentages of these reinforcements may be attributed to several 
factors. While higher hardness is generally preferred for improved wear performance in 
certain applications, such as Parts like pistons, cylinder liners, and connecting rods will 
benefit from improved hardness and wear resistance. While higher percentages of 
reinforcement materials beyond 12% lead to agglomeration of the reinforcement particles. 

2. Materials and Methods 

2.1. Materials Used 

In this investigation, Al-6061 alloy is used as the matrix or base alloy and its composition 
is shown in Table 1. Figure 1 shows the EDAX analysis of Al-6061 alloy that gives the 
elemental composition of the material. The graphene and silicon carbides are used as 
reinforcements and their properties are mentioned in Table 2.  

Table 1. Matrix material composition 

Elements Aluminum Magnesium Silicon Copper Iron 

Wt.% 97.2 1.00 0.6 0.25 0.40 

Elements Chromium Zinc Titanium Manganese  

Wt.% 0.195 0.125 0.125 0.080  

 

 

Fig. 1. EDAX analysis of Al-6061 alloy 
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Table 2. Reinforcement particle specifications  

Reinforcement Melting Point (°C) Particle size 
Density 
(g/cm3) 

Gr- Powder 3650 5 nm 2.30 

SiC- Powder 2700 220 µm 3.20 

2.2. Methodology  

2.2.1 Fabrication of Hybrid Composite 

The manufacture of MMCs may be done using several different methods, most of which can 
be divided into liquid-state and solid-state methods [6]. In this study, Gr and SiC particles 
were used as reinforcements while Al-6061 was used as the matrix to create the hybrid 
AMMCs. With the use of a high-frequency induction heater, solid metal is first heated to 
750°C in a graphite crucible until it melts or becomes semi-solid [12]. The reinforcements 
(graphene and silicon carbide) were then applied to the molten metal matrix after 
preheating. Figure 2 (a) shows the experimental setup of the stir-casting process and 
Figure 2 (b) shows the fabricated samples. 

 

Fig. 2. Experimental setup and fabricated smaples 

To achieve the homogeneous mixing of reinforcements into the molten matrix material, a 
graphite stirrer was employed. Mg and Zr are utilized in quantities of 2wt% for improved 
reinforcement wettability in the matrix [13]. Tetrachloroethane degasser is used to take 
carbon dioxide, nitrogen, and hydrogen out of the aluminum melt. To avoid melt oxidation, 
the entire procedure is carried out under an environment of inert gas, namely Argon. The 
melt is poured into the die, let to harden, and then removed to be processed further. The 
nomenclature of fabricated samples is mentioned in Table 3. 

Table 3. Nomenclature of fabricated hybrid composites 

S. No Material Composition 

1 Al-6Gr-4SiC 90% Al + 6% Gr + 4% SiC 

2 Al-4Gr-6SiC 90% Al + 4% Gr + 6% SiC 

3 Al-6Gr-6SiC 88% Al + 6% Gr + 6 % SiC 

2.2.2 Dry Sliding Wear 

According to the ASTM G99 standard, the samples' wear behavior was examined using pin-
on-disc wear test equipment [14]. The counter plate was constructed using EN31 steel, 
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which has a hardness of 62 HRC. The revolving steel counter circle is held against the wear 
test pins, which are made of composite materials and have dimensions of 10 mm in width 
and 30 mm in length. Between testing, the counter disc and the samples are meticulously 
cleaned to remove any worn material that may have adhered to the disc or sample. To 
make sure the level surface connected with the steel circle before testing, the surfaces of 
the pin tests were scrubbed against emery paper. The weight of the example is calculated 
using a computerized weighing offset with a high accuracy of 0.0001g after washing with 
the C₃H₆O solution. The weight loss is used to calculate the wear rate, which is expressed 
as wear volume loss per unit sliding distance [15]. 

2.2.3 Taguchi-Grey Relational Analysis 

Using Taguchi's L27 experimental design, the friction and wear of manufactured AMMCs 
were measured following ASTM G-99 [16]. The ideal set of process parameters at which 
the friction and wear values become optimal was determined using the GRA approach with 
three process parameters; Load (N), distance (m), and speed (m/s). The levels of the 
process parameters are shown in Table 4.  

Table 4. Selection of process parameters 

S. No Material Load Distance Speed 

1 Al-6Gr-4SiC 20 1000 1.5 

2 Al-4Gr-6SiC 40 2000 3 

3 Al-6Gr-6SiC 60 3000 4.5 

3. Results and Discussion 

3.1. Morphology of Fabricated Samples 

The morphology of the manufactured samples, namely the aluminum stir-cast hybrid 
composites reinforced with silicon carbide and graphite particles, has a significant impact 
on their structural features and subsequent performance in different applications. SEM 
study of the base alloy (Al-6061) is shown in Figure 3(a), revealing the microstructure of 
the unaltered aluminum matrix. Figure 3(b) specifically examines the scanning electron 
microscopy (SEM) examination of Al-6Gr-4SiC samples, which shows a clear concentration 
of the reinforcing particles. The clustering seen may be ascribed to causes such as uneven 
distribution during the stirring process or inadequate dispersion of the graphite (Gr) and 
silicon carbide (SiC) particles inside the aluminum matrix. The observed clustering has the 
potential to affect the mechanical and tribological characteristics of the composite, hence 
impacting parameters like hardness and wear resistance.  

The SEM examination of Al-4Gr-6SiC samples in Figure 3(c) reveals a surface that is much 
smoother in comparison to Figure 3(b). The enhanced smoothness of the Al-4Gr-6SiC 
samples may be ascribed to the enhanced dispersion and uniform distribution of the 
graphite and silicon carbide particles inside the aluminum matrix. The enhanced 
dispersion is probably due to the optimized processing settings used during the stir-
casting process, resulting in a more homogeneous integration of the reinforcement phases. 
The SEM examination of Al-6Gr-6SiC samples, as shown in Figure 3(d), reveals a surface 
where reinforcement particles are evenly distributed throughout the aluminum matrix. 
The uniform dispersion seen in this picture is likely due to many variables that enhance 
the efficiency of processing and mixing during the stir-casting process. 
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Fig. 3. Morphology of fabricated samples 

3.2. Hardness and Tensile Strength 

Hardness is a material property that measures its resistance to deformation, particularly 
when subjected to an indentation or applied load. The Vickers hardness test is a popular 
method that uses a diamond-shaped indenter. The hardness value is determined by 
measuring the diagonals of the resulting indentation. The Vickers Hardness Number (VHN) 
is calculated based on the applied force (200 gf) and the surface area of the indentation. 
Based on the hardness measurements the hardness value of the sample (Al-6Gr-4SiC) is 
measured to be 102 VHN. The hardness value of the sample (Al-4Gr-6SiC) is recorded as 
116 VHN. The sample composed of aluminum, graphite, and silicon carbide (Al-6Gr-6SiC) 
has the maximum recorded hardness, with a value of 128 Vickers Hardness Number 
(VHN). As Table 5 indicates it is evident that the sample (Al-6Gr-6SiC) exhibits the highest 
level of hardness among the three samples. This finding indicates that, within the scope of 
this particular comparison, the composite denoted as "Al-6Gr-6SiC," which has a greater 
concentration of silicon carbide (SiC), exhibits the highest level of hardness among the 
materials subjected to testing. The heightened level of hardness may prove to be beneficial 
in scenarios where the ability to withstand wear and maintain hardness is of utmost 
importance, particularly in components that are exposed to abrasive environments. 

Table 5. Mechanical properties of hybrid composites 

S. No Samples 
Hardness (VHN) Tensile Strength (MPa) 

VHN1 VHN2 VHN3 Mean TS1 TS2 TS3 Mean 

1 Al-6Gr-4SiC 103 101 102 102 212 216 214 214 

2 Al-4Gr-6SiC 114 116 115 116 235 239 237 237 

3 Al-6Gr-6SiC 126 130 128 128 251 253 255 253 

In a similar vein, it can be seen that the sample (Al-6Gr-6SiC) exhibits the highest value of 
tensile strength when compared to the other two samples as shown in Figure 4 (a). This 
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finding indicates that, within the context of this particular comparison, the composite 
denoted as "Al-6Gr-6SiC," which has a greater concentration of silicon carbide (SiC), 
demonstrates the greatest level of tensile strength. The heightened tensile strength is 
beneficial in scenarios where materials must endure substantial stretching or pulling 
pressures without experiencing considerable deformation or fracture. This observation 
suggests that the composite material being referred to exhibits the highest level of strength 
when compared to the other materials that were evaluated within the given context. Figure 
4 (a and b) shows the tensile test samples before and after testings. 

 

Fig. 4 Graphical representation of hardness and tensile strength 

3.3. Wear and Friction Measurement 

Sample No. 3 (Al-6Gr-6SiC) is selected for conducting the dry wear and friction tests due 
to its superior hardness and tensile strength compared to the other two samples. An 
increase in hardness generally signifies enhanced resistance to wear, whereas a higher 
tensile strength implies increased strength and endurance under applied stresses. The 
performance of Sample 3 is assessed in settings where friction and wear are significant 
variables by the implementation of dry wear and friction tests. This testing methodology 
has the potential to provide significant insights into the material's performance in practical 
scenarios, particularly when subjected to abrasive or sliding contact with various surfaces. 
The measured values of wear and friction are represented in Figure 5. 

 

Fig. 5. Measured values for wear and friction 
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3.5. Optimization using the GRA Approach 

Table 6 shows the orthogonal array with experimental observation after the wear test on 
the Pin-on-disc apparatus. In the grey relational analysis, the real several outputs were 
reduced to a single output. In this method, the final stage of grading was given to the output 
values as shown in Table 7. Getting the normalized values from the response data is the 
first stage in the procedure. The second stage involves calculating the departure from the 
sequence, and the third involves determining the grey relationship coefficient. The grey 
relational grades (GRG) are created in the next step by calculating the mean of the GR 
coefficient, and the highest rank is then used to determine the best combination of answer 
values [17]–[19]. 

Table 6. Orthogonal Array with experimental observation 

S. No 
Orthogonal 

Array 
Load  
(N) 

Speed 
(m/s) 

Distance 
(m) 

COF 
Wear rate 
(mm3/m) 

1 L1 20 1.5 1000 0.3023 0.0026 

2 L2 20 1.5 2000 0.2852 0.0025 

3 L3 20 1.5 3000 0.2776 0.0023 

4 L4 20 3 1000 0.2814 0.0025 

5 L5 20 3 2000 0.2748 0.0021 

6 L6 20 3 3000 0.2691 0.0016 

7 L7 20 4.5 1000 0.2729 0.0018 

8 L8 20 4.5 2000 0.2615 0.0015 

9 L9 20 4.5 3000 0.2596 0.0012 

10 L10 40 1.5 1000 0.3098 0.0029 

11 L11 40 1.5 2000 0.3023 0.0028 

12 L12 40 1.5 3000 0.2947 0.0026 

13 L13 40 3 1000 0.3023 0.0029 

14 L14 40 3 2000 0.2966 0.0026 

15 L15 40 3 3000 0.2795 0.0024 

16 L16 40 4.5 1000 0.2890 0.0025 

17 L17 40 4.5 2000 0.2786 0.0022 

18 L18 40 4.5 3000 0.2681 0.0022 

19 L19 60 1.5 1000 0.3278 0.0036 

20 L20 60 1.5 2000 0.3174 0.0032 

21 L21 60 1.5 3000 0.3013 0.0028 

22 L22 60 3 1000 0.3222 0.0031 

23 L23 60 3 2000 0.3098 0.0028 

24 L24 60 3 3000 0.2928 0.0026 

25 L25 60 4.5 1000 0.3060 0.0030 

26 L26 60 4.5 2000 0.3013 0.0026 

27 L27 60 4.5 3000 0.2710 0.0025 
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Table 7. Grey relational analysis 

S. No 
Normalized 

value 
Deviation 
Sequence 

GR Coefficient GRG RANK 

1 0.625 0.560 0.375 0.440 0.571 0.532 0.552 10 

2 0.375 0.554 0.625 0.446 0.444 0.529 0.487 16 

3 0.264 0.462 0.736 0.538 0.404 0.482 0.443 20 

4 0.319 0.519 0.681 0.481 0.424 0.510 0.467 17 

5 0.222 0.361 0.778 0.639 0.391 0.439 0.415 22 

6 0.139 0.174 0.861 0.826 0.367 0.377 0.372 25 

7 0.194 0.254 0.806 0.746 0.383 0.401 0.392 24 

8 0.028 0.114 0.972 0.886 0.340 0.361 0.350 26 

9 0.000 0.000 1.000 1.000 0.333 0.333 0.333 27 

10 0.736 0.695 0.264 0.305 0.655 0.621 0.638 4 

11 0.625 0.664 0.375 0.336 0.571 0.598 0.585 8 

12 0.514 0.583 0.486 0.417 0.507 0.545 0.526 13 

13 0.625 0.687 0.375 0.313 0.571 0.615 0.593 7 

14 0.542 0.566 0.458 0.434 0.522 0.535 0.529 12 

15 0.292 0.490 0.708 0.510 0.414 0.495 0.454 18 

16 0.431 0.535 0.569 0.465 0.468 0.518 0.493 15 

17 0.278 0.421 0.722 0.579 0.409 0.463 0.436 21 

18 0.125 0.392 0.875 0.608 0.364 0.451 0.407 23 

19 1.000 0.997 0.000 0.003 1.000 0.993 0.997 1 

20 0.847 0.828 0.153 0.172 0.766 0.744 0.755 3 

21 0.611 0.651 0.389 0.349 0.562 0.589 0.576 9 

22 0.917 0.784 0.083 0.216 0.857 0.698 0.778 2 

23 0.736 0.646 0.264 0.354 0.655 0.586 0.620 6 

24 0.486 0.599 0.514 0.401 0.493 0.555 0.524 14 

25 0.681 0.729 0.319 0.271 0.610 0.649 0.629 5 

26 0.611 0.566 0.389 0.434 0.563 0.535 0.549 11 

27 0.167 0.556 0.833 0.444 0.375 0.530 0.452 19 

3.5.1. ANOVA for GRG’s 

ANOVA was used to examine each process parameter's percentage contribution and its 
significance at a 95% confidence level [20]. The acquired findings of the GRGs' ANOVA are 
displayed in Table 6.  

Table 8. Analysis of variance for GRG’s 

Source DF Adj SS Adj MS F-Value P-Value 

  Load (N) 2 0.240204 0.120102 13.90 0.000 

  Speed (m/s) 2 0.127637 0.063818 7.38 0.004 

  Distance (m) 2 0.006978 0.003489 0.40 0.673 

Error 20 0.172867 0.008643     

Total 26 0.547685       

 R2 = 68.44%  R2(adj) = 58.97 % 
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The findings indicated that load, distance, and sliding speed percentages contributed 
61.505%, 25.124%, and 13.371%, respectively, to the ideal values of friction and wear 
[21]–[23]. According to Table 8, all of the criteria were found to be relevant. Figure 6 shows 
the residual plots for Grey Relational Grades. 

 

Fig. 6 Residual plots for Grey Relational Grades 

3.5.2. Regression Equations 

3.5.2.1 Coefficient of Friction 

0.290917 - 0.01488 Load (N)_20 + 0.00028 Load (N)_40 + 0.01460 Load (N)_60 + 0.01112 
Speed (m/s) 1.5 + 0.00112 Speed (m/s)_3.0 - 0.01225 Speed (m/s)_4.5 + 0.01060 Distance 
(m)_1000 + 0.00102 Distance (m)_2000 - 0.01162 Distance (m)_3000= 0.29776 

3.5.2.2 Wear Rate (mm3/m)  

0.002492 - 0.000470 Load (N)_20 + 0.000062 Load (N)_40 + 0.000408 Load (N)_60 + 
0.000314 Speed (m/s)_1.5 + 0.000008 Speed (m/s)_3.0 - 0.000322 Speed (m/s)_4.5 + 
0.000253 Distance (m)_1000 - 0.000020 Distance (m)_2000 - 0.000233 Distance (m)_3000 
= 0.002588 mm3/m 

Figure 7 represents the effect of wear testing parameters on wear rate. The function of load 
is major, accounting for a substantial portion (61.505%) of the observed variation in GRG. 
The high F-value (13.90) and low p-value (0.000) suggest that the load has a substantial 
impact on the friction and wear performance of the hybrid composites, making it a highly 
relevant factor. Variations in load levels have a significant influence on the results. Velocity 
is an additional crucial factor, making a substantial contribution (25.124%) to the total 
variation in GRG. The F-value of 7.38 and the p-value of 0.004 indicate the statistical 
importance of speed. Changes in the speed at which objects slide against one another have 
an impact on their frictional behavior, highlighting the significance of speed in attaining 
the best possible performance. Distance, while it contributes to the variation (13.371%), 
has a lesser influence in comparison to load and speed. The F-value of 0.40 and the p-value 
of 0.673 indicate that distance has a relatively weak statistical significance in impacting 
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GRG. Variations in the distance of sliding have a relatively lesser effect on the observed 
tribological results. The aggregate impact of load, speed, and distance explains a significant 
proportion (about 68.44%) of the observed variation in GRG. The small p-values for load 
and speed show a strong degree of confidence in their importance, confirming their 
essential roles in attaining ideal tribological features. Distance, while it has an impact, is 
statistically less important in the context of this research. 

 

Fig. 7. Effect of process parameters on wear rate 

3.6. Micrographs of Worn-Out Surfaces After Wear Test 

The friction and wear of the synthesized hybrid AMMCs supplemented with graphene and 
silicon carbide particles are depicted in Figure 5 [24]–[26]. After the inclusion of hard 
reinforcement particles and their uniform dispersion in the matrix material, an increase in 
friction and a decrease in wear rate were noted [27]–[29]. The examination of sliding wear 
behavior included a comprehensive analysis under different situations, with specific 
attention given to worn surfaces using scanning electron microscope observations. Out of 
all the factors that were evaluated, the applied load was shown to be the most relevant 
influence on wear rate. As a result, worn-out surfaces were examined while being 
subjected to applied stresses of 20 N, 40 N, and 60 N. 

Distinct characteristics, including peeled-off particles, delamination, and abrasive wear, 
were seen at a load of 20 N (Figure 8a) [30]–[32]. The impact intensified when subjected 
to a 40 N force (Figure 8b), exposing features such as oxidation and adhesive wear. At 60 
N load, there was clear evidence of delamination and the appearance of tiny particles 
(Figure 8c) [33]–[35]. The inclusion of cerium oxide particles significantly improved the 
hardness and wear resistance of the produced specimens. Nevertheless, an increase in the 
hardness of the surfaces in contact resulted in the deterioration and wearing away of the 
material. Sliding wear may lead to the formation of a heterogeneous dispersion layer, 
which in turn produces debris consisting of particles of aluminum, iron, carbon, and silicon 
oxide. The inclusion of planar surfaces and increased rigidity, caused by plastic 
deformation, led to a reduction in the wear rate of the composites. The observation shows 
that the lowest wear rate of 0.002588 mm³/N-m when subjected to a 60 N load, sliding 
over a distance of 1000 m, and at a velocity of 1.5 m/s. 
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Fig. 8. (a, b, and c) SEM Morphology of Worn-out surfaces after Wear test 

4. Conclusions 

The main aim of the current study was to find the optimized set of stir-casting parameters 
using grey relational analysis, which simultaneously affects the friction and wear of the 
fabricated AMMCs. The conclusions of the study are mentioned below:  

• The research effectively optimized the fabrication parameters for hybrid aluminum 
metal matrix composites (AMMCs) by using grey relational analysis (GRA) and 
Taguchi's L27 design. 

• The Al-6Gr-6SiC composite proved to be the most favorable combination, 
demonstrating exceptional hardness (measured at 128 Vickers Hardness Number) 
and tensile strength (measured at 253 MPa). 

• The use of both graphene (Gr) and silicon carbide (SiC) as reinforcements in the Al-
6061 matrix resulted in enhanced tribological characteristics of the hybrid AMMCs. 

• The chosen composite exhibited improved resistance to friction, with a coefficient 
of friction of 0.29766, and reduced wear rates, measuring 0.002588 mm³/m. 

• The tribological behavior of AMMCs is significantly influenced by the parameters of 
load, sliding speed, and sliding distance. The research highlighted the crucial roles 
they play in attaining ideal mechanical and frictional characteristics. 

• The analysis of variance (ANOVA) findings highlighted the significant impacts of 
load (61.505%), speed (25.124%), and distance (13.371%) on achieving optimal 
friction and wear values. 

• Analysis using scanning electron microscopy (SEM) of the manufactured samples 
showed clear microstructural traits that have an impact on the mechanical and 
tribological properties. 

• The arrangement and spread of reinforcing particles were seen to influence 
hardness, resistance to wear, and the overall performance of the composite.  

• The optimized composite (Al-6Gr-6SiC) shows promise for use in applications that 
need exceptional wear resistance and durability. 



Kumar and Singh / Research on Engineering Structures & Materials 10(3) (2024) 943-956 

 

954 

Acknowledgment 

The authors acknowledge that this study is supported by the National Institute of 
Technology Kurukshetra, India. 

References 

[1] Jawalkar CS, Singh A, Suri NM. Fabrication of Aluminium Metal Matrix Composites with 
Particulate Reinforcement : A Review. Materials Today: Proceedings. 2017;4(2):2927-
2936. https://doi.org/10.1016/j.matpr.2017.02.174  

[2] Samal BP, Khuntia SK. Corrosion Behavior of Al-Mg-SiC Composite produced by 
Modified Stir casting method. 2019;14(12):2821-2823. 

[3] Kumar D, Singh S, Angra S. Dry sliding wear and microstructural behavior of stir-cast 
Al6061-based composite reinforced with cerium oxide and graphene nanoplatelets. 
Wear. 2023;516-517:204615. https://doi.org/10.1016/j.wear.2022.204615  

[4] Kumar H, Kumar V, Kumar D, Singh S. Wear Behavior of Friction Stir Processed Copper-
Cerium Oxide Surface Composites. EVERGREEN Joint Journal of Novel Carbon Resource 
Sciences & Green Asia Strategy. 2023;10(01):78-84. 
https://doi.org/10.5109/6781043  

[5] Chowdhury MA, Kumar UD, Kchaou M, Shuvho BA, Rahman A, Kumar BR. Correlation 
between experimental and analytic approaches to study the erosion rate of aluminum-
metal matrix composites. Journal of Engineering Research (Kuwait). 2022;10(1):295-
315 

[6] Engineering M, Kavery T, Nadu ST. Trıbologıcal And Corrosıon Behavıour Of Al 6063 / 
SIC Metal Matrıx Composıtes. International Journal of Advanced Engineering 
Technology, VII(II), 2016;2-7. 

[7] Hashim FA, Abdulkader NJ. Corrosion Behavior of Recycling Al- Alloy Based Metal 
Matrix Composites Reinforced by Nano particles. Kurdistan Journal of Applied 
Research. 2017; 2(3): 279–283. 

[8] Saravanan C, et al. Investigation on the mechanical, tribological, morphological and 
machinability behavior of stir-casted Al/SiC/Mo reinforced MMCs. Materials Today: 
Proceedings. 2020;21:1-10. 

[9] Mercado-Lemus VH, et al. Wear Dry Behavior of the Al-6061-Al2O3 Composite 
Synthesized by Mechanical Alloying. Metals. 2021;1-17. 
https://doi.org/10.3390/met11101652  

[10] C Mk. Effect of Carbon Nanotube in Aluminum Metal Matrix Composites on Mechanical 
Properties. Journal of Engineering Science and Technology 2020;15(2):919-930. 

[11] Wei L, Liu X, Gao Y, Lv X, Hu N, Chen M. Synergistic strengthening effect of titanium 
matrix composites reinforced by graphene oxide and carbon nanotubes. Materials and 
Design. 2021;197:109261. https://doi.org/10.1016/j.matdes.2020.109261  

[12] Suresh R. Comparative study on dry sliding wear behavior of mono (Al2219 / B 4 C ) 
and hybrid ( Al2219 / B 4 C / Gr ) metal matrix composites using statistical technique. 
Journal of the Mechanical Behavior of Materials 2020;57-68. 
https://doi.org/10.1515/jmbm-2020-0006  

[13] Kumar D, Angra S, Singh S. Effect of reinforcements on mechanical and tribological 
behavior of magnesium-based composites : a review. Material Physics and Mechanics 
2022;50(3):439-458. 

[14] Kumar D, Angra S, Singh S. High-temperature dry sliding wear behavior of hybrid 
aluminum composite reinforced with ceria and graphene nanoparticles. Engg Failure 
Analysis,2023;151(May):107426.  https://doi.org/10.1016/j.engfailanal.2023.107426  

[15] Sharma VK, Kumar V, Joshi RS. Experimental investigation on effect of RE oxides 
addition on tribological and mechanical properties of Al-6063 based hybrid composites 
Experimental investigation on effect of RE oxides addition on tribological and 

https://doi.org/10.1016/j.matpr.2017.02.174
https://doi.org/10.1016/j.wear.2022.204615
https://doi.org/10.5109/6781043
https://doi.org/10.3390/met11101652
https://doi.org/10.1016/j.matdes.2020.109261
https://doi.org/10.1515/jmbm-2020-0006
https://doi.org/10.1016/j.engfailanal.2023.107426


Kumar and Singh / Research on Engineering Structures & Materials 10(3) (2024) 943-956 

 

955 

mechanical properties of Al-6063 based hybrid composites. Materials Research 
Express 2019; Vol. 6, PP.1-18,  https://doi.org/10.1088/2053-1591/ab2504  

[16] Ravichandran G, Rathnakar G, Santhosh N, Suresh R. Wear characterization of hnt 
filled glass-epoxy composites using taguchi's design of experiments and study of wear 
morphology. Composites Theory and Practice. 2020;20(2):85-91. 

[17] Khatkar SK, Verma R, Kharb SS, Thakur A, Sharma R. Optimization and Effect of 
Reinforcements on the Sliding Wear Behavior of Self-Lubricating AZ91D-SiC-Gr Hybrid 
Composites. Silicon, 2021;1461-1473. https://doi.org/10.1007/s12633-020-00523-0  

[18] Vedabouriswaran G, Aravindan S. Wear Characteristics of Friction Stir Processed 
Magnesium RZ 5 Composites. Journal of Tribology. 2019;141(4). 
https://doi.org/10.1115/1.4042039  

[19] Kumar A, Arafath Y, Gupta P, Kumar D, Mustansar C, Jamwal A. Materials Todays: 
Proceedings Microstructural and mechano-tribological behavior of Al reinforced SiC-
TiC hybrid metal matrix composite. Materials Today: Proceedings. 2019;8-11. 
https://doi.org/10.1016/j.matpr.2019.08.186  

[20] Begum Y, Bharath KN, Doddamani S, Rajesh AM, Kaleemulla KM. Optimization of 
Process Parameters of Fracture Toughness Using Simulation Technique Considering 
Aluminum-Graphite Composites. Transactions of the Indian Institute of Metals. 
2020;73(12):3095-3103. https://doi.org/10.1007/s12666-020-02113-5  

[21] Okumus M. Study of microstructural , mechanical , thermal and tribological properties 
of graphene oxide reinforced Al - 10Ni metal matrix composites prepared by 
mechanical alloying method. Wear 2022;511(September). 
https://doi.org/10.2139/ssrn.4082693  

[22] Hamada ML, Alwan GS, Annaz AA, Irhayyim SS, Hammood HS. Experimental 
Investigation of Mechanical and Tribological Characteristics of Al 2024 Matrix 
Composite Reinforced by Yttrium Oxide Particles. Korean Journal of Material Research 
2021;31(6):339-344. https://doi.org/10.3740/MRSK.2021.31.6.339 

[23] Al MMA, Allam QIM, Patel F, Samad A. Tribological Performance of Sub ‑ Micron ‑ Al 2 
O 3 ‑ Reinforced Aluminum Composite Brake Rotor Material. Arabian Journal for 
Science and Engineering. 2021;46(3):2691-2700. https://doi.org/10.1007/s13369-
020-05179-x  

[24] Chak V, Chattopadhyay H, Dora TL. A review on fabrication methods, reinforcements 
and mechanical properties of aluminum matrix composites. Journal of Manufacturing 
Processes. 2020;56(May):1059-1074. https://doi.org/10.1016/j.jmapro.2020.05.042  

[25] Ramadoss N, Pazhanivel K, Ganesh Kumar S, Arivanandhan M, Anandan P. Effect of 
B4C and SiC nanoparticle reinforcement on the wear behavior and surface structure of 
aluminum (Al6063-T6) matrix composite. SN Applied Sciences. 2020;2(5):1-16. 
https://doi.org/10.1007/s42452-020-2712-5  

[26] Nyadongo ST. Analysis of Dry Sliding Wear Performance of Tribaloy T-800 / Tungsten 
Carbide Coating Deposited via Laser Cladding Assisted with Preheating. Journal of 
Materials Engineering and Performance. 2022; 32(12), 5435–5449. 
https://doi.org/10.1007/s11665-022-07493-x  

[27] Kumar D, Angra S, Singh S. Mechanical Properties and Wear Behaviour of Stir Cast 
Aluminum Metal Matrix Composite: A Review. International Journal of Engineering, 
Transactions A: Basics. 2022;35(4):794-801. 
https://doi.org/10.5829/IJE.2022.35.04A.19  

[28] Vageshappa LS, Channabasappa M. Effect of addition of TiC nanoparticles on the 
tensile strength of Al7075-graphene hybrid composites Research on Engineering 
Structures and Materials, 9(1), 19–30, 2023. 
https://doi.org/10.17515/resm2022.486ma0725  

[29] Singh C, Kumar V, Manna A. Experimental study on developed electrochemical micro 
machining of hybrid MMC. Indian Journal of Engineering & Materials Sciences 
2020;27(June):579-589. https://doi.org/10.56042/ijems.v27i3.45055  

https://doi.org/10.1088/2053-1591/ab2504
https://doi.org/10.1007/s12633-020-00523-0
https://doi.org/10.1115/1.4042039
https://doi.org/10.1016/j.matpr.2019.08.186
https://doi.org/10.1007/s12666-020-02113-5
https://doi.org/10.2139/ssrn.4082693
https://doi.org/10.1007/s13369-020-05179-x
https://doi.org/10.1007/s13369-020-05179-x
https://doi.org/10.1016/j.jmapro.2020.05.042
https://doi.org/10.1007/s42452-020-2712-5
https://doi.org/10.1007/s11665-022-07493-x
https://doi.org/10.5829/IJE.2022.35.04A.19
https://doi.org/10.17515/resm2022.486ma0725
https://doi.org/10.56042/ijems.v27i3.45055


Kumar and Singh / Research on Engineering Structures & Materials 10(3) (2024) 943-956 

 

956 

[30] Khan MM, Dey A, Hajam MI. Experimental Investigation and Optimization of Dry 
Sliding Wear Test Parameters of Aluminum Based Composites. Silicon 2022;4009-
4026. https://doi.org/10.1007/s12633-021-01158-5 

[31] Jagannatham M, Saravanan MSS, Sivaprasad K, Babu SPK. Mechanical and Tribological 
Behavior of Multiwalled Carbon Nanotubes-Reinforced AA7075 Composites Prepared 
by Powder Metallurgy and Hot Extrusion. Journal of Materials Engineering and 
Performance. 2018;27(11):5675-5688. https://doi.org/10.1007/s11665-018-3681-3  

[32] Bhoi NK, Singh H, Pratap S. Developments in the aluminum metal matrix composites 
reinforced by micro / nano particles - A review. Journal of Composite Materials 2019. 
https://doi.org/10.1177/0021998319865307  

[33] Singh S, Pal K. Influence of Texture Evolution on Mechanical and Damping Properties 
of SiC/Li2ZrO3/Al Composite through Friction Stir Processing. Journal of Engineering 
Materials and Technology, Transactions of the ASME. 2020;142(2):1-9. 
https://doi.org/10.1115/1.4045495  

[34] Kubit A. The Effect of Adhesive Type on Strength of Inter-Layer Joints in Fiber Metal 
Laminate Composites. Composites Theory and Practice. 2017;17(3):162-168. 

[35] Ra'ayatpour M, Emamy M, Rassizadehghani J. Influence of Hot Extrusion on the 
Microstructure, Tensile and Wear Properties of Mg-5Sb-xSiC Hybrid Composites. 
Metals and Materials International. 2021; 28(3), 679–694. 
https://doi.org/10.1007/s12540-020-00936-x  

https://doi.org/10.1007/s11665-018-3681-3
https://doi.org/10.1177/0021998319865307
https://doi.org/10.1115/1.4045495
https://doi.org/10.1007/s12540-020-00936-x


*Corresponding author: dkaiser.res@iubat.edu  
aorcid.org/0000-0002-3796-2209 
DOI: http://dx.doi.org/10.17515/resm2024.59ma1029rs 

Res. Eng. Struct. Mat. Vol. 10 Iss. 3 (2024) 957-972  957 

 

Research Article 

Results of Sn/Pb solder affected aluminum under wear study 

Mohammad Salim Kaisera  

Innovation Centre, International University of Business Agriculture and Technology, Bangladesh 
 

Article Info  Abstract 

 
Article history: 

 
Received 29 Oct 2023 
Accepted 02 Jan 2024 

 Nanostructured Al-Sn and Al-Pb alloys are effectively used to improve their wear 
characteristics. Taking this into consideration, the wear properties of aluminum 
have been studied while affected by both elements Sn-Pb solder at a lower level 
to explore its reusing potentials. In this purpose a common pin-on-disk device is 
used in which different dry, wet and corrosive sliding environments are applied. 
Additionally, pure Al, Al-Sn and Al-Pb alloys are also considered for recovering 
the clarification and to separate elemental effects on wear properties. The worn 
surfaces of the samples are examined using optical and scanning electron 
microscopy, both before and after wear. Surface roughness also is a measure to 
assess the wear properties under different environments. The findings revealed 
that minor solder has a great impact on the wear properties of Al with Sn playing 
a better role than Pb. Solid solution strengthening is the main reason for 
improved wear behavior in terms of the low wear rate and coefficient of friction. 
Both Sn and Pb do not form any intermetallic with Al but with impurities it can 
easily occur particularly with Sn resulting in better wear properties. This 
phenomenon is more prominent in corrosive environment than wet due to the 
protective oxide layer on the surfaces. In dry sliding conditions, numerous large 
wear particles, oxide debris and grooves can be seen on the worn surface, but 
smoother wear tracks are seen in wet and corrosive environments as form oxide 
film and thumbs down somewhat direct contact on the moveable surfaces. SEM 
analysis also reveals higher abrasive wear and plastic deformation on the worn 
surface produced under dry sliding conditions where minor added alloys 
indicating that reinforcing particles effectively influence the properties. 
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1. Introduction 

From the beginning, aluminum has been one of the popular materials in many industries 
due to its excellent physical, mechanical, electrical, and chemical properties such as light 
density, high strength, wear, and corrosion resistance [1-3]. Its properties are enhanced 
many times when it is alloyed with other elements. Alloying has a limitation in that 
improving one property it may affect other properties. In the book by S. Sivashankaranto 
provides ample information about the effects of alloying elements on aluminum [4]. More 
precisely Si lowers the melting point, cumulative fluidity, and Cu provides precipitation 
hardening and strength, while reducing ductility as well as corrosion resistance. Mn 
enhances work hardening rate, but prevents cracking during stress corrosion., 
correspondingly Fe can enhance hardness and decrease tensile strength in addition to 
corrosion resistance. Ni addition improves strength at high temperature, at the expense of 
electrical conductivity. For grain refining as well as thermal stability minor Zr also added 
into the Al-alloys [5-7]. Sometimes aluminum alloys give better strength by heat treatment. 
Plastic deformation is another method of increasing the strength of aluminum and its 
alloys [4, 8, 9]. The favorable point of aluminum is that it can be recycled again and again 
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without losing its major character. The process involves just re-melting and it is much less 
expensive along with energy-intensive than making new aluminum from its original 
source. Recycling it also has significant environmental benefits by eliminating air and 
water pollution which need to process raw materials [10, 11]. Aluminum is extensively 
used in the manufacturing of electronic and microelectronic components, and in some 
countries for power lines. It is widely used in the manufacture of transformers, low-voltage 
rotors, motor capacitors and sometimes also used for antenna and radar construction [12]. 
Hence, Al-alloys are also claimed to be suitable for the aerospace industry [13, 14].  

When used in this electrical sector, Al wires or parts are to be joined. Soldering is applied 
to the joining process. In this case the recycled aluminum content is a small amount of 
solder alloy [15, 16]. The best option is reusing the scraped materials at their leftover state 
for appropriate engineering applications. At earlier stages Sn-Pb solder alloys are mostly 
used. Therefore, cast aluminum will contain minor amounts of Sn and Pb. From this 
perspective, reused or melted scraped Al requires characterization of the properties 
achievable with special attention to surface behavior. Abrasion and friction properties of 
materials are the main component failures causing surface deformation and reduced 
durability [17, 18]. Some have reported the effect of Sn or Pb on the wear behavior of Al 
alloys where the levels of such elements were high [19, 20]. There is no work reported 
where Sn or Pb is used in small amounts as well as both elements simultaneously. 
Additionally, sufficient information on the tribological behavior of these alloys under water 
or saline environments is also lacking. Al-based bearings and associated fittings are 
preferred in corrosive environments, so it is necessary to have reliable data on friction and 
wear properties when alloys are applied to noncorrosive stainless steel counter bodies. 
Therefore, a significant effort has been taken to investigate these properties of Sn-Pb 
solder affected Al under different sliding conditions as mentioned above for applications 
in the marine sector. 

2. Materials and Methods 

The objective was to study the wear behavior of Sn-Pb solder affected Al under different 
conditions. Extensively old Al electrical wire and different soldered connecting electrical 
components were melted conventionally using a resistance heating furnace. From the 
chemical composition of melt aluminum, it contained the minor amount of 1.0~1.5wt% Sn 
and 1.0~1.5wt % Pb. To establish the influence separately of tin and lead in the Al, 
depending the minor elements another three more samples like pure Al, binary Al-Sn, Al-
Pb were chosen. Commercially pure grade Al, Sn and Pb were taken for developing those 
alloys where mild steel mould of 155 x 45 x 35 mm size was used. The cast alloys were then 
subjected to homogenization and solutionizing at 450°C for 12 h and 530°C for 2 h 
respectively. The developed four samples consist the following elements analyzed by 
Optical Emission Spectroscopy as in Table 1. Additionally, Cu, Mg, Mn, Zn, Ni, Cr, Ti etc, 
were also present in the alloys as trace impurities.  

Table 1. Alloys chemical composition by wt.%  

Alloy Sn Pb Fe Si Al 

Pure Al 0.002 0.002 0.202 0.280 Bal 

Al-Sn 1.512 0.012 0.314 0.335 Bal 

Al-Pb 0.002 1.275 0.335 0.345 Bal 

Al-Sn-Pb 1.433 1.201 0.406 0.435 Bal 
 

For the physical, mechanical and wear test the cast and heat-treated alloy samples were 
machined to 145 x 40 x 32 mm size for skin out the oxide layer. Then the bar was cold 
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rolled by 80% with a 10HP rolling mill where the 40 mm thick portion under gone to 8 
mm.  For wear study, size of 12 mm in length and 5 mm in diameter were machined from 
the cold rolled alloys. Alloy densities were calculated from the chemical composition. The 
alloys are aged at 100°C for one hour becoming the better strength [21]. The 
microhardness of the aged samples was measured using a Micro Vickers Hardness testing 
machine. One kg load and ten seconds dwell time were used there. Tensile testing was 
carried out according to ASTM E8 specification at room temperature in an Instron testing 
machine. The wear and frictional properties of tested alloys were investigated following 
ASTM standard G99-05 where a pin-on-disc type apparatus was used [22, 23]. As the 
counter surface material 309s stainless steel disc with 100 mm semi-dia and 15 mm thick 
was used. The hardness and roughness of the disc was around HRB 85 and was 0.39 µm 
respectively. The 20 N load, that is calculated contact pressure 1.02 MPa was used for wear 
study. Furthermore, 5 to 50 N loads were used for other experiments. During the wear 
study the disc was rotated at 200 rpm where the pin samples stay on a track diameter of 
49 mm as a result the calculated sliding speed was 0.51 m/s. All the tests were completed 
in ambient conditions of 70% humidity and at 22 °C temperature.  For an individual data 
five tests were carried out and the average of these values were considered. The specimens 
were first subjected to dry sliding conditions and then chronologically to the distilled 
water and then 3.5% NaCl saline water. For both the wet and corrosive environments, drip-
type single-point at the contact interface of the sample and the steel counter plate was 
maintained with a constant rate of discharge throughout the experiment. The discharge 
rate was five drops per minute as controlled by the regulator. The specific wear rate was 
calculated from the measured weight loss (∆w), the running distance in the test (S.D.), and 
the normal load (L) applied to the samples [23]. The sliding distances were calculated from 
the track diameter and speed of rotation of the disc. The load cell reading (F) was 
normalized by the load applied, L to find out the friction coefficient (µ). The mathematical 
relations to obtain the weight loss, specific wear rate (S.W.R.) and the friction coefficient 
are stated by equations as follows: 

∆𝑊 = 𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −𝑊𝑓𝑖𝑛𝑎𝑙 (1) 

𝑆.𝑊. 𝑅.=
∆𝑊

𝑆.𝐷.× 𝐿
 (2) 

µ =
𝐹

𝐿
 (3) 

The worn surface and wear debris of the specimens from the test were put under 
microstructural observation using USB digital microscope. In some cases, SEM analysis 
was used by JEOL scanning electron microscope.  

3. Results and Discussion 

3.1. Physical and Mechanical Properties 

Table 2 displays the experimental results of physical and mechanical properties of 
commercially pure Al, binary Al-Sn, Al-Pb and solder affected ternary Al-Sn-Pb alloys 
including density, hardness, tensile strength and percent elongation. Pure Al exhibit lowest 
density, while Al-Sn shows higher for addition of 1.51 wt.% Sn. Similarly, 1.28wt% Pb is 
added to Al-Pb to continue the trend, and it is evident that the alloy with the highest 
density, Al-Sn-Pb, contains both added elements.  The density of Al, Sn and Pb are 
2.7gm/cm3, 7.3gm/cm3 and 11.34gm/cm3 respectively. Hardness of the alloyed samples is 
higher due to the solid solution strengthening. Sn has the BCC crystal structure but Pb has 
the FCC structure as Al. As a result, Sn shows the higher hardness than Pb added alloy. 
Furthermore, both Sn and Pb elements do not form any intermetallic with Al but form 
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intermetallic with trace impurities resulting in additional hardness with respect to Sn. 
Solder added alloys exhibit the result of two elements [24, 25].  

The solder-affected Al shows the highest tensile strength in the aforementioned reason, 
followed by alloys containing Sn and Pb, and pure Al, which shows the lowest tensile 
strength. A small variation is observed in case of percentage of elongation. Maximum 
fraction of precipitates occurs into the solder affected alloy which hinders the dislocation 
movement so the lower elongation. For the same reason the result of elongation conforms 
the sequence of Al-Sn followed by Al-Pb and pure Al [26, 27].  

Table 2. Physical and Mechanical properties of the experimental alloys 

Alloy Density, gm/cm3 Hardness, VHN UTS, MPa % Elongation 

Pure Al 2.709±0.008 51.4±1.5 114.4±4.5 10.7±1.1 

Al-Sn 2.801±0.025 62.3±2.5 137.3±7.5 9.6±0.7 

Al-Pb 2.826±0.025 52.8±2.3 123.8±6.5 10.2±0.7 

Al-Sn-Pb 2.889±0.031 63.5±3.1 147.0±8.0 9.5±0.6 

3.2. Wear Behavior 

Figure 1 displays the average weight losses of pure Al, Al-Sn, and Al-Pb, as well as the 
weight loss of the Al-Sn-Pb alloy, with respect to sliding distance. The dry sliding conditions 
were maintained at a pressure of 1.02 MPa and a velocity of 0.51 m/s. As expected, weight 
loss was observed for all samples, but the degree of weight loss varied. As the sliding 
distance increased, the contact period between the rotating disk and the sample face also 
increased, leading to further weight loss. The variation in weight loss can be attributed to 
material properties such as hardness, density, and softening behavior, as shown in Table 
2, while increases tensile strength, weight loss decreases [28, 29].  

 

Fig. 1. Variation of the weight loss with sliding distance in dry sliding environment 

Using Equations 1 and 2 calculated wear rates of investigated alloys mentioned above are 
plotted against the sliding distance. Whereas Fig. 2, 3 and 4 show the difference in wear 
rates in dry, wet and corrosive environments respectively. From the Fig. 2, it may be said 
that under dry sliding condition wear rate increase to certain distance followed by tends 
to a constant value. The increase in wear rate can be attributed to frictional heat by 
excessive pressure as prolonged intimate contact between the two mating surfaces and 
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softening of materials [30]. So, it occurs more effectively. The highest wear rate is raised 
for pure Al trailed by Pb added alloy, Sn added alloy and finally the solder affected alloy. 
According to the Archard’s theory wear rate in dry sliding condition of alloys is found to 
decrease with the increased hardness and found to be consistent with the result [31]. 
Besides, during wear tests, the generation of an intermediate oxide layer between mating 
surfaces is also one of the probable reasons for decreasing wear rate. Average values of 
two opposite effects are displayed in the graphs. For long time sliding contact the surfaces 
with air forms thick oxide layers which control the wear rate and favorable to the constant 
wear rate [23]. 

When sliding in distil water environment, the wear rate decreases some extend for all the 
alloys (Fig. 3). Throughout sliding the water by hydrogen attack form oxide which is 
relatively stable on the surface. Minor added alloys form higher oxides as protect the 
surface from wear. Once more, Sn oxide is more stable than that of Pb oxide as a result 
slightly the lower wear rate for Sn added as well as solder affected alloy [32]. More 
specifically in the case of ternary solder affected alloy the role of lower stable oxide of Pb 
dominates in high wear rates with sliding distance. 

Except for pure Al more decreasing nature of wear rate is observed in case of corrosive 
3.5% NaCl sliding environment. The wear rate radically reaches a constant value with the 
sliding distance (Fig. 4). In this case the corrosive wear serves as a clear indicator. Pure Al 
affected by corrosive attack, dissolute continuously or uniformly detached it wears out 
more quickly in the corrosive environment. In case of minor added alloys again, it is known 
that the foreign particles into the alloy is attacked more by the corrosion or oxidization. It 
may be noted that corrosive products are thought to be more stable on surfaces than when 
they form oxides in wet environment, resulting in lower wear rate [33]. The overall 
presence of wear rate variation with sliding distance in corrosive environments first 
increases then decreases and then increases again. The reason behind this increase in wear 
rate is due to the corrosive attack, next formation of passive films on the surface of the 
sample which acts as a barrier against further corrosion hence the wear rate is low. After 
some time, the wear rate increases due to the gradual breakdown of the progressively 
thicker passive films [34].  

 

Fig. 2. Variation of wear rate with sliding distance in dry sliding environment 

The results of the friction coefficient with different sliding distances are shown in Figures 
5-7 for four specimens under dry, wet and corrosive tested environment, respectively. In 
all cases the friction coefficient is initially low and then rises with increasing sliding 
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distance. The friction coefficient values are initially low due to the contact between the 
rough layers on the specimen and the disc material. Within a short sliding distance, the 
friction coefficient increases. This is because the cracking and removal of the surface oxide 
layer leading to metal-to-metal contact increases the coefficient of friction. With increasing 
sliding distance, interface temperatures can develop which can promote surface oxidation 
thereby reducing the direct contact of the surfaces hence slightly reducing the friction 
coefficient [35]. 

 

Fig. 3. Variation of wear rate with sliding distance in wet sliding environment 

 

Fig. 4. Variation of wear rate with sliding distance in corrosive sliding environment 

The coefficient of friction for all the alloys in the dry environment is much greater than 
under wet and corrosive environment. The cause of this friction reduction is the “Sealing 
Effect”, which reduces the roughness of the surfaces in contact [36, 37]. In all the cases the 
coefficient of friction of commercially pure aluminum shows the highest and solder 
affected Al-Sn-Pb alloy the lowest followed by tin added Al-Sn and then lead added Al-Pb 
alloy and the result is in good agreement with the observed microhardness value of the 
alloys. Differences in the extent of localized plastic deformation at real contact areas may 
lead to the deficiencies in friction coefficient. The solder affected alloy exhibits the lowest 
friction as it is the hardest one and undergo lowest plastic deformation [38]. Furthermore, 
solid solubilities of Sn and Pb in Al are less than 0.02 and 0.026 wt% at room temperature, 
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therefore, the soft Sn and Pb phase can form compact structure particles in the Al-matrix 
and act as solid lubricants. Some deviation is observed under water and saline 
environment as controlled by the oxidization and corrosion created by the minor added 
elements on the surfaces [24, 39]. The initial friction coefficient for all alloys is high due to 
the high roughness created by the dense saline particles as well as the rough matting 
surface. After some time, the corrosive product fills the voids and acts as a sealing effect. 

 

Fig. 5. Variation of the coefficient of friction with sliding distance in dry sliding 
environment 

 

Fig. 6. Variation of the coefficient of friction with sliding distance in wet sliding 
environment  

The nature of friction under different loads and environments at a constant velocity of 0.51 
m/s is presented in Figures 8, 9 and 10. The friction coefficient in dry sliding condition 
shows a normal nature of decreasing trend as it may be related to the development of oxide 
layers (Fig. 8). But beyond a certain load the coefficient increases and pure Al exhibits the 
lowest coefficient and solder affected Al shows the highest followed by alloys containing 
Sn and Pb. Alloys soften due to stress and temperature effects under high level loads 
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whereas alloys with first Sn and then Pb binary inclusions reflect higher coefficients for 
their lower melting temperatures. Both alloy effects show the highest intensity with the 
solder affected alloy. 

 

Fig. 7. Variation of the coefficient of friction with sliding distance in corrosive sliding 
environment  

However, under wet sliding condition all the samples show the decreasing trends of 
coefficient of friction with the applied loads (Fig. 9). In this case higher loads produces 
some oxide layer due to presence of water but it inhibits the heat generation as a result 
lower friction. The oxide layer formation of the individual alloys along with sealing effects 
reduces these coefficients.  

Additionally, under corrosive condition, the level of friction coefficient fully controlled by 
the saline water (Fig. 10). Stable oxide layer forms by the Sn is higher than that of Pb as a 
result lower friction and both elements effects with higher oxide formation is reflected on 
the solder added alloy. The sealing effect also more active with high dense of this thin 
lubricating film of water on the surfaces [40, 41].    

 

Fig. 8. Nature of friction coefficient in the dry sliding environment with loads 
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Fig. 9. Nature of friction coefficient in the wet sliding environment with loads 

 
 

Fig. 10. Nature of friction coefficient in the corrosive sliding environment with loads 

 

3.3 Optical Microscopy 

Optical images of worn surfaces of pure Al, Al-Sn and Al-Pb and solder affected Al-Sn-Pb 
alloys before and after wear under dry, wet and corrosive sliding environments are 
presented in Figure 11. A pressure of 1.02 MPa applied throughout, a sliding velocity of 
0.51m/s and a sliding distance of 3000m were used. The worn surfaces before wear 
demonstrate some scatter mark throughout the direction to polish as created by the 
metallographic polishing paper. Additionally, the surfaces display some different tones 
since various levels of alloying elements are present in alloys. Normally, this type of alloy 
consists of α-Al phase along with the second phases depending on the element present into 
the materials. Trace impurities also form intermetallic into in the interdendritic region. 
Without etching, the polished microstructure does provide the enough information 
without some color changes depending on the elements present [42].  

When the alloys are tested under dry sliding conditions numerous large wear particles, 
oxide debris and the furrows are shown in the figure. Furthermore, the plastic deformation 

https://www.bing.com/ck/a?!&&p=a6d9051af361cb72JmltdHM9MTY5NTg1OTIwMCZpZ3VpZD0zZWI5Mjk3ZC1mZTE3LTY5YjctMGQ3ZS0zYTRjZmYxNjY4YTQmaW5zaWQ9NTQ0NA&ptn=3&hsh=3&fclid=3eb9297d-fe17-69b7-0d7e-3a4cff1668a4&psq=Metallographic+Polishing+Paper+made+of+&u=a1aHR0cHM6Ly93d3cuaW5kaWFtYXJ0LmNvbS9wcm9kZGV0YWlsL21ldGFsbG9ncmFwaGljLXBvbGlzaGluZy1wYXBlci0yMTY3MDQ0OTQ0OC5odG1s&ntb=1
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and numerous significant cracks can be seen. A significant amount of material is seen to be 
delaminating. It can also be observed from the figure, polish marks in the worn surfaces 
are fully absent on the surfaces as the delamination are occurred through removing the 
particles. The worn surface of solder affected along with minor added alloys show the 
surface morphology of low cracks but higher oxide layer indicating the white color on the 
surface compare to base metal pure Al. The wear scars and fragments show how abrasive 
wear, delamination wear, and oxidation wear all contribute to wear [43].  

Fig. 11. Optical micrograph of polished surfaces of experimental alloys before and later 
wear in the condition of dry, wet and corrosive sliding for 3000m at applied pressure of 

1.02 MPa 

In contrast, the wear tracks visible on the worn surface are smoother in a wet environment. 
Hardly any cracks are visible. In addition, the debris and grooves are only visible in a few 
places. Additionally, due to the lubricating and cooling effects, some dark areas can be seen. 
The liquid environment reduced the heat concentration, local stress, and friction of shear, 
which prevented the formation of cracks and debris. Furthermore, during the sliding 
process, the majority of particles and debris are washed away by water, minimizing 
abrasive wear. As a result, the liquid environment's frictional characteristics are much 
better than those of the surrounding air. However, in the 3.5% NaCl corrosive 
environment, the wear mechanism is altered. Actually, the corrosion-wear that occurred 
in the corrosive fluid is what produced the oxidation film. During the wear testing, the 
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oxides are subsequently broken down, and wear debris is produced. Additionally, heat 
from the friction is produced at the interface, which prompt the growth of more oxides. 
Change of surfaces color also confirm it. The size of the debris and particles is smaller than 
that of the dry sliding condition, and there are no signs of a crack or plastic deformation 
[43]. 

Figure 12 shows the dust particles that were created during the wear test of four 
experimental alloys when they were sliding in a dry environment. Granular alloy dust is 
present, and some of the chips are composed of stainless-steel discs. For each alloy, the 
quantity of steel chips in the dust varies. Pure Al dust has very little chips because of its 
low hardness. Sn-containing alloy dust has more chips than Pb-containing alloy dust, which 
results in a higher hardness. For maximum hardness, the majority of chips are produced in 
solder-affected alloy [44]. 

 

 
 

Fig. 12. Optical micrograph of generated dust from the different samples wear under dry 
sliding condition (a) pure Al (b) Al-Sn, (c) Al-Pb and (d) Al-Sn-Pb alloys 

3.4. Scanning Electron Microscopy 

Again, an attempt has been made for better understanding, SEM microphotographs of the 
worn surfaces of four samples after dry sliding wear at a distance of 3000 m are presented 
in Fig. 13.  All the pure Al along with other binary Al-Sn, Al-Pb and ternary solder affected 
Al-Sn-Pb alloys clearly suggesting abrasive wear. The worn surfaces after the wear tests of 
pure Al showed a two-body abrasive wear with predominance of plow groove regions, 
indicating abrasive wear by plastic deformation, and some regions with adhesive wear, 
featured by a rough aspect due to the occurrence of delamination (Fig. 13a). In case of Sn 
and Pb added alloy, the corresponding phases are present in respected worn surfaces (Fig. 
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13b and 13c). The solder affected alloy obviously indicates both the phases which 
dominate the wear properties (Fig. 13d) [45]. 

 

 

Fig. 13. SEM images of worn surfaces after dry sliding wear under 1.02 MPa pressure for 
a distance of 3000 m, a) pure Al, b) Al-Sn, c) Al-Pb and d) solder affected Al-Sn-Pb alloys 

3.5. Roughness 

Dry, wet and corrosive environments are used to compare the roughness levels of all four 
alloys. Figure 14 displays a bar graph of the results. In the dry sliding condition, pure Al 
exhibits the highest relative roughness, while Pb and Sn add-on alloy resemble those with 
solder. It is evident that the surface's softness causes more wear marks. This is connected 
to this phenomenon. Table 2 has been made available to demonstrate the hardness and 
other properties of materials. When exposed to water in wet environments, the alloy's 
roughness decreases due to a reduction in direct contracting between matting surfaces. 
Consequently, there are not enough differences between alloys. In contrast, corrosive wear 
can result in the presence of NaCl corrosion product on surfaces. Under pressure and 
temperature, the surface becomes smooth. Consequently, the roughness in this corrosive 
environment is inferior and entirely depends on the occurrence of rust [34, 46]. 
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Fig. 14. Surface roughness of the samples worn surfaces under different sliding 
conditions 

4. Conclusions 

This study investigated the wear characteristics of commercially pure aluminum affected 
by Sn-Pb solder and compares the influence of wet and corrosive with the dry sliding 
condition and the conclusions can be drawn from the study as follows.  

• When affected by Sn/Pb solder the tribological characteristics of commercially pure 
Al improves in terms of low specific wear rate and friction coefficient. Where tin 
plays a better role compare to lead. Solid solution strengthening is the key reason 
for better wear performance. Both Sn and Pb do not form any intermetallic with Al 
but with impurities it can easily ensnare for Sn resulting in better wear properties. 

• The highest wear rate is observed under dry sliding conditions due to thermal 
softening of the material but under distilled water sliding condition wear rate 
decreases as it holds back the heat generation to prevent the softening of contact 
materials. The decreasing nature continued in 3.5% NaCl saline water environment 
due to the formation of stable oxide layer on the surfaces along with the reduced 
direct contact. 

• The friction coefficient is solder affected alloy is the lowest than Al followed by Sn 
added and Pb added alloy due to better strength, as the low plastic deformation of 
the material at real contact areas may lead to the lack of friction coefficient. 
However, in a wet sliding environment every coefficient of friction decreases due to 
the sealing effects and corrosive environment in addition to the corrosive oxide 
layer as controlled the friction.  

• Optical microscopy confirms the visible wear tracks on worn surfaces are smoother 
in a wet and corrosive environment than in a dry sliding environment due to avoid 
softening and preventing direct contact between the two mating surfaces. 

• SEM analysis indicates higher abrasive wear and plastic deformation on the worn 
surfaces wear under dry sliding condition. Whereas minor added alloys show Sn 
and Pb phase particles in this matrix then perform by way of solid lubricants. 

• The solder affected alloy exhibits the lowest relative roughness followed by Sn, Pb 
and Al due to less wear marks resulting in higher surface hardness. In a wet sliding 
environment, alloys roughness is reduced due to reduced direct contact between 

https://www.sciencedirect.com/topics/engineering/plastic-deformation
https://www.sciencedirect.com/topics/engineering/real-contact-area
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the matting surfaces. Under saline environment smooth corrosive products fill-up, 
the gap between wear mark on the surface which further reduces the roughness. 
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 Living up to a culture of sustainability and efficiency, the Light Transmitting 
Concrete or Litracon came to its prominence recently. Aside from that, the 
increase in the production of cement for building structures to facilitate various 
social dynamics has contributed to the world’s exponentially increasing carbon 
emissions. Thereby, this study acts upon both phenomena by partially replacing 
the cement in the concrete mix for producing Litracon blocks using an 
agricultural waste material called Sugarcane Bagasse Ash or SCBA while aiming 
to improve their structural performance. The study used five (5) mix designs of 
2.5%, 5%, 7.5%, and 10% replacements, and a controlled mix with no 
replacement. Three (3) cubic samples of 150 mm side dimension for each mix 
were subjected to the light transmissibility test before the compressive strength 
test. Results showed that the illumination values in lux of 103 to 120 were at par 
with the Philippine illumination guidelines for interior rooms, from 100 to 150. 
Moreover, the highest recorded compressive strength result with SCBA 
percentage replacement was the 5% design mix at 28.81 MPa, and the 2.5% 
design mix had the lowest recorded compressive strength of 23.51 MPa. The 
results further showed that even with no significant relationship between the 
percentage replacements and compressive strength values from the two-tailed 
T-test, no significant difference between such strength values was found using 
the One-way ANOVA test. Thus, this supports the claim that SCBA can partially 
replace the cement used for the concrete mix of Litracon blocks. 
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1. Introduction 

The world is recently aiming for producing innovative materials and practicing efficient 
energy consumption. Heeding such a call is an important step towards building a 
sustainable future. This is in line with the Sustainable Development Goal (SDG) 9 of the 
United Nations, which focuses on promoting the use of renewable sources, efficient use of 
energy, and reducing pollution, when it comes to constructing structures [1]. This is due to 
the need to create healthy environments and spaces upon which people can thrive and 
foster conducive areas of innovation for continuous social development. In this regard, 
Litracon has the potential to encapsulate what the SDG stands for. The Light Transmitting 
Concrete or Litracon is a concrete block with optic fibers that span its entire thickness. It 
can be stacked together as blocks that become a light-transmitting load-bearing partition, 
with the purpose of increasing the illumination of a room upon which it is contained. With 
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this, it aims to reduce the amount of lighting and the resulting energy required to light up 
habitable spaces [2], [3]. 

Since this concrete block can reduce energy consumption, the study conducted by Navabi 
et al. [4] supported the idea of developing light transmitting concrete. Consequently, their 
study analyzed the light transmittance and energy efficiency of using Litracon blocks as 
partitions in structures that were built in some of the world’s highly urbanized cities. 
Hence, the Canadian City of Vancouver has reported an almost 30% savings for structures 
with Litracon partitions compared to the global average. Similarly, the state capital of 
Arizona, USA, City of Phoenix and the capital of Iran, City of Tehran, despite being on 
opposite sides of the world, recorded an almost 46% reduction in electricity cost upon 
utilizing Litracon partitions compared to regular structures. These findings imply that 
Litracon supports the fulfillment of the aforementioned SDG by being an innovative 
construction material that promotes efficient energy consumption for illumination 
purposes. 

Having recently been invented in the year 2001, the concrete block has left some gaps 
unaddressed, particularly in the need to improve its performance in terms of compressive 
strength. The study of Navabi [5] found that there was an inversely proportional 
relationship between the volume of optic fibers used and the resulting compressive 
strength. The addition of optic fibers reduced the compression area in which concrete 
showed greater resistance. Aside from that, various studies arrived at a consensus that 
calls for the improvement of the compressive strength of Litracon [6]-[8]. This is because 
it can be subjected to compressive stress when used as materials for exterior walls which 
carry loads from beams and slabs [9]. Hence, the conventional Litracon blocks can achieve 
a compressive strength of 15 MPa [10] or up to 19 MPa [11], which makes the block 
suitable only for use in architectural partition walls. 

Moreover, since Litracon is composed of cement, the production of this block also aimed 
to lessen the cement usage in the construction industry, apart from attempting to solve the 
problem of excessive energy consumption from illumination. Various construction 
projects globally, particularly in the Philippines that used reinforced concrete structures, 
have been a common sight, which has led to an increase in cement production [12]. In an 
article by Mangi et al. [13], it was stated that cement production was accountable for 
almost 5% of the total metric tons of human-induced carbon dioxide pollution annually. 
This implied that for every ton of cement produced, a tenth of a ton of carbon dioxide was 
released. Given the essence of cement, it would be important to note that its production 
needs not to be eliminated; rather, there should be efforts to not contribute to its pollution. 

In addressing the aforementioned problems, it is where the use of Sugarcane Bagasse Ash 
(SCBA) as partial cement replacement had been drawn from. In the province of Cotabato, 
Philippines, it has a thriving sugar industry that is also involved in tropical fruits, 
vegetables, and livestock. The province is hailed as Mindanao’s Food Basket and is one of 
the major sugar-producing provinces in the Philippines [14]. Henceforth, the province is 
home to numerous sugarcane production facilities, where burning of the bagasse, from 
which sugarcane juice is extracted, is a necessary step to facilitate the reduction of such 
extracted concentration to produce raw sugar [15]. It was said that for every bagasse, the 
resulting volume of ash would be equivalent to around 8% of the original bagasse volume 
[16]. This in turn, leaves behind a lot of SCBA, which can consume valuable spaces and be 
harmful to the environment through polluting water bodies and affecting the air quality 
[17]. This has been a recurring concern for those facilities, especially the Philippine 
Department of Environment and Natural Resources (DENR) through its Solid Waste 
Management Act and Clean Water Act [18]. Thus, the problems implied the need for 
initiatives to lessen its accumulation while maximizing its use. For this reason, the study 
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came up with the idea of utilizing it to partially replace cement in the production of 
Litracon. Not only did it lessen the amount of cement to be used, but it also reduced the 
cost required to produce cement [15]. In addition, the pozzolanic nature of SCBA can be 
used as an advantage which improved Litracon blocks’ structural performance.  

One theory that supported the potentiality of using SCBA as partial cement replacement is 
its silica content and how it aids in the compressive strength performance of concrete. It 
can be noted that it consists of a lot of silica, which is an important component of cement 
that aided in binding the compositions of the concrete mix and created better bonds during 
the concrete hardening process. The use of SCBA was promoted in the study of Mangi et al. 
[13], wherein cylindrical concrete blocks having concrete mixtures with 5% and 10% 
replacements using SCBA, exhibited a better compressive strength performance compared 
to a regular concrete sample with no SCBA replacement. Another study by Hussien & Oan 
[19] revealed that the 5% cement replacement using SCBA for a cylindrical concrete block 
showed the optimum compressive strength that was beyond that of the controlled sample, 
as well as those with 7.5% and 10% replacements. Other studies, such as the one 
conducted by Bahurudeen et al. [20] used cubic samples of 150 mm side dimension with 
5%, 10%, 15%, 20%, and 25% cement replacement percentages with SCBA. They found 
out that even with just marginal differences in compressive strength values, such 
differences were insignificant, which implied that concrete with SCBA can compete with 
the controlled sample.  

Delving deeper into the performance of concrete blocks with SCBA replacements, another 
study by Garrett et al. [21] incorporated the SCBA with another pozzolanic material using 
Rice Husk Ash (RHA). It investigated the compressive strength of the samples when cured 
using seawater for 28th days and 6th months. Such a study found out that all samples, with 
10%, 20%, and 30% replacements each of SCBA and RHA, exhibited minimal variance in 
terms of the resulting compressive strength. This meant that the controlled and 
uncontrolled samples have insignificant differences in the compressive strength. Also, the 
study of Kumar Reddy et al. [22] investigated the impact of sulfate attack for concrete 
blocks with SCBA as partial cement replacement by curing the samples in a 5% magnesium 
sulfate solution. It was found that the samples with SCBA fared better than the controlled 
sample in the compressive strength performance.  

Contextualizing the idea in those existing literatures [13], [19]-[22], it can be implied that 
the use of SCBA for partial replacement of cement in Litracon blocks further enhanced the 
sustainability by lessening the use of cement. Hence, no partial replacement of cement in 
the existing studies pertaining to the concrete mix has been conducted to produce Litracon 
blocks. Thus, this study particularly sought to address the need to improve its compressive 
strength performance, from the conventional strength as specified in the study of Swain et 
al. [10] and Loganayagan et al. [11], since the SCBA is abundant in silica content and has a 
pozzolanic nature. This also lessened the buildup of agricultural waste that otherwise 
would have consumed valuable spaces, harmed surrounding ecosystems, and contributed 
to the exponentially increasing carbon emissions caused by the production of cement. 
Conversely, light transmissibility was further investigated to enhance the light 
transmittance considering the improvement of compressive strength of the Litracon block. 
Thus, it aspired to turn Litracon blocks into a more innovative and sustainable 
construction material that responded to the call for climate action to benefit the 
environment and people and helped the sugar industry deal with SCBA waste 
accumulation. 

This present study aimed to determine the compressive strength and light transmissibility 
of Litracon blocks with partial replacement of cement using SCBA. The study specifically 
aimed to develop such blocks using five (5) cement replacement percentages by mass 



Buenaflor et al. / Research on Engineering Structures & Materials 10(3) (2024) 973-994 

 

976 

which are 2.5%, 5%, 7.5%, and 10%, including 0% as controlled replacement using SCBA, 
which were subjected to compressive strength and light transmissibility tests. With those 
tests, the study determined the compressive strength and light transmissibility of the 
Litracon blocks, subsequently comparing the results with standard illumination ranges as 
per the Philippine Department of Energy guidelines [21]. It also discussed how optic fibers 
were bonded with the concrete mix and how their placement was secured through the 
Scanning Electron Microscopy (SEM) Interpretation. Lastly, the study also determined the 
significant difference in the results of the compressive strength test and their correlation 
through two (2) statistical tools, namely, One-way ANOVA (Analysis of Variance) and two-
tailed T-test.  

2. Methodology  

2.1. Cement, Coarse Sand, Sugarcane Bagasse Ash, Plastic Optic Fiber, and Cubic 
Mold Materials 

The quantity of materials, particularly cement and coarse sand, had adopted the mortar-
based concrete ratio as concrete block samples in this study [24]. The design of Litracon 
blocks has uniform dimensions with a side measurement of 150 mm for all samples, as 
shown in Figure 1. The use of the 150 mm thickness followed the minimum architectural 
convention regarding the thickness of exterior and interior walls, which was the 
recommended use as a product of this study. 

 

Fig. 1. Litracon samples before failure stage 

Generally, Ordinary Portland Cement of grade 33 was used in making the Litracon samples 
for this study. It was commercially sourced from a local supplier in Tugbok District, Davao 
City, Philippines using bags that contain 40 kilograms (kg). To ensure the use of good 
quality cement, the test procedures included the determination of specific gravity through 
ASTM C188 [25] and unit weight through ASTM C138 [26]. It was carried out at the 
laboratory of the Civil Engineering Department at Ateneo de Davao University, Davao City, 
Philippines, wherein a unit weight of 1090 kilograms per cubic meter (kg/cu.m) and a 
specific gravity of 3.15 were found. Table 1 shows the properties of the Ordinary Portland 
Cement. 

Table 1. Properties of ordinary portland cement 

Materials Grade 
Weight 

(kg/bag) 
Unit Weight 
(kg/cu.m) 

Specific Gravity 
(SSD) 

Cement 33 40 1090 3.15 

 



Buenaflor et al. / Research on Engineering Structures & Materials 10(3) (2024) 973-994 

 

977 

The coarse sand aggregates were quarried from Matalam, Cotabato Province, Philippines. 
The purpose behind using this kind of aggregate was to explore its potential for being used 
in Litracon blocks. Most of the related literature pertaining to Litracon involved either the 
use of only fine sand for mortar-based ones [5], [6], [27] or fine sand and gravel [28] for 
structural concrete. Hence, this present study intended to contribute new knowledge by 
exploring the possibilities of using coarse sand for Litracon blocks. Apart from washing 
these aggregates, these test procedures were conducted to determine if the material was 
at par with ASTM standards in ensuring the production of good quality Litracon samples. 
The coarse sand material underwent tests which involved sieve analysis and fineness 
modulus with ASTM D2487 [29] as the reference standard, as well as specific gravity, water 
absorption, and unit weight based on the ASTM C128 [30]. The mentioned tests were 
performed at the laboratory of the Civil Engineering Department at Ateneo de Davao 
University, Davao City, Philippines. Table 2 shows the results of the conducted quality tests 
for coarse sand to determine its properties. 

Table 2. Properties of coarse sand 

Materials 
Specific Gravity 

(SSD) 
Unit Weight 
(kg/cu.m) 

Water Absorption 
(%) 

Fineness 
Modulus 

Coarse 
Sand 

2.80 27.47 1.43 6.30 

 
The Sugarcane Bagasse Ash (SCBA), as shown in Figure 2, was sourced out from the 
Cotabato Sugar Central Company, Incorporated at the town of Matalam, Cotabato Province, 
Philippines. Similar to the coarse sand used in this study, this material also underwent test 
procedures to determine the specific gravity, unit weight, water absorption, and fineness 
modulus. Investigating those properties was of prime importance, as this material would 
be the main subject of this study. Besides, it is common knowledge in the field of Civil 
Engineering that cement also contains Silica, which usually ranges from a fifth to a quarter 
of its mass [24]. The study theorized that SCBA aided in introducing better bonds between 
the components of the concrete mix while the samples were being cured, as implied by the 
study of Bahurudeen et al. [20]. 

 

Fig. 2.  Bagasse Ash used for this study 

As previously discussed, a lot of studies have supported the use of SCBA to partially replace 
cement due to its Silica content and pozzolanic nature. Thereby, its silica content was also 
determined, and it was done using Gravimetry Analysis. The Gravimetry Analysis was 
performed in the Chemistry Analytical and Research Laboratory at Ateneo de Davao 
University, Davao City, Philippines, and the determination of SCBA properties was still 
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conducted in the Civil Engineering Laboratory at Ateneo de Davao University, Davao City, 
Philippines. The study of Norsuraya et al. [31] stated that the silica content of some 
agricultural waste materials such as SCBA typically ranged from 50% to 95%, but a 95% 
result was highly suggested for studies that aimed to take advantage of its silica content. 
However, this entailed burning them in a furnace to a thousand degrees Celsius (1000 °C) 
for four (4) hours, apart from outsourcing them as ashes from factories. With the study 
aiming to help the sugarcane industry in the Cotabato Province of the Philippines to 
eliminate the accumulation of SCBA, it was decided that the ashes would be outsourced as 
is. It did not undergo another type of process for this study to determine if such state of the 
SCBA would still be deemed enough to partially replace cement and act upon the 
accumulation of ashes. Table 3 shows the results of the properties of SCBA with 59.78% 
silica content. 

Table 3. Properties of Sugarcane Bagasse Ash 

Materials 
Specific 

Gravity (SSD) 
Unit Weight 
(kg/cu.m) 

Water 
Absorption (%) 

Fineness 
Modulus 

Silica Content 
(%) 

SCBA 2.14 21.02 366.67 2.95 59.78 

 
Furthermore, optic fibers as light illumination materials were purchased from a local 
hardware store in Davao City, Philippines. The fibers used were 3 mm diameter, each 
measuring 200 mm in length, shown in Figure 3. With each sample containing 36 fibers, 
the total length used for one sample was 7.2 m. The use of 36 fibers was in accordance with 
the limitations set by this study regarding the percentage of fibers (POF) being limited to 
one percent of the sample’s surface area. The excess length had been accounted for in this 
measurement, with the purpose of having an allowance for gripping them to eliminate 
potential sag and straightening them during concrete pouring and tamping. This also 
highlighted the reason behind using only 36 optic fibers per sample, as it made it easier to 
manage their placement inside the mold. The said excess length was cut with the use of a 
cable cutter after the samples were removed from their molds, being a variable of light 
transmissibility. 

 

Fig. 3. Optic Fibers used for this study 

The verification and legitimacy of the locally purchased optic fibers were supported by the 
Scanning Electron Microscopy-Energy Dispersive X-Ray or SEM-EDX Analysis. After 
samples were subjected to the compressive strength test, a portion of one of them was 
analyzed through a microscope. This was to have a detailed and magnified view as to how 
the optic fibers bonded with the concrete mix after it had reached the failure stage. 
Simultaneously, the elemental composition of the sample was determined while the SEM 
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images were being produced. The elements occupying each pixel were identified to 
determine their respective percentage. Of the entire image, 37.44% of it was identified as 
an element of optic fiber. Table 4 shows such composition, with the three rows showing 
elements that verified the legitimacy of the optic fibers procured for this study. The 
analysis was conducted in the Chemistry Analytical and Research Laboratory at the Ateneo 
de Davao University, Davao City, Philippines. 

Table 4. Elements of optic fiber 

Elements App. Con Intensity Weight (%) 
Weight (%) 

Sigma 
Atomic 
Percent 

Fluorine (F K) 332319.50 0.2013 44.25 1.35 36.54 

Aluminum 
(Al K) 

11170.29 0.6598 0.45 0.05 0.26 

Silicon (Si K) 32979.42 0.7702 1.15 0.07 0.64 

 

Lastly, the Litracon samples were of uniform dimensions, with a side dimension of 150 mm 
and were molded in a half-of-an-inch thick phenolic board, as shown in Figure 4. Using 
such material for casting the concrete mix for this study provided a smooth surface for the 
blocks produced. Since Litracon blocks were stacked into partitions, plumbness or 
straightness was achieved when the blocks were mortared and installed by adhesion. 
Furthermore, compared to other ordinary casting materials, its durability and moisture 
resistance make a good formwork material to ensure that no external factors can affect the 
concrete block hardening process [32]. 

 

Fig. 4. Molds using phenolic board 

2.2. Litracon Block Samples and Design Mixtures 

This study produced twenty (20) Litracon blocks, which were then grouped into five (5) 
based on the design mixtures. To determine the structural performance of each design 
mixture, three (3) repetitions of tests were conducted [32]. Additionally, the researchers 
included one (1) extra sample for each design mix, as a precaution in case any samples 
from the three (3) test repetitions were exposed to unforeseen conditions. Thus, of the 20 
samples, only fifteen (15) were subjected to the tests and statistical analysis. Moreover, the 
design mixture used in every Litracon block employed a 1:2 ratio of cement-coarse sand 
materials. This ratio was based on class-A mortar-based concrete with a mix ratio of one 
part cement to two parts coarse sand. This study used 0.45 water-cement (W/C) ratio for 
every volume of concrete block sample in each design mixture [24], as shown in Table 5. 
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Table 5. Quantities and Ingredients of Litracon Block 

Mix Designs 
Volume 

(m3) 
W/C 
Ratio 

Water 
(kg) 

Cement 
(kg) 

Coarse 
Sand (m3) 

SCBA 
(kg) 

Optic 
Fibers 

(m) 
Control Mix 
(0% SCBA) 

0.003375 0.45 1.094 2.43 0.003375 0 7.2 

Design Mix - 
A (2.5% 
SCBA) 

0.003375 0.45 1.094 2.369 0.003375 0.0675 7.2 

Design Mix - 
B (5% SCBA) 

0.003375 0.45 1.094 2.308 0.003375 0.1215 7.2 

Design Mix - 
C (7.5% 
SCBA) 

0.003375 0.45 1.094 2.248 0.003375 0.1822 7.2 

Design Mix - 
D (10% 
SCBA) 

0.003375 0.45 1.094 2.187 0.003375 0.243 7.2 

 
This study employed five (5) varied replacement percentages of cement based on its mass. 
The following were 2.5%, 5%, 7.5%, and 10%; however, the design mixture also included 
0% replacement as controlled design mixture. In the study of Mangi et al. [13] and Hussien 
& Oan [19], the percentages ranged from 0% to 10%, with the 5% sample exhibiting the 
optimum compressive strength. For this reason, this present study wanted to investigate 
the results if a 2.5% increment would be implemented, hence the inclusion of the 2.5% and 
7.5% replacement percentages. Moreover, tap water that was free from objectionable 
matter was used to mix the dry materials of Litracon blocks. The partial cement 
replacement took place by subtracting the percentage to be replaced by SCBA. Also in Table 
5 were the calculated quantities of design mixtures used for each one (1) concrete block 
sample which also considered the multipliers to quantify each mixture. The volume of the 
sample was taken as the volume of the coarse sand used while the multiplier of 18 and the 
40-kilogram constant were multiplied with the volume to get the required mass for 
cement. 

2.3. Litracon Blocks Making, Curing Procedure, and Series of Tests 

2.3.1. Production of Litracon Blocks and Workability Test 

After preparing all the materials needed to make Litracon blocks, the sample-making 
process proceeded by following all the provided design mixtures listed in Table 5. 
Subsequently, all the materials were mixed and blended in a 500-liter capacity one-bagger 
mixer. Generally, the mixing process of concrete involved blending the bagasse ash with 
cement and coarse sand based on its percentage of replacement, which was often added to 
make a uniform and cohesive mixture. All samples were produced in only one (1) batch of 
mixture for each design mix to ensure adequate results for the series of tests conducted. 
The sample-making was performed at Tugbok District, Davao City, Philippines. 

Thereafter, each batch of mixes after mixing all materials was subjected to the slump test 
in compliance with the ASTM C143 [33] to determine its workability. Once the workability 
in each design mixture was determined, the mixes were poured onto their respective 
molds, shown in Figure 5. The samples were then left undisturbed for twenty-four (24) 
hours before being submerged in a water bath for curing, which lasted for twenty-eight 
(28) days. The curing procedure was in accordance with ASTM C31 [33], and all samples 
were submerged in a curing pond where the sample-making was conducted. 
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Fig. 5. Samples casted on the molds 

2.3.2. Light Transmissibility Test 

When the curing period for the 28th day was over, samples were tested for light 
transmissibility before they were subjected to the compressive strength test. This study 
adopted the light transmissibility test performed in the study of Tahwia et al. [34]. In this 
test, the illumination values in lux were recorded using a lux meter, as presented in Figure 
6. The study tested the light transmissibility of one (1) sample per percentage replacement 
of Litracon block and compared it to the standard illumination ranges provided by the 
Department of Energy (DOE) illumination guidelines in the Philippines [23]. 

A clear image of the entire setup has not been captured because it was conducted in a dark 
area for accurate results. With this, Figure 7 is presented to show the setup of the light 
transmissibility test, which was performed in Tugbok District, Davao City, Philippines. In 
the study conducted by Tahwia et. al [34], about the translucent self-compacting concrete 
(TSCC), Litracon block samples were subjected to light transmittance test using a Light-
Dependent Resistor (LDR) setup as an electrical circuit to measure the current 
corresponding to the total amount of light passing throughout the specimens. The 
electrical circuit was set with a 100-ohm resistance and a uniform DC voltage of ten volts 
(V), but only in the event of voltage variation did the 10V uniform voltage had become 20V 
and 30V, respectively. Three (3) incandescent lights with wattages (W) of 9W, 20W, and 
35W were placed in the middle of each Litracon block sample to demonstrate the 
fluctuation in light source to attain the desired degree of light intensity. In this present 
study, a lux meter was used to measure the intensity of light transmittance. 

 

Fig. 6. Lux meter used for the Light Transmissibility Test 
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Fig. 7. Illustration of the Light Transmissibility Test setup 

It is important to note that a reference standard cannot be found when it comes to this 
specific test, which is why this study resorted to following the setup of the study by Tahwia 
et al. [34]. Hence, such setup was set forth for optimum light transmittance during light 
transmissibility test. Furthermore, the dimensions were restricted to encapsulate the 
sample, light bulb, and lux meter only. It was made out of phenolic board of the same 
thickness similar to the formwork material molds used to cast the samples. The actual 
setup is presented in Figure 8. 

 

Fig. 8. Light transmissibility test setup without the sample, cover, and lux meter 

To commence the test, the researchers placed each sample 100 mm from the light source 
as presented in Figure 9. Afterwards, the sample was covered with another phenolic board, 
leaving a small hole to insert the lux meter, and recorded the reading when the values have 
no longer fluctuated. With this, the test needs not to be conducted at a time or place with 
lighting that can be deemed sufficient to affect the readings from the lux meter. Thereby, 
the test took place in a dark area at night, around 7 in the evening, with the hole for 
inserting the lux meter further covered with paper and cloth to eliminate the passage of 
external light rays that would have otherwise affected the data. 
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Fig. 9. Light transmissibility test setup without the sample, cover, and lux meter 

The results were then compared to the standard illumination ranges by the DOE [23]. 
However, no statistical analysis was conducted to interpret the results apart from 
indicating upon which range of values the obtained results fall onto for certain occupancy 
types such as exterior rooms, tropical public spaces, and interior rooms. The reason behind 
was that the optic fiber in every sample remained constant, and no variation was made to 
produce the Litracon blocks in this present study. Moreover, a study about Litracon could 
not be completed without conducting a light transmissibility test, as its light transmittance 
was its essence, which made it unique among other types of blocks used for constructing 
structural partitions. 

2.3.3. Compressive Strength Test 

After conducting the light transmissibility test, the compressive strength test for each 
sample was then followed to determine the compressive structural performance of each 
design mixture. With the recent invention of Litracon in the year 2001, a reference 
specification for testing its compressive strength was yet to be standardized. The relevant 
studies cited to have either adopted their country’s national standard [35] or used the 
testing procedures by widely accepted standards such as ASTM C39 [36] and ASTM C109 
[8], [37]. In this study, the samples were of uniform measurements with 150 mm side 
dimension in accordance with IS 516-1959 [38] to conform to the minimum requirement 
for exterior structural partitions [24]. Thus, the compressive strength test conformed to 
the procedure outlined in ASTM C109, but the dimensions were in accordance with IS 516-
1959. This test was executed at AC JOYO Design and Technical Services in Davao City, 
Philippines. 

2.3.4. Scanning Electron Microscopy (SEM) Interpretation 

The Scanning Electron Microscopy (SEM) Interpretation was conducted subsequent to the 
compressive strength test, where the samples underwent failure. This was meant to 
demonstrate the placement of the optic fibers and their binding capability with other 
components of the concrete mix. High-resolution images were provided and interpreted 
thereafter. The sample with high compressive strength result was selected for further 
evaluation through SEM analysis. Hence, a small-sized specimen was cut, shown in Figure 
10, and the optic fiber was exposed to analyze the bond characteristic within the concrete 
mix. The standard area of the specimen for SEM Analysis ranges from approximately 1 cm 
to 5 microns in width, and the specimen was obtained from the samples with the optimum 
percentage for replacing cement with SCBA. The result was done and interpreted, wherein 
no parameters were measured or compared, but the images were presented to understand 
the sample’s mode of failure. This test was conducted in the Chemistry Analytical and 
Research Laboratory at the Ateneo de Davao University, Davao City, Philippines. 
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Fig. 10. Portion of the Sample for SEM-EDX Analysis 

2.4. Statistical Analysis 

The study utilized two (2) statistical tools to evaluate the response of the variables 
considered. The two-tailed T-test and the One-way Analysis of Variance (ANOVA) were 
employed with 95% confidence level (p<0.05). For the T-test, the means of the resulting 
compressive strength results as dependent variable for all design mixtures, as well as their 
corresponding slump measurement as dependent variable, were compared vis-a-vis the 
partial cement replacement percentages as independent variable in the design mixture. 
This test determined whether there is a significant relationship, or there is no significant 
relationship between the former mentioned dependent variable, and the latter mentioned 
independent variable. In contrast, for the One-way ANOVA test, it determined if there is a 
significant difference between the results obtained after all samples were subjected to the 
compressive strength test.  

The T-test formulated two hypotheses in this study. First, the null hypothesis, which stated 
that there is no significant relationship between the partial cement replacement 
percentages versus the slump measurement and compressive strength results. Second, the 
alternative hypothesis, which connoted a significant relationship between those variables. 
For the One-way ANOVA, the null hypothesis is that there is no significant difference 
between the compressive strength values, while a significant difference is anticipated for 
the alternative hypothesis. The statistical analysis was accomplished using the IBM® 
SPSS® statistics software version 22.0 [39] at the University Information Technology 
Office in Ateneo de Davao University, Davao City, Philippines. 

3. Results and Discussion  

3.1. Workability of Design Mixtures 

The parameter used to describe the workability of the design mixtures tested in this study 
was the slump distance in accordance with ASTM C143 [33], with the exception that no 
coarse aggregate was used in the concrete mix. Table 6 shows the results of the slump test 
conducted, wherein an increased slump distance was observed as the percentage 
replacement also increased. The highest value was obtained for the 10% mix design with 
a slump distance of 6.8 inches. On the other hand, the lowest slump distance was recorded 
of 2 inches by the controlled mix.  
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Table 6. Results of the slump test 

Mix Designs Slump Distance (in.) 
Control Mix (0% SCBA) 2.00 

Design Mix-A (2.5% SCBA) 3.70 
Design Mix-B (5% SCBA) 4.50 

Design Mix-C (7.5% SCBA) 6.60 
Design Mix-D (10% SCBA) 6.80 

 
It was important to note that the results of the slump test were within the limits set forth 
by ASTM C143 [33]. Regardless of the type, it must neither have too high nor too low slump 
values, as the compressive strength was inversely proportional to the workability. 
However, the need for a workable concrete was necessary in this study for the samples to 
be easily placed and avoid segregation, which attained the desired design strength. For this 
reason, the slump distance of 2 inches was within the standard limit, which meant that 
despite being the least workable among the other design mixtures, it still satisfied the need 
to be easily molded. Similar to that of the 10% mix design with a slump distance of 6.8 
inches, it was still covered by the upper limit set forth by the reference standard. It was the 
most workable, yet it was not to the point that the components of the concrete mix became 
segregated. 

With the results presented in the same table, it can be interpreted that there was a directly 
proportional relationship between the slump values and the replacement percentages. It 
was observed that an increase in cement replacement by SCBA had led to a concrete mix 
that became consolidated and properly placed without segregation while the samples were 
being cured. The obtained slump values ranged from 2 inches to 6.8 inches and were within 
the limits of the reference standard. It can be interpreted that all samples, regardless of the 
design mixture, exhibited the required plasticity and cohesion while they were being 
poured onto their respective molds. 

It was also discussed in the study of Mangi et al. [13] that the partial replacement of cement 
by SCBA decreased the necessary amount of moisture for the concrete mix. With this, as 
more SCBA was added to each design mixture, the friction between the components of the 
mix was minimized, which resulted in an entire mixture behaving more like a fluid. Thus, 
SCBA provided additional plasticity to the consistency of concrete, and the use of 
superplasticizers may not be necessary. In addition, the use of a 0.45 W/C ratio, as a 
constant ratio in all design mixes, also allowed for SCBA to increase the fluidity of the 
concrete mix, which resulted in a linear increase within the standard range. Thus, the 
results of the slump test for the workability of concrete used in the Litracon blocks in this 
study implied that the SCBA contributed to a workable concrete with a watery texture 
without resistance to shear stress or too stiff that would lead to the formation of 
honeycombs and air voids in concrete. 

3.2. Compressive Strength of Litracon Blocks 

Testing the durability of concrete on its compressive strength was an important parameter 
for the structural performance of the Litracon blocks, as discussed herein. In Table 7, it can 
be seen that for a 28th-day curing period, the highest strength was attained by the 
controlled mix with 29.18 MPa, closely followed by the 5% design mix with 28.81 MPa, and 
the least value was achieved by the 2.5% design mix with 23.51 MPa. It was found that the 
obtained compressive strength in all mixtures was above the conventional compressive 
strength of Litracon blocks from 15 MPa [10] to 19 MPa [11], which could be categorized 
as a partition wall for architectural use. It can also be observed that the obtained 
compressive strength results for all design mixtures in this study were above the minimum 
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requirement of 21 MPa (3000 psi) for structural concrete as per ACI 318 [40], considering 
that all Litracon blocks had no coarse aggregate in the design mix; hence it was classified 
as mortar-based. 

Table 7. Results of the compressive strength test 

Mix Designs 
Sample 1 

(MPa) 
Sample 2 

(MPa) 
Sample 3 

(MPa) 
Average 
(MPa) 

Control Mix (0% SCBA) 24.27 27.06 36.22 29.18 
Design Mix-A (2.5% SCBA) 21.42 22.06 27.06 23.51 
Design Mix-B (5% SCBA) 25.51 29.23 31.68 28.81 

Design Mix-C (7.5% SCBA) 22.49 24.30 26.97 24.59 
Design Mix-D (10% SCBA) 21.41 23.87 29.04 24.77 

 
Although the 2.5% design mix exhibited the lowest compressive strength, it managed to 
attain such a minimum requirement and was still feasible for the concrete mix used to 
make Litracon blocks. Likewise, the 5% design mix, which was neither the lowest nor 
highest replacement percentage, exhibited the greatest strength among all mix designs 
with SCBA replacement. This also indicated that such a percentage was the optimum 
amount required to replace cement with SCBA for better structural performance in terms 
of compressive strength. Moreover, the average of all compressive strength per design mix 
can be understood that no relationship could be drawn from the results. 

Noticeably, a differed results in the 0% to 5% samples can also be observed, while there 
was small variation for the remaining replacement percentages. The results indicated that 
regardless of whether or not a Litracon block has its cement component partially replaced 
by SCBA, it still performed as good as its controlled counterpart in terms of compressive 
strength. It might just be that smaller replacement percentages would have greater 
advantages in such a parameter, as indicated by Mangi et al. [13] and Hussien & Oan [19]. 
They mentioned in their respective studies that the 5% replacement exhibited the greatest 
compressive strength. Their findings were similar to the results of this study, with the only 
difference being that 5% was the optimum replacement percentage. However, both this 
present study and the mentioned studies observed a similar decreasing trend for 
replacement percentages greater than 5%. Hussien & Oan [19] have indicated that the 
sudden increase of compressive strength on the 5% replacement can be attributed to the 
pozzolanic interaction of the SCBA between the rest of the components of the concrete mix. 
They also mentioned that this pozzolanic interaction could be minimized for samples with 
SCBA replacement percentages greater than 5%. In the Litracon’s compressive strength, 
Dos Henriques et al. [6] stated that the presence of voids in the optic fiber-concrete mix 
interface was accountable for the eminent compressive failure of Litracon blocks. They 
mentioned that the addition of optic fibers increased the air-void ratio around that 
interface.  

Contextualizing those statements in the present study also indicated that the SCBA had 
contributed its pozzolanic ability to introduce pozzolanic interaction during the concrete 
hardening process. It may just be insufficient to strengthen the cementitious bonds in the 
optic fiber-concrete mix interface. Thus, it still presented a potential for increasing the 
compressive strength of any concrete mix for any purpose it may serve. Overall, these 
compressive strength values indicated that Litracon blocks with SCBA can be an effective 
partial cement replacement to lessen the amount of accumulated SCBA. Furthermore, 
understanding each sample’s mode of failure mechanism showed similar patterns, as 
presented in Figure 11. As further noticed, the cracks primarily outlined the placement of 
the optic fibers. This was supported by the study of Dos Henriques et al. [6], wherein the 
first areas to crack were usually those that were near the optic fiber-concrete mix interface 
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due to the existence of microscopic air voids enveloping the optic fiber surface. As 
discussed in the compressive strength test results, the pozzolanic action contributed by 
SCBA was not enough to counteract such an effect. 

 

Fig. 11. Litracon block subjected to the compressive strength test 

3.3. Light Transmissibility of Litracon Blocks 

The results of the light transmissibility test were presented in Table 8, wherein a non-
linear and inconclusive values were observed, similar to the results of the compressive 
strength test. Comparing them became irrational as the fiber optic was kept constant at 
1%, with the 36 fibers on one sample placed in the same manner as in the other samples. 
Thus, results of little to no marginal differences were expected for this parameter. Hence, 
the obtained results ranged from 103 lux to 120 lux, which were interpreted by comparing 
them with the standard illumination ranges by the DOE [23]. Based on the guidelines, all 
the lux values for all samples were within the standard range of illumination. The minimum 
lux for open public spaces was 50 lux. On the contrary, for interior rooms, it ranged from 
100 to 150 lux. 

Table 8. Results of the light transmissibility test 

Mix Designs Luminance (Lux) 
Control Mix (0% SCBA) 105 

Design Mix-A (2.5% SCBA) 103 
Design Mix-B (5% SCBA) 103 

Design Mix-C (7.5% SCBA) 120 
Design Mix-D (10% SCBA) 109 

 
The results showed that the produced Litracon blocks can be good partitions for interior 
rooms since the results ranged from 103 to 120 lux. It can be noted that the lux meter was 
placed tangentially (Figure 7) to one sample’s exterior surface to generate the readings. 
Since there was no reference standard for this test, using such a method of recording was 
deemed enough to represent the light transmissibility of the entire structural partition. 
Even though the light transmissibility results were not subjected to any statistical 
procedure, the marginal difference between the values obtained was deemed to be 
insignificantly different. It was highly attributed to the 1% configuration of optic fibers 
among all samples. 

This marginal difference also indicated that the optic fibers of one sample transmitted light 
illumination in a similar manner as in the other samples, as demonstrated in Figure 12. 
Contrary to the study of Navabi et al. [4], sensors were used to record the light 
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transmittance and were placed in multiple areas, not just concentrated in one area that 
fronted one sample, as compared to the present study. Their light transmittance obtained 
from 300 lux to 1000 lux was greater compared to this present study, which ranged from 
103 lux to 120 lux. Hence, their study also employed varying percentage of optic fiber 
(POF) ranging from 3% to 15%, compared to this study by only 1%. Nonetheless, this 
present study provided higher precedence on the structural performance of the 
compressive strength of the Litracon blocks while lessening the amount of cement to be 
utilized and acting upon the accumulation of SCBA simultaneously. However, this finding 
did not imply that the light transmissibility test results were obsolete, as conducting such 
a procedure would ensure that each produced Litracon block would not have eliminated 
its light-transmitting nature. 

 

Fig. 12. Litracon block subjected to the compressive strength test 

3.4. Interpretation between concrete and optic fiber 

The Scanning Electron Microscopy (SEM) Interpretation was used to evaluate the 
microstructure of the concrete. This test was done after compressing the samples into 
failure during the compressive strength test. Thereafter, cracks were evident in the 
samples (Figure 11), and small specimens (Figure 10) were collected from these cracked 
areas for SEM analysis to investigate the bond between the concrete and optic fiber. 
Accordingly, it was the design mix with 5% SCBA that obtained the optimum compressive 
strength results for all design mixes with SCBA replacement. 

 

Fig. 13. Micro image of bond between concrete and fiber optic 

Interpreting the SEM images for this study involved coming up with inferences pertaining 
to what was seen in the optic fiber-concrete mix interface. In Figure 13, it showed that the 
optic fiber had a scratched texture due to the roughness of the concrete. These images 
demonstrated that the roughness between the fiber optic and the concrete bonded 
effectively, which obtained in all compressive strength results above the minimum 
standard for structural concrete. On the other hand, these results had no significant effect 
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on the optic fiber’s light transmittance since the results of the light transmissibility test 
were within the standard range of illumination. Thus, it could still transmit light, 
considering the scratched texture defining its circumference. 

Additionally, the surface area was negligible compared to the abundantly available volume 
of optic fiber in the Litracon blocks for transmitting light from one face to its opposite. 
Correspondingly, Figure 14 presented the optic fiber-concrete mix interface, which 
showed specks of concrete on the optic fiber’s surface. The study interpreted this as 
evidence of some areas wherein concrete was bonded onto the optic fiber’s surface. The 
contribution of SCBA’s cement replacement to strengthening the cementitious bonds 
within that space was very prominent. This finding was also agreed in the study of Hussien 
& Oan [19]; however, the optic fiber-concrete mix interface provided minimal micro air 
voids, which potentially affected the compressive strength of the sample. Dos Henriques et 
al. [6] stated that achieving optimal concrete performance required minimal presence of 
air voids. 

 

Fig. 14. Specks of concrete on the surface of optic fiber 

The results herewith evidently adhered with minimal air voids, which achieved to all 
design mixes the best concrete performance on its compressive strength. Overall, the optic 
fibers have greatly provided a medium for transmitting light, which was also bonded on 
concrete with cement that was partially replaced with SCBA without compromising its 
integrity and effectiveness. Thus, Litracon blocks were not only aesthetically pleasing, but 
also a good construction material since there were no gaps or air voids produced when 
optic fibers and concrete bonded together. 

3.5. Implications of the Obtained Slump and Compressive Strength Values 

This section determined the true relationship between the incremental increase of cement 
replacement percentages by SCBA and the slump distance and compressive strength 
values, as well as the significant differences between the obtained results for both 
parameters. The IBM® SPSS® statistics software was used to determine the p-values and 
come up with a decision pertaining to the acceptance or rejection of the formulated 
hypotheses. Table 9 presented the results of the One-way ANOVA and T-test for the 
incremental increase of cement replacement percentages versus the slump values and 
compressive strength. 

The p-value of 0.004 for the first comparison was obtained using the two-tailed T-test, 
which indicated that it was less than the significance level. Thus, there was a significant 
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relationship between the partial cement replacement percentages and the resulting slump 
distance. This supported the claim that the addition of SCBA led to higher values for slump. 
This was also expressed in the study of Hussien & Oan [19] about using sugarcane waste 
in concrete for cylindrical blocks. What this implied was that adding SCBA led to concrete 
mixes that were workable and able to be cast onto their molds without impeding 
segregation between the components of the mix itself. 

Table 9. Implications of the Obtained Slump and Compressive Strength Values 

Variables p-value vs. 𝛼-value Remarks 

T-Test for Workability 
Independent: SCBA 

Percentages 
Dependent: Obtained 

Slump Values 

p = 0.004 
𝛼 = 0.05 

p< 𝛼, reject the null 
hypothesis in favor of 

the alternative 
hypothesis 

There is a significant 
relationship between the 

increasing cement 
replacement percentages with 
SCBA and the resulting slump 

distance. 
T-Test for Compressive 

Strength 
Independent: SCBA 

Percentages 
Dependent: Compressive 

Strength 

p = 0.4281 
𝛼 = 0.05 

p> 𝛼, accept the null 
hypothesis 

There is no significant 
relationship between the 

increasing cement 
replacement percentages with 

SCBA and the resulting 
compressive strength. 

ANOVA for Compressive 
Strength 

Independent: SCBA 
Percentages 

Dependent: Compressive 
Strength 

p = 0.3289 
𝛼 = 0.05 

p> 𝛼, accept the null 
hypothesis 

There is no significant 
difference between the 
resulting compressive 

strength values. 

 
For the second comparison, the p-value of 0.4281 was attained, which indicated a greater 
value than the confidence level considering the two-tailed T-test. With this, there was no 
significant relationship between the partial cement replacement percentages and the 
resulting compressive strength. This supported the claim about the compressive strength 
results wherein a nonlinear and inconclusive trend could be drawn from the individual 
results indicated per cement replacement percentage. However, the same table also 
showed that a p-value of 0.3289 was obtained in the ANOVA, which also signified that there 
was no significant difference between the compressive strength values. This also further 
implied that the marginal differences between each compressive strength value supported 
the findings that the partial replacement of cement by SCBA would not significantly 
provide a huge difference on the attained compressive strength on the structural 
performance of Litracon blocks. 

4. Conclusions and Recommendation 

The use of SCBA as a partial cement replacement percentage with optic fibers to produce 
Litracon blocks shows an optimum compressive strength of 28.81 MPa for the 5% design 
mix. The lowest compressive strength value was attained in the 2.5% design mix of 23.51 
MPa. However, all samples were able to achieve above the minimum specified compressive 
strength of concrete on the 28th day of curing despite not being classified as structural 
concrete. The results of this study support the idea that using SCBA as partial cement 
replacement would entail reasonable compressive strength results not just for Litracon 
blocks but for other structures as well. These findings can also serve as a benchmark for 
enhancing the compressive strength of Litracon blocks by partially replacing the cement 
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with bagasse ash by burning the bagasse at higher temperatures to achieve 95% 
pozzolanic materials. Hence, this study only utilized 59.78% silica content of the bagasse 
ash and has not been conducted to use SCBA with silica content greater than 95%. In 
addition, it is recommended to open the possibility for further research regarding the use 
of other pozzolanic agricultural waste materials. 

Moreover, the SEM analysis further exhibited that the optic fiber-concrete mix interface 
had evidently provided an adequate bond, which strengthened the idea that SCBA, as a 
partial cement replacement, is effective. However, considering the results of the 
compressive strength, the design mixes have not affected the light transmissibility 
performance of Litracon blocks since the results have ranged from 103 lux to 120 lux and 
are within the standard range. The results of this study indicate further that Litracon 
blocks can be used as a good partition wall, achieving more than the required structural 
strength for load-bearing blocks. Hence, this result is beneficial to the construction 
industry by using this block without sacrificing the light transmissibility results. Also, the 
Litracon block in this study is capable of illuminating lights in living spaces within the 
Philippine Standard. Similarly, the resulting illumination values from the light 
transmissibility test fall under the range of illumination guidelines; this study can also be 
a benchmark for other researchers to explore different methods and mechanisms to better 
actualize the light-transmitting nature of Litracon blocks. 

Overall, this study promoted the use of agricultural waste to produce a structural partition 
which also aided in the required illumination and energy consumption of habitable spaces. 
The aim to fulfill the mission of one of the United Nations’ SDGs, which is about the 
innovative infrastructure and materials for construction, has been fulfilled by this study. 
This is because it produced a concrete block for structural partitions that aided in lessening 
the accumulation of SCBA. This is particularly important given that the material is a 
byproduct of the sugar industry in Matalam, Cotabato Province, Philippines, and is 
otherwise considered as an agricultural waste. By partially replacing cement with bagasse 
ash, this study shows promising results in terms of reducing both waste and energy 
consumption while also improving the compressive strength of Litracon blocks. In 
addition, it can be understood that reducing the use of cement promotes the sustainability 
of construction materials by dealing with accumulated agricultural waste such as 
sugarcane bagasse ash. Lastly, this study hopes that further research will be conducted to 
take advantage of other agricultural waste while building sustainable communities that 
foster places of innovation and thriving cultures around the world.  
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 Superabsorbent Polymer, an internal curing material, is a significant 
development in concrete technology. Self-compacting concrete is popular due to 
high flowability or pumpability. However, the higher quantity of cementitious 
materials required higher moisture consumption to complete the hydration. 
Further moisture unavailability leads to shrinkage increment. External curing 
cannot give proper moisture to cementitious material at higher depth. Hence, 
internal curing with super absorbent polymer is an economical solution for this 
problem. This study examines the impact of super absorbent polymer on the 
mechanical and durability properties of concrete. Laboratory tests were 
conducted to evaluate the workability, mechanical characteristics of the 
concrete, such as compressive strength and flexural strength. In addition, 
freezing-thawing tests and carbonation tests were conducted to investigate the 
durability performance of concrete. Scanning electron microscopy images were 
also used to observe the concrete's microstructure after freezing-thawing cycles. 
The findings demonstrate that Compressive strength and flexural strength 
values decreased in water curing while in air curing, those were increased. 
Additionally, it was discovered that the freezing-thawing cycles decreased the 
compressive strength of reference concrete in standard water curing. However, 
compressive strength increased after freezing-thawing cycles in air-curing super 
absorbent polymer mixes. Scanning electron microscopy images have confirmed 
that the microstructure of air-curing super absorbent polymer mixes was 
improved. 
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1. Introduction 

There are drawbacks to the external concrete curing method, including time requirements, 
resource waste, and subpar curing results. As a result, internally cured concrete technology 
is being developed gradually (1). Super absorbent polymer (SAP) is a macromolecular 
substance with strong water retention and super water absorption capabilities. It can 
effectively increase the volume stability of concrete and prevent issues like micro-cracks 
and shrinkage. The effect of SAP on the operating performance, mechanical performance, 
volume stability, and durability of concrete was investigated under low water-cement 
(w/c) ratio circumstances (2) (3). It was also feasible to ascertain how the SAP and curing 
age affected the distribution of concrete pores using 3D volume analysis (4). The evolution 
law was also studied, along with the effects of time-varying damage brought on by various 
internal curing agents, on concrete's macro and micro characteristics. Zhutovsky et al. (5) 
demonstrated about the same compressive strength (for 0.33 w/c) with pumice and a 10% 
drop in compressive strength for w/b of 0.21,0.25 concretes for low water binder 
concretes. Moreover, SAP reduces compressive strength during the early stages but 
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increases it later in life. As SAP content increases, compressive strength falls. This is the 
result of the breakdown of SAP leaving behind huge holes (6)–(7). In contrast, SAP has 
been shown in other experiments to progressively increase compressive strength above 
the control mix at 28 days (8). The compressive strength of SAP mixture samples is greater 
than that of the control mix even at later ages (9)(10). Due to the lengthier hydration of the 
higher cementitious material by SAP's entrained water, this benefit is likely greater in SCC. 
As mentioned earlier, the research has revealed that there is debate regarding the impact 
of SAP on concrete strength (11,12) and that SAP can significantly increase the durability 
(13)(14)(15). Aggressive ions are transported via the micro gaps that SAP creates, yet 
internal curing effect produces a denser microstructure and increases durability (1). 
Reinhardt et al. (3) also show that SAP enhances the resistance to water penetration and 
oxygen permeability. By increasing SAP dosage up to 0.6%, Benshausen et al. (13) verified 
that SAP can reduce carbonation depth and chloride ion penetration depth. Other 
researchers also noted that the increased hydration of the binder by SAP-released water 
resulted in a reduction of the carbonation depth and chloride penetration (1). To better 
understand how SAP affects concrete performance, the morphology of the hydrated 
product, pore structure, and mineral composition were considered. 

Additionally, it was investigated (16–18) how the concrete's pore parameters affected the 
antifreeze performance. From a micro perspective, it was explained that SAP could 
increase the concrete's durability and resistance to frost (4) (17). When vapor-filled pores 
are created, the internal relative humidity of a sealed system decreases, a process known 
as self-desiccation (5). SAP enhances flexural joints' performance by preventing this self-
desiccation (19). 

Flowability of SCC has decreased by SAP in dry condition (20)(21). The impact of SAP 
depends on absorption of SAP, size of SAP, dosage of SAP on properties of self-compacting 
concrete (SCC). Nevertheless, further clarification is required because it is still being 
determined. Additionally, there have been few quantitative studies on how much SAP has 
improved the durability of concrete. It is also necessary to conduct more research on how 
SAP affects the flexural strength of concrete. More investigation is necessary to ascertain 
the extent and mechanism of the micro-pore features of SAP-influence concrete on 
compressive strength. More research is required on how freezing-thawing affects the 
internally cured concrete with SAP regarding mass loss and compressive strength loss. It 
also required to study how internally cured concrete affects the carbonation depth and 
microstructural changes, which caused the change in durability and strength.  

This paper investigated the effect of SAP on Workability, freezing-thawing performance, 
carbonation depth, flexural strength, and compressive strength of SCC with three different 
curing regimes on internally cured SCC mixtures. Also, microstructural analysis was 
conducted on SCC samples which were collected after freezing-thawing testing. In addition, 
the internal curing effect of SAP on SCC made up of Portland Pozzolana Cement (PPC) and 
Portland Slag Cement (PSC) was studied. 

The Novelty of the research is an attempt to solve inadequate curing problems in India's 
hot climate and improve the strength, durability, and microstructural properties of self-
compacting concrete. This parametric study is to meet the shrinkage reduction, durability, 
compressive strength and flexural strength by SAP as an internal curing agent. A literature 
review has been done to search for suitable and effective internal curing agents for 
reducing the shrinkage problem of Self compacting concrete in high-temperature climates. 
The super absorbent polymer can give a solution to the reduction of shrinkage in self-
compacting concrete and improper curing in hot weather conditions. 
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2. Experimental Program 

 2.1. Materials  

The experimental study used PPC and PSC with specific gravities of 2.90 and 2.98, 
respectively. Table 1 displays the PPC and PSC's chemical compositions. The coarse 
aggregate was consisted of crushed granite with a maximum particle size of 10 mm and a 
specific gravity of 2.7. Sand from the Kharun River, with a specific gravity of 2.62, served 
as the fine aggregate. Concrete mixtures were mixed with tap water. The Superplasticizer 
Master Glenium 8632, manufactured by BASF, is based on polycarboxylate ether and 
contains a viscosity-modifying ingredient. It can ensure the workability of reference 
concrete with a 650 mm to 750 mm slump flow diameter by flow table test. The 
Superplasticizer has a specific gravity of 1.08. The chemical compositions of 
superabsorbent polymer (SAP, Innovative Agro India) were shown in Table 1. The bulk 
density of SAP is 0.65-0.80 g/cm3. SAP before and after water absorption is shown in Figure 
1. Commercially available Sodium based Poly acrylate was used as super absorbent 
polymer. Water absorption capacities of SAP is 36g/g and 170g/g in cement solutions 
(prepared solution with w/c=5.0) and tap water respectively calculated by Tea bag method 
which was given by Schröfl et al. (18). Higher ionic concentration of Ca+2, Na+ present in 
cement solution may decrease the water absorption of SAP. Hence SAP won’t affect the 
concrete properties directly because it absorbs and desorb the water based on humidity 
conditions. Based on Bentz formula dosage of SAP calculated in the previous work (22). 
Theoretically, the amount of SAP required to achieve full hydration for 533.33 kg/m3 
cement is 0.219 kg/m3. Due to this the dosage of SAP starts from 0.05% cement which 0.27 
kg/m3 as shown in the Table 2. 

Table 1. Chemical composition of PPC, PSC, and SAP 

Components CaO SiO2 Al2O3 Fe2O3 MgO SO3 
Na2O + 

K2O 
Na O2 C 

PPC 50.00 26.33 11.45 1.75 8.97 - 1.41 - - - 

PSC 56.64 22.15 10.23 2.65 6.37 1.95 - - - - 

SAP - - - - - - - 33.03 55.78 11.19 

 

  

Fig. 1. Image of SAP before and after swelling by water absorption 

2.2. Mix Proportion and Specimen Preparation 

 According to the IS 10262:2019 (23), the mix proportions of SCC were designed with PPC 
and PSC cement. PPC and PSC mix proportions are shown in Table 2 and Table 3, 
respectively. The w/c ratio of the reference concrete mixture varied from 0.30 to 0.40.  P30, 
P35, and P40 are PPC mixes with 0.30, 0.35, and 0.40 w/c ratios, respectively. S30, S35, 
and S40 are the PSC mixes with 0.30, 0.35, and 0.40 w/c ratios, respectively. S0, S5, S10, 
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and S15 are the dosages of SAP at 0%, 0.05%, 0.10%, and 0.15% of cementitious materials, 
respectively.  

Table 2. Mix proportions of PPC in kg/m3 

Mixes Cement W/B Water Sand 
Coarse 

aggregate 
SAP SP 

P30-S0 533.33 0.3 160 863.33 821.26 0 8 

P30-S5 533.33 0.3 160 863.33 821.26 0.27 8 

P30-S10 533.33 0.3 160 863.33 821.26 0.53 8 

P30-S15 533.33 0.3 160 863.33 821.26 0.8 8 

P35-S0 471.43 0.35 165 886.77 843.55 0 7.1 

P35-S5 471.43 0.35 165 886.77 843.55 0.24 7.1 

P35-S10 471.43 0.35 165 886.77 843.55 0.47 7.1 

P35-S15 471.43 0.35 165 886.77 843.55 0.71 7.1 

P40-S0 425 0.4 170 902.65 858.66 0 6.4 

P40-S5 425 0.4 170 902.65 858.66 0.21 6.4 

P40-S10 425 0.4 170 902.65 858.66 0.43 6.4 

P40-S15 425 0.4 170 902.65 858.66 0.64 6.4 

Table 3. Mix proportions of PSC in kg/m3 

Mixes Cement W/B Water Sand 
Coarse 

aggregate 
SAP SP 

S30-S0 533.33 0.3 160 870.06 827.65 0 8 

S30-S5 533.33 0.3 160 870.06 827.65 0.27 8 

S30-S10 533.33 0.3 160 870.06 827.56 0.53 8 

S30-S15 533.33 0.3 160 870.06 827.56 0.8 8 

S35-S0 471.43 0.35 165 892.72 849.21 0 7.1 

S35-S5 471.43 0.35 165 892.72 849.21 0.24 7.1 

S35-S10 471.43 0.35 165 892.72 849.21 0.47 7.1 

S35-S15 471.43 0.35 165 892.72 849.21 0.71 7.1 

S40-S0 425 0.4 170 908.01 863.76 0 6.4 

S40-S5 425 0.4 170 908.01 863.76 0.21 6.4 

S40-S10 425 0.4 170 908.01 863.76 0.43 6.4 

S40-S10 425 0.4 170 908.01 863.76 0.64 6.4 

Each specimen was cast, held indoors for 24 hours, and then molded with a number. 
Reference concrete and internal curing concrete specimens were cured using room air, 
Gunny bags, and normal water. Concrete specimens that were air-curing in the room were 
set up in the lab setting. In the process of gunny bag curing, specimens were covered 
entirely in wet gunny bags, and water was applied twice daily. The water-curing ponds 
held the conventional water-curing concrete examples.  

2.3. Testing Methods 

2.3.1 Workability 

One of the physical characteristics of concrete that affects strength is workability. Concrete 
is transportable, installable, and compactable when done correctly, without bleeding or 
isolation. Slump flow, the V-funnel test, the L-box test, and the sieve segregation test can 
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all be used to gauge workability. In this article discussion of workability done based on 
Slump flow test (Slump flow time and Slump Flow diameter), V-Funnel test. These tests 
performed according to IS: 10262-2019 (23). Figure 2 shows the slump flow diameter of 
SCC. 

 

Fig. 2. Slump flow diameter of fresh SCC 

2.3.2 Compressive Strength Test 

The Compressive strength was measured by applying a Compressive load on 
100mm*100mm*100mm concrete cubes with a Compressive strength testing machine 
(CTM). Cube specimens' compressive strength was studied on 28 days after casting and 
curing in three curing regimes. The cube specimens are tested on a CTM machine per IS: 
516-2018 (24). The highest load applied to the specimen during the test is recorded once 
the load is increased until the specimen fails. The figures 4 and 5 shows test set up of 
compressive strength and tested cubes respectively. 

 

Fig. 3. Compressive strength testing machine apparatus 
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Fig. 4. SCC specimens after compressive strength testing  

2.3.3 Flexural Strength Test 

On concrete beams that were 500mm*100mm*100mm, a four-point bending test was used 
to determine flexural strength. In three different curing regimes, the flexural strength of 
beam specimens was examined 28 days after casting. According to IS: 516-2018(24), the 
beam specimens were evaluated using a flexural strength testing apparatus. The peak load 
applied on the specimen is recorded during flexural testing. Figure 5 shows SCC specimens 
after Flexural strength testing. 

 

Fig. 5. SCC specimens after Flexural strength testing  

2.3.4 Carbonation Test 

The carbonation resistance test was performed following the IS 516-2018 (24) standard 
test procedure for ordinary concrete's long-term performance and durability. For each 
batch, three specimens measuring 100 mm cubes were evaluated. The specimens 
underwent a 28-day curing process under the appropriate curing conditions. The 
specimens were left for 48 hours to dry before the test. The specimen's top and bottom 
surfaces were sealed to ensure horizontal CO2 diffusion that could occur. The specimens 
were positioned in an accelerated carbonation chamber which was set at (20 ± 2)◦C of 
temperature , (70 ± 5)% of relative humidity and (20 ± 3)% of CO2. After that break the 
specimens into two parts and applied phenolphthalein indicator on the broken surfaces. 
Further measure the depth of non-colored length from the surface of cube. 
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2.3.5 Freezing-Thawing Test 

According to ASTM C666-08 (25) , each mixture's quick freezing-thawing durability was 
evaluated. Three samples measuring 150 mm*150 mm*150mm cubes were cast for each 
mixture to examine the resistance to quick freezing-thawing. The specimens were 
removed from the molds after 24 ± 2 hours and cured for 28 days at three different curing 
regimes. Then specimens were taken out and kept in water to achieve the target internal 
thaw temperature (+40C) for testing. After taking initial measurements, the specimens 
were put in a water-filled pan so that all faces were completely covered at all times of water 
during the freezing-thawing cycles. The water-filled pans and the concrete samples were 
then put in a chamber that underwent freeze-thaw cycling, which involves gradually 
dropping the temperature of the samples from +4°C to -18°C throughout 4 to 5 hours and 
then gradually raising it back to -18°C to +4°C. At the desired thaw temperature, samples 
were taken out and evaluated until they had undergone 100 cycles. 

2.3.6 Scanning Electron Microscopy     

Scanning Electron microscopy (SEM) Analysis can be used for qualitative purposes but not 
for quantitative assessment. Both reference concrete and internal curing concrete 
underwent SEM analysis. Utilizing SEM, the precipitates in the concrete cube's cracks were 
also examined. After being tested for compressive strength, the broken piece of a 28-day-
cured concrete cube specimen was used for this analysis. Acetone was applied to these 
cubes to stop the process of further hydration. Before being examined, the samples were 
coated with carbon using sputter coating Emitech K575.  

3. Results and Discussions  

3.1 Workability 

Test methods used to study the attributes of fresh concrete include the Slump flow test and 
V-funnel test. These tests were led to decide the filling capacity, and passing capacity and 
resistance to the isolation of the SCC mix. All SCC mixtures were produced with PPC and 
PSC with w/c ratios of 0.30, 0.35, and 0.40. For three Water cement ratios, every mix 
exhibits a slump flow diameter range from 600mm to 760mm, which shows workability 
varying from class SF1 to SF3 as per IS 10262:2019. When mixing and casting cubes, 
neither bleeding nor segregation are seen in the SCC mixes. For a more thorough study and 
comprehension of the workability and rheology of SCC, the tests carried out are the slump 
flow test, V-funnel test, L-Box test, sieve segregation test and rheometer test. 

3.1.1. Slump Flow Time (T500) Test 

The slump flow time values of PPC and PSC mixes were observed in the medium range of 
workability. Figure 6 show the variations of T500 values of PPC and PSC mixes of 0.3, 0.35 
and 0.4 w/c ratio. It is observed that the 5%, 8%, and 12% increment in T500 values with 
the addition of SAP of 0.05%, 0.1%, and 0.15% of the mass of cement as compared to 
control SCC of 0.3 w/c ratio PPC mixes. Similarly, in 0.35 w/c ratio PPC mixes, the 
increment observed was 4%, 7% and 10%. In 0.4 w/c ratio PPC mixes, this increment was 
5.3%, 8.7%, and 12.7% as compared to control SCC. 

While in 0.3 w/c ratio PSC mixes, the increment was 4.5%, 7.5% and 11.5% as compared 
to control SCC. Similarly, in 0.35 w/c ratio PSC mixes, the increment observed was 3.5%, 
6.5% and 9.5%. In 0.4 w/c ratio PSC mixes, this increment was 4.9%, 8.2%, and 12.2% as 
compared to control SCC. 
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Fig. 6. T500 values of PPC and PSC mixes 

3.1.2 Slump Flow Diameter Test 

The slump flow diameter values of PPC and PSC mixes were observed in the medium range 
of workability. Figure 7 show the variations of slump flow diameters of PPC and PSC mixes 
of 0.3, 0.35 and 0.4 w/c ratio. It is observed that the 2.9%, 5.9%, and 8.8%reductionin 
slump flow diameters with addition of SAP of 0.05%, 0.1%, and 0.15% of mass of cement 
as compared to control SCC of 0.3 w/c ratio PPC mixes. Similarly, in 0.35 w/c ratio PPC 
mixes, the reduction observed was 2%, 4.7% and 6.8%. In 0.4 w/c ratio PPC mixes, this 
reduction was 2.6%, 5.3%, and 7.9% as compared to control SCC. While in 0.3 w/c ratio 
PSC mixes, the reduction was 3.1%, 6.2% and 9.2% as compared to control SCC. Similarly, 
in 0.35 w/c ratio PSC mixes, the reduction observed was 1.4%, 4.3% and 5.7%. In 0.4 w/c 
ratio PSC mixes, this reduction was 2.8%, 5.6%, and 6.9% as compared to control SCC. 

  

Fig. 7. Slump flow diameters of PPC and PSC mixes 

3.1.3 V-funnel Test 

The V-Funnel time values of PPC and PSC mixes were observed in the medium range of 
workability. Figure 8 shows the variations of V-Funnel values of PPC and PSC mixes of 0.3, 
0.35 and 0.4 w/c ratios. It is observed that the 7%, 12.8%, and 19.8%incrementinV-Funnel 
values with addition of SAP of 0.05%, 0.1%, and 0.15%of mass of cement as compared to 
control SCC of 0.3 w/c ratio PPC mixes. Similarly, in 0.35 w/c ratio PPC mixes, the 
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increment observed was 6.6%, 14.5% and 22.4%. In 0.4 w/c ratio PPC mixes, this 
increment was 7.7%, 15.4%, and 23.1% as compared to control SCC. While in 0.3 w/c ratio 
PSC mixes, the increment was 6%, 11.8% and 18.7% as compared to control SCC. Similarly, 
in 0.35 w/c ratio PSC mixes, the increment observed was 5.6%, 14.5% and 22.4%. In 0.4 
w/c ratio PSC mixes, this increment was 8.7%, 16.4%, and 24.2% as compared to control 
SCC. 

  

Fig. 8. V-Funnel times of PPC and PSC mixes 

From the figures 6 and 8, it is clear that the Slump flow times and V-funnel times of SAP 
concrete have increased. After observing above workability tests SAP decreases the 
flowability of SCC. However, this may be due to the absorption of water from the mix by 
dry SAP. At a time, segregation and bleeding were decreased if additional water is not 
added which is in accordance with previous researchers(26). 

3.2 Compressive Strength 

Figure 9 shows the results of the compressive strength tests of the control SCC and internal 
curing mixes with additions of SAP at 0.05%, 0.10%, and 0.15% with PPC and PSC, 
respectively. Experimentation was conducted on w/c ratios of 0.30, 0.35, and 0.40 and 
curing regimes of water, air, and gunny bag for 28 days of curing period.  

Compressive strength of PPC mixes of 0.3 w/c ratio in water curing was decreased by 2.6%, 
5.2% 7.8% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect to 
control concrete in the water curing. While compressive strength in air curing was 
increased by 17.7%, 33.9%, 24.6% for the SAP dosage of 0.05%, 0.10%, and 0.15% 
respectively with respect to control concrete in the air curing. In the gunny bag curing it 
was increased by 6.25%, 16.67%, and 12.5% for the SAP dosage of 0.05%, 0.10%, and 
0.15% respectively with respect to control concrete in the gunny bag curing. 

Compressive strength of PPC mixes of 0.35 w/c ratio in water curing was decreased by 
2.3%, 4.7% 7.0% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect 
to control concrete in the water curing. While compressive strength in air curing was 
increased by 16.7%, 30.6%, 22.2% for the SAP dosage of 0.05%, 0.10%, and 0.15% 
respectively with respect to control concrete in the air curing. In the gunny bag curing it 
was increased by 5.0%, 9.1%, and 6.6% for the SAP dosage of 0.05%, 0.10%, and 0.15% 
respectively with respect to control concrete in the gunny bag curing. 

 Compressive strength of PPC mixes of 0.40 w/c ratio in water curing was decreased by 
2.8%, 5.6% 8.3% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect 
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to control concrete in the water curing. While compressive strength in air curing was 
increased by 16.3%, 38.4%, 23.2% for the SAP dosage of 0.05%, 0.10%, and 0.15% 
respectively with respect to control concrete in the air curing. In the gunny bag curing it 
was increased by 6%, 14%, and 8% for the SAP dosage of 0.05%, 0.10%, and 0.15% 
respectively with respect to control concrete in the gunny bag curing. 

 It can be observed that the compressive strength of all mixtures in the water curing regime 
decreased with SAP. Whereas compressive strength in air curing and gunny bag curing 
regimes increased with SAP. The reduction in compressive strength in the water curing 
regime can be attributed to several macro voids in the microstructure due to SAP hydrogel 
not being utilized by 100% relative humidity in curing ponds. The humidity meter was 
arranged in air curing chamber and gunny bag curing chamber to check the humidity 
percentage variation. In air curing regime, the compressive strength has enhanced from 
43.33 MPa for control concrete to 58 MPa for best SAP mix. Here best SAP mix means the 
strength properties were high at this dosage. The enhancement in compressive strength in 
the air curing regime can be attributed to the absence of macro voids in the microstructure 
due to SAP hydrogel being utilized by having less than 60% relative humidity in the 
surrounding air. In the Gunny bag curing regime, the compressive strength has increased 
from 48 MPa to 60 MPa for SAP 0% to SAP 0.1%. It may be due to the relative humidity in 
gunny bag curing varying between 60% and 90%. Hence SAP has yet to release water from 
SAP hydrogels to the full extent.  

 

Figure 9. Compressive strength of PPC-based SCC mixes with and without super 
absorbent polymer in different curing regimes 

The compressive strength results of PSC-based reference and internally cured mixtures 
with 0.30, 0.35, and 0.40 w/c ratios are shown in Figure 10. Compressive strength of PSC 
mixes of 0.3 w/c ratio in water curing was decreased by 3%, 7.2% 9.6% for the SAP dosage 
of 0.05%, 0.10%, and 0.15% respectively with respect to control concrete in the water 
curing. While compressive strength in air curing was increased by 9.7%, 26.2%, 17.9% for 
the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect to control concrete 
in the air curing. In the gunny bag curing it was increased by 6.2%, 8.1%, and 7.1% for the 
SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect to control concrete in 
the gunny bag curing. 

Compressive strength of PSC mixes of 0.35 w/c ratio in water curing was decreased by 
2.8%, 6.9% 9.4% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect 
to control concrete in the water curing. While compressive strength in air curing was 
increased by 17.2%, 28.9 %, 21.9% for the SAP dosage of 0.05%, 0.10%, and 0.15% 
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respectively with respect to control concrete in the air curing. In the gunny bag curing it 
was increased by 6.8%, 15.9%, and 13.6% for the SAP dosage of 0.05%, 0.10%, and 0.15% 
respectively with respect to control concrete in the gunny bag curing. 

 Compressive strength of PSC mixes of 0.40 w/c ratio in water curing was decreased by 
2.4%, 4.9% 8.1% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect 
to control concrete in the water curing. While compressive strength in air curing was 
increased by 21.2%, 48.5%, 36.4% for the SAP dosage of 0.05%, 0.10%, and 0.15% 
respectively with respect to control concrete in the air curing. In the gunny bag curing it 
was increased by 16.2%, 25%, and 19.8% for the SAP dosage of 0.05%, 0.10%, and 0.15% 
respectively with respect to control concrete in the gunny bag curing. 

The results of PSC mixtures followed the pattern of PPC-based mixtures. In water curing, 
the compressive strength has decreased from 55.33 MPa to 50MPa for SAP 0% to SAP 
0.15%, and the reduction is around 10%. In air curing, the compressive strength has 
increased from 48 MPa to 61 MPa, and in gunny bag curing, strength has increased from 
53 MPa to 59 MPa. These increments are up to SAP 0.10% which is best SAP dosage. The 
compressive strength in PPC and PSC mixtures increased with best SAP dosage in air 
curing in the range of 10% to 15% as compared to control mixes in water curing. This 
improvement most probably higher in SCC because of the longer hydration of higher 
cementitious material by entrained water of SAP. Previous studies (27)(28)(29) also 
confirms that the increment of compressive strength in concrete by adding SAP to the 
concrete mix. 

 

Fig.10. Compressive strength of PSC-based SCC mixes with and without super 
absorbent polymer in different curing regimes 

3.3 Flexural strength 

The material is under the most significant stress when it is about to give, which is 
represented by flexural strength. The flexural strength results of SCC mixtures with 
varying SAP dosages in three curing regimes with w/c ratios of 0.30, 0.35, and 0.40 were 
shown in Figures 11 and 12 for PPC and PSC-based mixes, respectively.  

Flexural strength of PPC mixes of 0.3 w/c ratio in water curing was decreased by 2.2%, 
3.3% 5.5% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect to 
control concrete in the water curing. While flexural strength in air curing was increased by 
6.8%, 18.2%, 11.4 % for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the air curing. In the gunny bag curing it was increased by 
4.5%, 12.4%, and 6.7% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the gunny bag curing. 
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Flexural strength of PPC mixes of 0.35 w/c ratio in water curing was decreased by 3%, 
6.1% 9.1% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect to 
control concrete in the water curing. While flexural strength in air curing was increased by 
19.4%, 27.4 %, 22.6% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the air curing. In the gunny bag curing it was increased by 
7.9%, 20.6%, and 14.3% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the gunny bag curing. 

 Flexural strength of PPC mixes of 0.40 w/c ratio in water curing was decreased by 1.8%, 
3.5% 7% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect to 
control concrete in the water curing. While flexural strength in air curing was increased by 
9.1%, 18.2%, 12.7% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the air curing. In the gunny bag curing it was increased by 
5.4%, 10.7%, and 8.9% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the gunny bag curing. 

 

Fig. 11. Flexural strength of PPC-based SCC mixes with and without super absorbent 
polymer in different curing regimes 

Flexural strength of PSC mixes of 0.3 w/c ratio in water curing was decreased by 2.7%, 4.2 
% 7.3% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect to 
control concrete in the water curing. While flexural strength in air curing was increased by 
6.3%, 17.1 %, 9.3 % for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the air curing. In the gunny bag curing it was increased by 
3.5%, 7.4%, and 10.4% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the gunny bag curing. 

Flexural strength of PSC mixes of 0.35 w/c ratio in water curing was decreased by 3.5%, 
6.4% 10.4% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect to 
control concrete in the water curing. While flexural strength in air curing was increased by 
18.8%, 24.7 %, 19.7% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the air curing. In the gunny bag curing it was increased by 
7.4%, 19.5%, and 12.7% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the gunny bag curing. 

 Flexural strength of PSC mixes of 0.40 w/c ratio in water curing was decreased by 2.2%, 
4.4% 8.7% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with respect to 
control concrete in the water curing. While flexural strength in air curing was increased by 
8.6%, 17.1%, 10.7% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the air curing. In the gunny bag curing it was increased by 
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4.9%, 9.7%, and 7.4% for the SAP dosage of 0.05%, 0.10%, and 0.15% respectively with 
respect to control concrete in the gunny bag curing. 

 

Fig. 12.  Flexural strength of PSC-based SCC mixes with and without super absorbent 
polymer in different curing regimes 

It can be observed that the flexural strength of all mixtures in the water curing regime 
decreased. In comparison, flexural strength in air and gunny bag curing regimes has 
increased. The flexural strength in air and gunny bag curing increased to SAP with 0.1% 
SAP dosage which is best. The flexural strength in PPC and PSC mixtures has been 
increased with best SAP dosage in air curing in the range of 14% to 20% as compared to 
control mixes in water curing. Previous researchers (30)(31) also confirms that the 
increment of flexural strength in concrete by adding SAP to the concrete mix. The bending 
strength is lower in water-curing SAP combinations than in air-curing and gunny-curing 
SAP mixtures because these mixtures contain more air voids and macropores. Previous 
research (1) investigated the effect of the total air voids and macro pores in the tensile 
plane's cross-sectional area on the composite's bending strength. The macro pores will 
result in a localized loss of strength, possibly reducing the strength in the water curing 
regime.  

3.4 Carbonation Depth  

Concrete is an alkaline substance with a higher pH. Concrete's pH value decreases due to 
carbonation, making it easier for the reinforcement to corrode in reinforced concrete. 
Therefore, concrete carbonation testing is crucial in determining the concrete's endurance. 
The carbonation test is conducted on PPC and PSC mixtures for w/c ratios of 0.30, 0.35, 
and 0.40. In addition, for each curing regime 100 mm cubes were casted and cured in 
respective regime for 28 days. The concrete carbonation test results for each of the three 
w/c ratios are shown in Figures 13 and 14. The depth of carbonation of reference concrete 
in air and gunny bag curing regimes increased compared to the water curing regime. 
However, an air curing regime with best SAP dosage of internal curing mixtures was shown 
the reduction of carbonation depth as compared to reference concrete. This may be due to 
denser interfacial transition zone (ITZ) formed in the internal curing mixtures. Concrete's 
carbonation resistance is correlated with the matrix's degree of compactness (29)(32). The 
water from the SAP was released into the environment when the concrete hardened, 
promoting further hydration of the cement matrix and enhancing the compactness of the 
concrete. These results aligned with compressive strength and flexural strength results. 
Depth of carbonation decreased by 4-8% in best SAP mixes in air curing compared to 
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control mix in water curing. Other studies (29)(13)(17)(33) also confirm that decrement 
in the carbonation by adding the SAP to concrete mix. 

 

Fig. 13. Carbonation depth of PPC-based SCC mixes with and without super absorbent 
polymer in different curing regimes 

 

Fig. 14. Carbonation depth of PSC-based SCC mixes with and without super absorbent 
polymer in different curing regimes  

3.5 Freezing-Thawing 

Mass loss or gain of SCC specimens can be observed in Figures 15 and 16. In reference 
mixtures, for instance, P30-S0 and S30-S0, the mass has been lost by to 0.38% and 0.24%, 
respectively. It may be due to the weakening of ITZ. In the case of internal curing mixtures: 
water-curing mixtures showed a mass loss, but air-curing and gunny mixtures showed a 
mass gain. It may be due to water-curing mixtures of SAP hydrogel causing macro cracks. 
In the case of air and gunny bag mixtures, SAP hydrogel released the total water before the 
freeze-thaw experiment and thickened the ITZ. However, Nanosized SAP particles again 
absorb the water up to 1% of the mass. This mass is not high because denser ITZ will not 
allow an increment of the size of the hydrogel. Other studies (34)(35) also aligned with the 
same phenomenon. Mass loss has been observed in reference concrete and internally 
cured concrete with water curing. However, in air curing and gunny bag curing, it has been 
observed that mass has gained after 100 freezing-thawing cycles. The mass loss in water 
curing mixtures around 0.25% to 0.5%. However, in best SAP mixtures in air curing, the 
mass has gained 0.4 % to 0.9%. 
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Fig. 15. Mass loss or gain of PPC-based SCC mixes with and without super absorbent 
polymer at different curing regimes 

 

Fig. 16. Mass loss or gain of PSC-based SCC mixes with and without super absorbent 
polymer in different curing regimes 

In Figures 17 and 18, the results of the compressive strength test without freeze-thaw and 
with freeze-thaw for PPC and PSC mixtures, respectively. In the legends of figures 17 and 
18, of “w/o” stands for “without”. Compressive strength in the water curing regime with 
and without SAP was decreased.  

 

Fig. 17. Compressive strength of PPC-based SCC mixes with and without freeze-thaw 
effect in different curing regimes  
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However, in the air curing and gunny bag curing regimes with freeze and thaw cycles, 
specimens were shown to increase compressive strength results, which may be due to the 
full redemption of water from SAP particles and improved ITZ throughout the specimen. 
In the case of water curing, SAP particles have not released the water and become macro 
void and weaken the ITZ. In the case of reference, freeze-thaw cycles damaged the concrete 
microstructure and led to lower strength than those without freeze-thaw cycles. Previous 
research (36)(37) also concluded the same analogy for freeze-thaw cycle experiments on 
internally cured mixtures with SAP. Regarding Mass change previous studies (38) 
(35)(37)approve that SAP Mass has lost in water curing regime and mass has increased in 
the air curing and intermittent curing regimes. And increment of compressive strength 
after freezing and thawing was also observed in other studies with air curing due to lowest 
air voids and lesser water content present in those mixtures (39)(40)(41). 

 

Fig. 18. Compressive strength of PSC-based SCC mixes with and without freeze-thaw 
effect in different curing regimes  

3.6 Scanning Electron Microscopy 

SEM photographs of a few chosen mixes were obtained to determine the impact of freeze-
thaw cycles' impact on the concrete microstructure. Figures 19 and 21 show the cracks in 
the microstructure of reference concrete mixtures (P35-S0, S35-S0). These cracks were 
responsible for the reduction of compressive strength after freezing-thawing.  However, 
the internal curing mixtures (P35-S10, S35-S10) with best SAP dosage of 0.1% showed 
denser ITZ in their microstructure. This can be observed in Figures 20 and 22 for PPC and 
PSC mixtures, respectively. Consequently, the freezing-thawing exposures specimens 
shown increased compressive strength values. These results aligned with the results 
freeze-thaw cycle test. Hence internal curing with SAP in air and gunny bag curing 
enhances durability, especially against freeze-thaw conditions. Other studies (42) also 
confirms that microstructure of concrete improved by hydration of cementitious materials 
to full extent.  
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Fig. 19. SEM image of P35S0 mix in standard water curing after freeze and thaw 

 

Fig. 20. SEM image of P35S10 mix in air curing regime after freeze and thaw 

 

Fig. 21. SEM image of S35S0 mix in standard water curing regime after freeze and thaw 
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Fig.22. SEM image of S35S10 mix in air curing regime after freeze and thaw 

4. Conclusions 

From the above experimental investigation following conclusions could be drawn. 

• T500 values of optimum SAP mixes were increased by 7-8% compared to the 
reference mix. The slump flow diameter of SAP mixes was decreased by around 4.9-
5.7% compared to the reference concrete mix. 

• The v-funnel time of SAP mixes was increased by 12.5% to 15.5% compared to the 
reference concrete mix. 

• Fresh concrete test results reveal that the workability has decreased with adding 
SAP into the mix. It is due to dry SAP absorbing the water from the mix initially. 
However, all the workability results are within the limits of standard specifications. 

•  Super absorbent polymer has shown enhanced strength results in air curing regime 
especially. The compressive strength in PPC and PSC mixtures increased with best 
SAP dosage in air curing in the range of 10% to 15% as compared to control mixes 
in water curing. Compressive strength and flexural strength increased with SAP 
dosage up to 0.1% in air curing and gunny bag curing. 

• The flexural strength in PPC and PSC mixtures has been increased with best SAP 
dosage in air curing in the range of 14% to 20% as compared to control mixes in 
water curing. 

• Carbonation depth has decreased in air curing and gunny bag curing in SAP mixes. 
Depth of carbonation decreased by 4-8% in best SAP mixes in air curing compared 
to control mix in water curing. 

•  Mass loss has been observed in reference concrete and internally cured concrete 
with water curing. However, in air curing and gunny bag curing, it has been 
observed that mass has gained after 100 freezing-thawing cycles. The mass loss in 
water curing mixtures around 0.25% to 0.5%. However, in best SAP mixtures in air 
curing, the mass has gained 0.4 % to 0.9%. 

•  Compressive strength has been decreased after freezing-thawing cycles in the 
water curing regime. On the other hand, for cubes with air curing compressive 
strength has been enhanced.  

• Scanning electron microscope images also revealed that cracks had been developed 
in reference concrete in water curing. SAP mix with air curing regimes shows that 
denser microstructure.  
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 Base isolation represents an environmentally sustainable and highly effective 
technique for mitigating structural responses to strong seismic forces generated 
by plate boundary tectonic activities. Its primary benefits include preventing 
structural collapse, minimizing property damage, and safeguarding human lives 
during severe earthquakes. This passive, energy-efficient approach is often 
complemented by supplementary dampers to further reduce seismic impact. 
This study provides a comprehensive overview of elastomeric and lead rubber 
isolators, covering their theoretical, experimental, and numerical aspects. The 
paper examines the seismic response of structures equipped with elastomeric 
and lead rubber bearings, including a discussion of their pros and cons. This 
paper presents the comparison of fixed base and rubber isolated base in SAP 
2000 to assess the effectiveness of base isolation. Additionally, it presents 
findings from shaking table tests, relevant building codes, and practical 
applications, considering the impact of events beyond initial design parameters. 
The review delves into the historical evolution of elastomeric and lead rubber-
bearing systems, offering valuable insights into their contemporary 
understanding. Furthermore, the paper introduces three-dimensional isolators 
designed to attenuate ground motion responses in both horizontal and vertical 
directions. It investigates the effects of soil-structure interaction and evaluates 
isolator responses under blast and impact aircraft loading conditions. Notably, 
specific types of bearings exhibit exceptional energy dissipation capabilities 
during catastrophic seismic events, leading to reduced floor acceleration and 
inter-storey sway at critical levels. In conclusion, the study offers future 
recommendations and identifies potential constraints in this field. 

 
© 2024 MIM Research Group. All rights reserved. 

 
Keywords:  
 
Dampers;  
Base isolation; 
Passive energy; 
Peak accelerations; 
Vibration period; 
Frequency 
 
 

 

1. Introduction 

Earthquakes, ancient and unpredictable natural hazards, shake the earth beneath us, 
impacting structures and systems with the potential for significant loss of life and property. 
In seismic engineering, two vital aspects are considered as seismic loading and building 
resistance. Traditional seismic design aims to prevent building collapse during strong 
earthquakes, but it often results in damage to non-structural elements and some structural 
components, rendering buildings non-functional. This can be problematic, especially for 
critical structures such as nuclear plants, hospitals, government buildings, and other 
critical structures. To address the challenges posed by strong earthquakes, the concept of 
seismic base isolation is introduced.  
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The base isolation technique involves implementing specially designed devices inserted 
between the superstructure and its foundation, effectively decoupling the structure from 
intense seismic motion.  The utilisation of the seismic Base Isolation (BI) system represents 
an innovative approach within the realm of earthquake-resistant structural design, 
currently implemented across various nations [1-4]. Laminated elastomeric bearings are 
presently the most extensively utilised devices among the various types available. The 
composition comprises successive layers of rubbers and steel, where the rubber layers are 
subjected to vulcanization to bond with the steel layers. Including steel shim layers 
effectively mitigates the likelihood of bulging in the rubber layer, resulting in a notable 
enhancement in vertical stiffness. The presence of these layers has a slight effect on the 
shear stiffness. Studies shown that excessive damping at smaller, more realistic 
displacements may stiffen the isolation system, impacting its effectiveness and affecting 
internal equipment [5]. The three most prevalent kinds of laminated rubber bearings are 
Lead Rubber Bearings, High Damping Rubber Bearings, and Natural Rubber Bearings. 
 
Base isolation systems are a resilient, efficient, and practical approach to safeguard 
structures and non-structural components against seismic risks. Nevertheless, significant 
shifts due to intense seismic forces can potentially result in detrimental effects on both the 
bearing and the overall structural integrity. The concept of decoupling involves altering 
the inherent vibration period of a building to a longer duration, as depicted in Fig. 1. The 
shown picture illustrates a decrease in spectral acceleration when the natural period shifts. 
This suggests that when the fundamental natural frequency does not align with the 
frequency of the seismic excitation, it serves as a preventive measure against catastrophic 
consequences. The increase in the duration of the structural time-period results in greater 
relative displacements, as illustrated in Fig. 2. The mitigation in inter-storey drift and floor 
acceleration in the superstructure is observed across all risk categories. Various isolation 
techniques have efficiently diminished the dynamic behaviour during low to moderate 
earthquakes and restrained displacement during more severe seismic events.  

Primarily, it is imperative to identify strategies for reducing the expenses associated with 
the implementation of base isolation systems to facilitate their widespread use in both 
retrofitting and new building endeavours [6]. Furthermore, it is imperative to conduct a 
comprehensive assessment to evaluate the potential ramifications of device malfunctions 
on the adjacent infrastructure in the event of seismic occurrences. The behaviour of 
structures that are equipped with foundation isolation can be divided into two different 

  

Fig. 1. Time Period shift Fig. 2. Displacement design response 
spectra 
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components: the performance of the bearings and the behaviour of the superstructure. In 
the event of a failure in one of these components, there is a potential for the complete 
collapse of the entire system [7]. The countries prone to severe earthquakes have adopted 
the technique on a large scale. Japan, USA, China, European nations, New Zealand, etc., are 
pioneering in developing the technique and implementing suitable isolators as a 
convenience. The isolator is widely applied in retrofitting old historical buildings and new 
constructions. Fig.3 shows the insertion of isolators in the structure between foundation 
and superstructure. 

 

 

Fig. 3. Sectional representation of Base-Isolated Structure [IS 1893 Part 6] 

The laminated rubber bearings are capable of sustaining high load in compression and also 
withstand more than one movement in shear. It is classified into three types: (i) Natural 
rubber bearings, which use natural rubber, which is less damping and has moderate 
flexibility. Therefore, it is used to withstand the effects of pre-stressing, creep, and 
shrinkage in bridges, and for base isolated buildings, it is combined with supplemental 
energy absorption devices like steel, viscous dampers, and lead [8]; (ii) High Damping 
Rubber Bearings (HDRB) has highly capable energy absorbing rubber material; (iii) Lead 
Rubber Bearings have high damping and extensively implemented in bridges and buildings 
to safeguard against strong ground motions. The seismic responses of fixed-base and 
various base isolation models for typical low- and mid-rise reinforced concrete buildings 
are compared [9].  This study analyses 352 cases with 11 ground motion pairs, it finds that 
LRB isolators are preferable for regular buildings without re-centering issues. The isolator 
must: (i) re-centre itself during strong earthquakes, depending on seismic intensity and 
duration; (ii) withstand wind forces with minimal horizontal restraint; (iii) tolerate 
vibrations, requiring damping to reduce relative superstructure-foundation movement; 
(iv) support superstructure weight for unrestricted horizontal movement; and (v) enable 
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back-and-forth movement to keep the superstructure at rest [10-12]. Ongoing efforts in 
advanced isolation bearings focus on adaptive system development. The flow chart 
mentioned in Fig. 4 shows the development of elastomeric and lead rubber bearings. 
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This paper presented a detailed analysis and application of lead and elastomeric rubber 
bearing. The elastomeric bearings are isolators comprised of a loading plate, fixing plate, 
alternate layers of rubber layer, and steel shim, while LRB consists of a loading plate, a 
fixing plate, an alternate layer of rubber layer, a steel layer, and a lead core inserted at the 
centre. The primary quality of laminated rubber bearings is their strong vertical rigidity, 
which maintains structural weight while retaining horizontal flexibility. The rubber layers 
increase the system's horizontal flexibility, shifting the building's natural period away 
from the region's projected earthquakes' peak time, which reduces seismic amplifications. 
Moreover, the structural inter-storey drift is significantly diminished during seismic 
activity because displacements are centred at the level of isolation systems. Consequently, 
the damage in structural and non-structural elements is diminished.  The steel shim plates 
are provided to protect rubber layers experiencing large deformations when bearings are 
subjected to heavy loads. These bearings are rigid in vertical directions but ductile in 
horizontal directions. The vertical rigidity of the interior steel plates is hundreds of times 
greater than the horizontal stiffness [13]. The experimental investigations were done to 
examine compression modulus behaviour for the rubber block attached to the rigid end of 
the plates [14]. There are many devices to be used as base isolation systems in buildings, 
but lead rubber bearings and elastomeric bearings provide convenient, inexpensive, and 
suitable solutions against seismic excitation. The steel plates are inserted to reduce the 
response of rubber bulging, i.e., to increase the vertical stiffness of the isolator [3,15]. A 
new type of laminated bearings recognized as fibre-reinforced elastomeric bearings (FREI) 
is introduced where fibre fabric is used instead of steel shims plates [16]. This paper 
provides a numerical and experimental investigation of isolator bearings, including an 
exploration of their constants and equations employed in various numerical simulations. 
The shake table test is used to analyse the responses and simulate the experimental results 
in the laboratory. In recent times, a multitude of scholars has proposed novel 
methodologies to achieve flexible behaviour in isolators, regardless of whether they are 
based on lead rubber bearing or elastomeric rubber bearing mechanisms. Elastomeric and 
lead-rubber bearings are extensively employed bearings in practice. During seismic 
occurrences, the bearings within an isolation system experience significant axial 
compressive loads resulting from the combined effects of gravity and overturning forces. 
These loads are accompanied by substantial lateral displacements occurring 
simultaneously. Nevertheless, research has demonstrated that the capacity of elastomeric 
bearings to withstand critical loads decreases as lateral displacement increases. Therefore, 
it is imperative to demonstrate stability at the greatest displacement when designing 
isolation systems consisting of these types of bearings [4]. While bearings offer numerous 
advantages, they also come with certain drawbacks. This study explores the impact of 
temperature fluctuations on the lead core in LRB and delves into the issues related to 
cavitation and buckling in rubber layers.  

This study offers a thorough examination of lead rubber and elastomeric bearings, 
encompassing their interaction with foundations and superstructures, soil effects, as well 
as responses to blasts and aircraft impact loading. Unlike previous literature, this review 
integrates various aspects, including soil-structure interaction, 3-D BI system and 
applications in diverse fields. Additionally, it evaluates the pros and cons of these bearings 
and provides insights into future research directions with limitations as closing remarks. 
Both bearing types offer unique advantages and applications in enhancing the earthquake 
resistance of buildings and infrastructure. This introduction provides a glimpse into the 
essential characteristics and functions of lead rubber and elastomeric bearings in seismic-
resistant design. 

The field of seismic BI technology has witnessed notable progress in the creation of 
advanced and sustainable base isolation devices, which possess the ability to modify their 
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properties in accordance with different intensities of seismic loading. The utilization of 
advance systems exhibits the potential to augment the overall efficacy of BI across various 
threat scenarios. In brief, BI techniques have made significant advancements since its 
inception, providing a robust approach to safeguard structures from seismic hazards. 
Through continuous study and invention, BI is undergoing constant development, 
resulting in enhanced safety and reliability of infrastructure in regions susceptible to 
earthquakes. The advancement in base isolation techniques has resulted in novel BI 
systems that showcase adaptable capabilities. The behaviour is considered adaptable 
when the Isolation characteristics exhibit substantial changes in response to varying 
loading levels. Recently, the perception of adaptive behaviour has garnered noteworthy 
consideration among scholars and researchers. This paper summarizes the historical 
developments and current understanding of adaptive BI devices in situations where active 
control mechanisms are not available. It was observed that adaptive devices possess a 
noteworthy capacity to disperse the input energy during intense seismic actions. 

2. Historical Developments 

The compilation of pertinent data about the numerical and practical evaluation of the 
chosen base isolators was sourced from credible international conferences, research 
papers, journal articles, and high-quality studies. The greatest emphasis was given to 
submissions that investigated isolation devices with adaptable characteristics. This review 
involves the utilisation of numerical investigations, modelling techniques, and 
experimental validations. In the present context, adaptive devices refer to mechanisms 
that exhibit distinct softening characteristics, followed by significant stiffening reactions 
and modifications in damping ratio as movement magnifies. Base Isolation is not a new 
tool; earlier in China and Italy, it was used in monasteries, bridges, etc. It was made of 
layered material, which allows relative movements over each other.  Its history can be 
traced back to 1870 when Touaillon [17] proposed the idea of decoupling the 
superstructure and modelled seismic isolation system. The technique was implemented by 
Frank Wright in the Imperial Hotel, Tokyo, in 1921. His design was enormously 
controversial [18]. The rudimentary concept behind this method is to decouple the 
structure to reduce the detrimental response of the strong ground motion. In the late 
1930s, the notion of a flexible first-storey was proposed [19,20]. It examined the response 
by reducing the lateral stiffness of columns at first-storey considering deformations 
concentrated at first-storey columns underground motion load. It concluded that columns 
at first-storey behave elastically, i.e., having low damping. Later on, in the late 1970s, the 
concept of a soft first-storey, which is a modified investigation of the flexible first-storey 
concept, was proposed. It considered that the first-storey columns yield during seismic 
excitation, thus controlling the displacement response and producing energy-absorption 
mechanisms. But these concepts failed to consider the three-dimensional effect of 
earthquakes and were implemented to the response of the higher storey, but potentially 
detrimental effects can occur at first-storey columns. Many roller bearings have been 
proposed, tested, and patented [21-26]. The stability of rubber bearings by theoretical 
approaches by considering linearity in rubber and small displacements was proposed [27-
29]. The Haringx theory was applied to predict the reduction in horizontal stiffness on 
increasing axial loads [30]. The implementation of rubber bearings was first implemented 
in a school building in Skopje, Yugoslavia. It was a three-storey RC building completed in 
1969 [31]. It was founded on Neoprene rubber. Since 1969, elastomers have been 
employed in seismic isolation, benefiting from their near incompressibility, capacity to 
endure substantial recoverable strains, and low shear modulus under comparatively low 
stress.  
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 With the advent of new research, there has been a significant extent of improvement has 
been made in understanding the function and operation of rubber bearings. The 
application and principles of rubber bearing isolator were proposed by [32] and its design 
details and stability by [33,34].  The lead rubber bearing was applied first in Clayton 
building in 1981 [35]. The structural components consist of the superstructure, which 
encompasses elements above the base level, like columns, beams, walls, and roofs 
supported by the substructure. The substructure, located below the base level, includes 
foundation elements such as footings or piles that transfer loads to the ground. A base-
isolation system involving isolators made of materials like rubber or steel, mitigates 
seismic effects by allowing independent movement between the superstructure and the 
substructure, absorbing, and dissipating seismic energy [11,36-37]. 

In the past few decades, the technique has grown significantly worldwide. Earlier, the 
investigations were performed based on mechanical characteristics of the bearings under 
large deformations in horizontal directions having constant vertical load [35,38-42]. 
Furthermore, many experiments were conducted to validate the results [40,41,43-45]. 
This analysis and experiment were limited to unidirectional only. Later, the analysis and 
experiment were conducted to validate the response of bearings in multi-directions. The 
seismic BI system in two horizontal directions is employed in buildings and bridges. Park 
1986 [46] proved the significance of coupling effects under multi-axial loadings. The multi-
axial response of steel dampers and HDRB was examined by Yasaka [41]. The response of 
Teflon bearings subjected to triaxial loadings was investigated by Mokha [47]. The multi-
axial loading is applied on laminated rubber bearings to envisage the cyclic response of the 
bearings [48]. It studied the mechanical behaviour of laminated bearings under biaxial, 
triaxial, and small deformations. Fig.5 shows the optimal steps and design parameters for 
the advancement of a smart BI system [49]. There are various kinds of seismic BI systems 
developed to shield structures from intense ground quakes. However, the elastomeric 
bearings and LRB are commonly employed isolators. The numerical and experimental 
analysis of elastomeric bearings and LRB based on BI systems and their outstanding 
agreement with results gives imminence confidence to structural designers to implement 
confidently. The ongoing developments and research to protect structures from the 
detrimental effect of seismic excitation are important steps to ensure the seismic safety of 
buildings. 

 

Fig. 5.  Fundamental setup for the smart isolation system [49] 
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3. Guidelines and Development of Modern Isolators 

Elastomeric materials are well-suited for use as BI systems due to their capability to 
endure significant retrievable strains. Rubber varieties like polychloroprene or 
polyisoprene, as well as rubber-like substances such as polyurethane, are potential options 
for rubber isolators. To augment both the bending and vertical characteristics of these 
isolators, a blend of rubber elastomer infused with fibres or steel is frequently employed. 
Tailored responsiveness to varying input levels can be attained by capitalizing on natural 
rubber's strain-induced crystallization feature or by utilizing elastomeric isolators with 
unbonded or partially bonded fibre reinforcement. Additionally, achieving desired 
adaptive qualities in elastomeric isolators often involves integrating supplemental 
dampers. 

Currently, various building codes such as UBC 1997, AASHTO 1999, Euro Code 8 Section 
10 Part 1, EN 15129, EN 1998-1 Section 4 & 8, NTC 2008, FEMA 273, FEMA 274, FEMA 356, 
FEMA 450, FEMA p695, ASCE 7-05, ASCE 41-06 Clause 9, ASCE 7-16 Chapter 17, ASCE 7-
22, and IS 1893 (Part 6): 2022 are utilised to conduct linear and non-linear analyses in 
order to design most base isolation (BI) structures. The ISO 22762-1 standard is employed 
in the field of elastomeric bearing design and protection. There are multiple standards 
available that offer guidance regarding the material qualities of bridge and structural 
bearings. The document EN 15129 [50] provides a comprehensive overview of the 
material properties associated with Anti-Seismic devices, such as rubber elastomeric 
isolators. The standard EN 1337-3 [51] primarily addresses the topic of elastomeric 
bearings, including detailed specifications about the mechanical and physical 
characteristics of rubber elastomeric materials. ISO 6446 [52] delineates the stipulations 
for elastomeric rubber bearings materials employed in bridges, whilst ASTM 4014 [53] 
offers standardized criteria for elastomeric materials utilised in bridge bearings. 
Nevertheless, the existing criteria fail to consider the potential impact of the constituents 
present in elastomeric rubber compounds on the characteristics of rubber constituents. 
Table 1 shows the comparison of different codes for linear equivalent analysis. Therefore, 
it is evident that additional investigation is essential in this particular domain to 
investigate the effect of rubber elastomer constituents on the mechanical and dynamic 
characteristics of the isolator. 

Table 1. Equivalent Linear Analysis codal comparison of different parameters [54] 

Structure Sign Algeria Taiwan Japan USA China Italy 

Superstr-
ucture 

QS 
QISO
Ri

 
QISO
Ri

 𝑄𝐼𝑆𝑂  
QISO
Ri

 𝑄𝐼𝑆𝑂 
QISO
Ri

 

 Qj 
QSMiHi
∑ MjHj
n
j=1

 
QSMiHi
∑ MjHj
n
j=1

 γ(𝐴𝑖𝑄𝜉 + 𝑄𝑒) 
QSMiHi
∑ MjHj
n
j=1

 
QSMiHi
∑ MjHj
n
j=1

 𝑀𝑗𝑆𝑎(𝑇𝑒 , 𝜉𝑒) 

Substruct-
ure 

Q𝑏 
𝐾𝑒𝐷𝐷
0.8𝑅𝑖

 
𝐾𝑒𝐷𝐷
0.8𝑅𝑖

 𝑄𝐼𝑆𝑂  𝐾𝑒,𝑚𝑎𝑥𝐷𝐷 𝑄𝐼𝑆𝑂 𝑄𝐼𝑆𝑂 

Time 
period 

𝑇𝑒 2𝜋√
𝑀

𝐾𝑒
 2𝜋√

𝑀

𝐾𝑒
 2𝜋√

𝑀

𝐾𝑒
 2𝜋√

𝑀

𝐾𝑒,𝑚𝑖𝑛
 2𝜋√

𝑀

𝐾𝑒
 2𝜋√

𝑀

𝐾𝑒
 

Isolation 
System 

𝐷𝐷 
𝑀√

7

2+𝜉
𝑆𝑎𝑇𝑒

𝐾𝑒
 
𝑔

4𝜋2
 
𝑆𝑎𝐷𝑇𝑒𝐷

2

𝐵
 
𝑀𝐹ℎ(𝜉)𝑍𝐺𝑆𝑆𝑜(𝑇𝑒)

𝐾𝑒
 
𝑔

4𝜋2
 
𝑆𝐷1𝑇𝐷
𝐵𝐷

 
𝑄𝐼𝑆𝑂
𝐾𝑒

 
𝑀𝑆𝑎(𝑇𝑒 , 𝜉𝑒)

𝐾𝑒,𝑚𝑖𝑛
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Notations 
𝐷𝐷: Design Displacement 
𝑄𝐼𝑆𝑂: Shear force 
Qj: Portion of  𝑄𝑆 that is assigned to Level 𝑖 

Mi: Portion of M that is located at or assigned to Level 𝑖 
Mj: Portion of M that is located at or assigned to Level 𝑗 

Hi: Height above the base of Level 𝑖 
Hj: Height above the base of Level 𝑗 

Q𝑏: Minimum lateral force 
𝑆𝐷1: Design 5 percent damped spectral acceleration parameter at 1-s period 
𝑇𝐷: The effective period of the isolated structure at design displacement 
𝐵𝐷: Numerical coefficient related to the effective damping of the isolation  
the system at the design displacement 
Ri: Reduction factor linked to the ductility of the superstructure 
QS: Shear force at the base of the superstructure 
𝐴𝑖: Seismic shear force coefficient distribution 
𝛽(𝜉, 𝑇𝑒): Response reduction factor 
𝑆𝑎(𝑇𝑒 , 𝜉𝑒): Spectral acceleration 
𝜉: Equivalent damping factor 
𝜆𝑆: Property Modification Factor 
𝐾𝑒: Effective stiffness 
𝐾𝑒,𝑚𝑎𝑥: Maximum effective stiffness 
𝐾𝑒,𝑚𝑖𝑛: Minimum effective stiffness 

𝐷𝑀: Maximum design displacement 
𝐷𝑇𝐷: Total design displacement 
𝑦𝑖: Distance between the centre of rigidity of the isolation system rigidity and the element 
 of interest measured perpendicular to the direction of seismic loading under 
consideration 
𝑒: Actual eccentricity 
𝑏: Shortest plan dimension of the structure 
𝑑: Longest plan dimension of the structure 
𝑍: Seismic hazard zone factor 
𝐺𝑆: Soil amplification factor 
 

Rubber substances, such as polychloroprene or polyisoprene, as well as materials with 
rubber-like characteristics, such as polyurethane [55], may be viable options for 
elastomeric isolators. The incorporation of a composite material comprising of rubber 
elastomers, which are reinforced with steel or fibres, is a prevalent approach to improving 
the bending and vertical characteristics of the bearing. The attainment of adaptable 
behaviour at various levels of input can be accomplished by the utilization of strain-
induced crystallization, a characteristic inherent to natural rubber [56], or by employing 
partially bonded or unbonded fibre-reinforced elastomeric isolators [57-59]. In 
elastomeric rubber isolators, it is a prevalent practice to achieve the needed adaptability 
through the incorporation of additional dampers [60.61]. Numerous studies, both 
numerical [61-64] and experimental [65,66], have examined the incorporation of steel 
dampers into elastomeric isolators. Yuan [60] introduced an innovative polyurethane 

 𝐷𝑇𝐷 
(1+

𝑦𝑖
12𝑒

𝑏2+𝑑2
) 

(1+

𝑦𝑖
12𝑒

𝑏2+𝑑2
) 

1.1 
(1+

𝑦𝑖
12𝑒

𝑏2+𝑑2
) 

(1+

𝑦𝑖
12𝑒

𝑏2+𝑑2
) 

(1+

𝑦𝑖
12𝑒

𝑏2+𝑑2
) 

 𝑄𝐼𝑆𝑂 𝐾𝑒𝐷𝐷 𝐾𝑒𝐷𝐷 𝐾𝑒𝐷𝐷 𝐾𝑒,𝑚𝑎𝑥𝐷𝐷 𝑆𝑎(𝑇𝑒)𝛽𝑀 𝐾𝑒,𝑚𝑎𝑥𝐷𝐷 

 𝐷𝑀 1.5𝐷𝑇𝐷 1.5𝐷𝑇𝐷 𝛾𝐷𝑇𝐷 𝐷𝑀 𝜆𝑆𝐷𝑇𝐷 - 
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elastomeric steel shim isolator attached through steel dampers designed to remain 
inactive during short displacements. Addressing the requirement for higher vertical 
capability bearings, particularly for heavyweight and larger span bridges, engineers 
introduced a polyurethane elastomer (PUE) material with enhanced shear performance 
[54]. PUE consists of both rigid and ductile sections, allowing for the adjustment of 
mechanical properties [67,68]. PUE bearings consist of notable vertical strength and shear 
deformability, capable of achieving an eventual shear strain of 300% and compressive 
stress exceeding 60 MPa in experiments. PUE demonstrates an energy dissipation 
capability of approximately 10%-14% at a shear strain of 150%. To mitigate extreme 
displacement during severe ground motion, the system was enhanced by integrating 
hysteretic dampers to reinforce the polyurethane bearing. This combination allows for the 
synergistic application of the bearing's high vertical strength and energy dissipation 
capability. The steel damper-reinforced polyurethane bearing is composed of a 
polyurethane bearing with four C-shaped hysteretic dampers. This configuration has been 
considered to attain a damping of 20% when subjected to a shear strain of around 150% 
[60]. The steel dampers and PUE are mounted to the upper and lower plates, 
correspondingly. An initial clearance is provided between the PUE and the steel ring in 
order to allow for unrestricted movement of the superstructure in response to mild load 
impacts. To mitigate the effects of frictional heating and maintain low stiffness during 
minor events, a circular sheet made of polytetrafluoroethylene (PTFE) is incorporated into 
the bottom plate of the system. This PTFE sheet serves the dual purpose of safeguarding 
the system from excessive heat generated by friction and ensuring its flexibility under 
minor disturbances. Therefore, in the case of small shifts, reactions are mostly governed 
directly by the PUE. However, for bigger displacements beyond the preliminary gap, the 
steel dampers come into play and contribute to the dissipation of the seismic energy. 

An alternate methodology for the process of developing Isolators leverages a characteristic 
of natural rubber known as strain-induced crystallization [69]. The process of 
crystallization has the ability to take place in a broad range of natural rubber combinations, 
but the shear strain essential for crystallization (generally 100% or higher) depends on 
combining and filler content. The occurrence of Strain-Induced Crystallization (SIC) was 
readily apparent in guayule and dandelion natural rubbers following purification using 
acetone, crosslinking with Sulphur, and subsequent application of strain. The guayule 
natural rubber demonstrated a more notable strain-induced crystallization (SIC) 
phenomenon when exposed to substantial stretching in comparison to the Hevea natural 
rubber.  

In contrast, dandelion natural rubber displayed a SIC behaviour similar to that of Hevea 
natural rubber [70]. Building upon this property, Yang [9] introduced a system called 
crystallizing rubber isolation (CRS). Yang [9] also conducted numerical assessments to 
compare the performance of CRS with that of the lead plug system, featuring bilinear 
hysteresis, concerning structural and equipment response. The study revealed that the 
structural floor acceleration results were larger for the lead plug system when considering 
shorter durations, which is consistent with the behaviour typically observed in bilinear 
systems. Nevertheless, this approach is less appropriate for safeguarding conventional 
machinery that possesses shorter natural durations. On the other hand, the CRS system 
demonstrated reduced floor acceleration responses that fell within the designated period 
range, so effectively safeguarding the devices. With the advent of modern research and 
new technology, there are many others ‘Adaptive’ seismic isolation system has been 
developed other than Elastomeric Rubber Bearing and LRB, which is being in practice.  
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4. Factors Affecting Bearing Performance 

In the realm of seismic engineering, there are three critical factors that require 
consideration: the occurrence of cavitation and buckling in bearings, the influence of 
temperature on the performance of lead cores, and the interaction between soil and 
structure. These elements play a fundamental role in determining the efficiency of base 
isolation systems, and they are subjects of extensive research and enhancement in 
earthquake-resistant construction. 

  4.1. Cavitation and Buckling Phenomena in Bearings 

Cavitation in rubber bearings, particularly elastomeric ones used for seismic isolation, 
arises from micro-cracks in the rubber volume and can result in irreparable damage [71]. 
It leads to material degradation, reduced bearing performance, loss of load-carrying 
capacity, increased vibrations and displacements, and poses a risk of failure in critical 
structures. To mitigate cavitation, engineers and researchers consider material selection, 
damping devices, optimized design, advanced analysis, and experimental testing. 
Cavitation damage increases with higher tensile strain amplitudes, and no additional 
damage occurs if the preceding maximum strain is not surpassed. Exceeding the prior 
maximum strain results in new cavity formation and additional damage, leading to a 
decrease in cavitation strength, which eventually stabilizes at a minimum value [72]. 

Furthermore, the study involved conducting investigations on a total of sixteen rubber 
bearings obtained from two different manufacturers. These bearings had comparable 
geometric characteristics but differed in terms of their shear moduli. The objective of the 
study was to gain insights into the cavitation behaviour exhibited by these bearings. The 
researchers conducted an investigation into the effects of cavitation on shear and axial 
properties. They performed post-cavitation tests to gather data and subsequently verified 
a tension model for elastomeric bearings using the experimental results. This model was 
then incorporated into software platforms such as OpenSees, ABAQUS, and LS-DYNA [73]. 

Low shear stiffness in bearings leads to a well-studied buckling phenomenon, with theory 
providing reasonably accurate design safety factors against buckling instability [74-76]. 
This theory, based on linear elastic analysis, is applied despite elastomers not being strictly 
linearly elastic. However, elastomers used in bearings typically exhibit significant linearity 
in shear over a wide strain range [77]. Studies by Kelly and other researchers [78-80] 
confirm that the linear theory, though an approximation, is generally accurate and 
sufficient for most design needs. The phenomenon of rubber-bearing buckling has been 
extensively investigated under compressive loads, yet there remains a research gap 
concerning buckling under tension. Experimental validation of the response of steel-
reinforced bearings under high shear strain was performed [81]. They employed a non-
linear analytical model depending upon the Koh-Kelly framework, corroborated by 
empirical findings, which encompassed elastomer non-linearity, substantial rotations, and 
displacements, as demonstrated by Nagarajaiah and Ferrell. The predictive behaviour of 
multi-layered elastomeric bearings was assessed through finite element numerical 
simulation using ABAQUS software [16]. Notably, the occurrence of buckling is induced by 
the low shear stiffness. Theoretically, buckling is rooted in linear elastic model analysis. 
However, the practicality deviates from this, given that elastomers exhibit non-linear 
behaviour, closely approximating the elastic range within a shear strain. Regarding design 
considerations, the linear theory proves relatively suitable and accurate. Through this 
analysis, it was deduced that the mechanism of an elastomeric isolator in tension, mirror 
its behaviour in compression. When subjected to tension, the rubber layers at the bearing's 
central region undergo rotations in opposing directions, engendering shear deformation 
due to the tensile force. Consequently, substantial displacements allow the isolator's upper 
portion to ascend. Owing to non-linear geometric effects inherent in the cylindrical rubber 
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model, the compressive load leading to buckling surpasses the corresponding load in 
tension. In compression, the vertical load remains nearly constant, and rubber bearings 
deflect horizontally. In contrast, tension entails a gradual reduction in vertical load 
accompanied by horizontal deflection. 

4.2. Impact of Temperature on Lead Core Performance 

The Finite Element Analysis (FEM) was performed considering the steel, rubber, and LRB 
isolation, but it was limited to mechanical behaviour only [15,82]. The numerical and 
experimental examination was accomplished to appraise the effect of lead core heating on 
durability degradation. It extensively investigated the mechanical response of LRB and 
proposed a model based on Kalpakidis and Constantinou [83-85].  This model accounts for 
the effects of lead-core heating under cyclic shear loadings. The system has the ability to 
forecast the instantaneous temperature of the lead core and its immediate impact on the 
properties and strength of the bearings [86]. This model is expressed as the bi-linear 
hysteretic model, which is further executed and analysed in SAP2000 and 3D-BASIS 
computer software. Further, the results were validated by [83-85]. The bounding analysis 
theory is applied in the context of the lead-core rubber response of bearings to evaluate 
the importance of lead-core heating. In this analysis, the material characteristics variations 
are considered at the time of bearings fabrication. Additionally, it incorporates the changes 
in the mechanical behaviour of the isolators that occur during the life span of bearings due 
to loading history, environmental changes, and aging. It was accounted by analysis done 
through upper bound and lower bound properties. The scaling of lead rubber bearing was 
considered 3-4 times reduced-sized specimen for investigation [87]. They proposed a 
model that considered the rise in temperature in the lead core owing to the repeated cyclic 
motion of LRB, which is governed by the subsequent set of equations:  

𝑑𝑇𝐿
𝑑𝑡

=
𝜎𝑌𝐿0𝑒𝑥𝑝 (−𝐸2𝑇𝐿) ∙ 𝑣(𝑡)

𝜌𝐿𝑐𝐿ℎ𝐿
−

𝑘𝑠𝑇𝐿
𝑎 ∙ 𝜌𝐿𝑐𝐿ℎ𝐿 

(
1

𝐹
+ 1.274 ∙ (

𝑡𝑠
𝑎
) ∙ (𝑡̅)−1/3) (1) 

𝐹 =

{
 
 

 
 

2 ∙ (
𝑡̅

𝜋
)

1

2

−
𝑡̅

𝜋
∙ [2 − (

𝑡̅

4
) − (

𝑡̅

𝜋
)

2

−
15

4
(
𝑡̅

𝜋
)

3

] , 𝑡̅ < 0.6

8

3𝜋
−

1

2(𝜋 ∙ 𝑡̅)
1

2

∙ [1 −
1

3 ∙ (4𝑡̅)
+

1

6 ∙ (4𝑡̅)2
−

1

12 ∙ (4𝑡̅)3
] , 𝑡̅ ≥ 0.6

}
 
 

 
 

 

(2) 

𝑡̅ =
𝛼𝑠𝑡

𝑎2
 (3) 

where, 𝑇𝐿 lead core temperature rises at time 𝑡,  𝑣(𝑡) = |𝑑𝑢 𝑑𝑡⁄ |, where 𝑢 = motion of the 
lead-rubber bearing, Parameter 𝑡̅ is referred to as the 'dimensionless time'. In Eq. (1)–(3),  
𝜎𝑌𝐿0, initial effective yield stress of lead, 𝜌𝐿 is the density of lead, 𝑐𝐿 is the specific heat of 

lead, 𝑎 is the radius of the lead core, 𝑘𝑠, thermal conductivity of steel, 𝛼𝑠 is the thermal 

diffusivity of steel, 𝑡𝑠 is the total thickness of the shim plates, ℎ𝐿 is the height of the lead 
core, and 𝐸2 related the effective yield stress of lead to its temperature. Here, 𝐸2 is 
experimentally determined from the testing of lead samples [84]. The effect of lead core 
heating with LRB in near-fault zone is studied deeply [88], finding minimal impact from 
geometric parameters. Bounding analyses tend to overestimate displacements, especially 
with higher earthquake magnitudes and larger lead core diameters. The rise in lead core 
temperature decreases with increasing lead core diameter due to reduced cyclic 
displacement amplitudes. The post-elastic period and rubber height have negligible effects 
on lead core heating. Additionally, the study explores the influence of low temperatures on 
LRB hysteretic properties [89]. Conditioning full-scale LRBs from -20 °C to 20°C, the study 
applies displacement-controlled cyclic motions at frequencies of 0.1 and 0.5 Hz. Results 
reveal that post-yield stiffness and characteristic strength increase with decreasing 
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temperature, with characteristic strength showing greater sensitivity to temperature 
variations than post-yield stiffness. 

 4.3. Influence of Soil-Structure Interaction  

The concept of soil-structure interaction within a BI system pertains to the dynamic 
interplay and interaction between the foundation (structure) and the encompassing soil 
when exposed to external pressures, such as seismic quakes. The aforementioned 
interaction has the potential to exert a substantial influence on the performance of the 
BI system and the overall reaction of the building during seismic events. The impact of soil-
structure interaction (SSI) is disregarded during isolator design, often assumed to involve 
a rigid base [90]. Yet, sacking SSI's influence leads to inaccurate assessments of structural 
response. SSI can be defined as a bidirectional interaction: the soil's behaviour influences 
the structure's motion, and vice versa. Evaluations of bridge seismic responses, 
considering elastomeric bearings and accounting for SSI, are presented [91]. In 1978, 
Bielak [92] employed the equivalent linearization method to scrutinize the harmonic 
response of a bilinear hysteretic structure resting on a viscoelastic half-space. When soil 
flexibility is neglected, and the BI system is assumed linear, results are deduced (78). 
Extending Bielak's model [93], SSI's effect on the non-linear seismic response of the BI 
system in simple elastic structures was explored. It was deduced that, minus SSI effects 
and in undamped scenarios, a harmonic motion emerges beyond the isolator's steady-state 
response, resulting in unbounded superstructures. Furthermore, it was found that 
assuming a rigid BI system aligns with the outcomes of [94] for elastic 1-DoF systems. If 
the superstructure's rigidity is assumed, [92] findings hold. Nevertheless, recent research 
proposes that under intense ground motion, non-linear effects (e.g., gapping, uplift, sliding) 
frequently occur near the soil-structure boundary [95]. SSI effects are categorized into two 
types: (a) Kinematic Interaction and (b) Inertial Interaction. While kinematic interaction 
remains under investigation, inertial interactions have been explored (3). Soft soil 
resonates more than rock, intensifying shaking and elevating the natural period at peak 
response to align with the range of isolated building vibration natural periods. Considering 
SSI's mutual influence, Han [96] adopted an iterative approach for numerically simulating 
base-isolated systems in nuclear power plants. The authors incorporated isolator material 
non-linearity. The SSI analysis outcome showcases a noteworthy reduction in horizontal 
displacement for isolated nuclear power plants. Linear equivalent SSI analysis [97] and 
non-linear SSI analysis of isolated nuclear structures with rigid basemats were conducted 
[98]. The reference study adhered to ASCE 4-16 for non-linear analysis, following a multi-
step procedure integrating equivalent linear methods and time-domain techniques that 
account for both SSI effects and isolator non-linear behaviour. An array of literature 
explores numerical simulations concerning the interplay between SSI and BI systems, 
predominantly focusing on the horizontal component of seismic motion. However, 
addressing the effects of the transverse component is crucial for a comprehensive 
understanding of isolator behaviour and field response. 

5. Experimental Modelling of Elastomeric and Lead Rubber Bearings 

Over the course of more than three decades, a significant amount of shaking table testing 
has been conducted on buildings equipped with base isolation systems. This testing has 
occurred simultaneously with the advancement of isolation devices designed for use in 
large-scale structures and the global development and refinement of base isolation 
practices. The initial tests were primarily focused on validating various isolation devices 
and establishing the feasibility of the concept, but they lacked rigorous criteria for 
measuring the responses of buildings. The development of elastomeric bearings has 
outpaced the progress of friction-based sliding systems. Shake table experiments were 
performed on several of the original systems at the Earthquake Engineering Research 
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Centre (EERC) located at the University of California. The systems comprised elastomeric 
bearings with low damping, elastomeric rubber bearings with steel dampers [99], and 
elastomeric rubber bearings with improved damping through a friction fail-safe 
mechanism. The lead-rubber bearing (LRB), which originated in New Zealand [100], was 
subjected to shake table testing at EERC for evaluation purposes [101]. The evaluation of 
systems was conducted on a 5-storey frame assembly, which allowed for the examination 
of responses in higher modes and the assessment of the efficacy of different techniques to 
implement seismic isolation. Numerous studies have frequently shown that isolation 
systems characterised by elevated levels of damping, particularly nonlinear damping, have 
proven to be successful in managing isolator displacements. However, this approach has 
also been found to lead to amplified floor accelerations and heightened high-frequency 
responses.  The effect of tension on rubber bearings was investigated by experimental 
analysis [102]. It considered sixteen rubber bearings to perform experiments, including 
lead-plug rubber bearings, natural rubber bearings, and high-damping rubber bearings. It 
evaluated the characteristics and factors involved in the performance of rubber bearings, 
including tensile properties, compression, and shear response. The shake table is used for 
experimental testing of the bearing.  

A comprehensive shake table test was conducted in Japan to evaluate the extent of seismic 
damage in a realistic manner [103]. The experiment involved the evaluation of multi-
storey building models using shake tables and sliding elastomeric bearings [104]. Astroza 
[105] conducted an experiment on a whole five-storey reinforced concrete (RC) building 
using the NEES-UCSD shaking table. The study focused on analysing the building's 
structural reactions, non-structural components, and dynamic interactions under different 
ground motions. The specimens used in this study were subjected to various conditions, 
such as forced vibration, impact-free vibration, and ambient vibration while being 
supported by fixed and isolated bases. These conditions were compared to the SEAONC 
Tentative Code of 1986 [104]. The investigation encompassed a total of eight distinct 
ground motion records. A three-storey reinforced concrete masonry building was 
employed in high seismicity zones, utilising a rubber elastomeric bearing isolator to 
mitigate lateral force responses. This structure was built at a one-quarter scale [106]. In 
their study, Wu and Samali (2002) [107] conducted a shake table analysis to verify the 
accuracy of their numerical findings pertaining to a 5-storey steel frame building that was 
outfitted with laminated rubber bearings. A 3m×3m shaking table was employed in the 
study, with a maximum acceleration of ±0.9g, a load capacity of up to 10 tonnes, and a 
maximum stroke of ±100mm. The frequency of the input waveform spanned from 0.1 to 
50 Hz, while the time axis was scaled down to one-third of its original size. In 2007, a study 
was conducted in China to analyse a high-rise building model consisting of 30 storeys. The 
analysis was performed on a shake table of 4m4m, with a maximum payload capacity of 
250 KN [108]. The frequencies observed in the study spanned from 0.1 Hz to 50 Hz, while 
the maximum accelerations recorded were 0.7g in the vertical direction, 1.2g in the 
longitudinal direction, and 0.8g in the transverse direction.  

The adaptability of a base isolation system was investigated by Madden [109] and Patrick 
[110] through the implementation of laboratory experiments with scale-model building 
structures. Over the years, as time has advanced, researchers have consistently introduced 
fresh ideas and innovations in the field of base isolation. These concepts have been 
validated through successful shake table testing. The dynamic properties were assessed by 
means of the autoregressive with exogenous term (ARX) approach and the frequency 
response function (FRF) curve-fitting method [111], based on floor acceleration 
measurements. This research aimed to detect structural damage in high-rise steel 
buildings under realistic ground conditions using full-scale shaking table tests. In their 
study, Tagliafierro [112] performed a shaking table analysis on a steel pallet racking 
structure, which incorporated a seismic isolation device. The base isolation system 
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underwent 3-D shaking table testing at the E-defence facility, also known as the Hyogo 
Earthquake Engineering Research Centre, located in Japan. The testing was conducted on 
a 15m×20m platform with a load-bearing capacity of 12000 metric tonnes, specifically 
designed for tiny full-scale buildings. At maximum payloads, the system exhibited 
horizontal accelerations above 0.9 times the acceleration due to gravity (0.9g) and vertical 
accelerations of 1.5 times the acceleration due to gravity (1.5g). The experiment conducted 
at E-Defence [113] involved subjecting a steel frame building with five storeys to seismic 
shaking. The latest shake table experiment conducted at E-defence examined the 
performance of lead rubber bearings and the realistic reaction of a full-scale isolated 
structure. This experiment yielded valuable insights into various aspects, such as base 
shear, floor acceleration, and maximum storey drift. The comprehensive shaking table 
experiments conducted on BI structures unveiled significant impairment to non-structural 
elements. Nevertheless, unpredictable ground motions and significant horizontal 
displacements at the isolator level for extended durations and during extreme occurrences 
have generated apprehension inside base isolation (BI) systems. The design of isolators for 
extreme events may lead to stiffness that exhibits insufficient responsiveness to lower 
ground vibrations. 

6. Numerical Modelling of Elastomeric and Lead Rubber Bearings  

Implementing numerical modelling techniques performs a vital task in comprehending 
and enhancing the capability of elastomeric rubber bearings and LRB within structural 
solutions. The procedure encompasses several steps, including the definition of geometric 
and material properties, the selection of suitable constitutive models, the application of 
boundary conditions and loadings, the execution of finite element analysis (FEA), the 
incorporation of contact and friction modelling, the integration of damping mechanisms, 
the performance of non-linear analysis, the validation and calibration of the model, the 
execution of sensitivity analysis and optimisation, and the interpretation of the obtained 
results. Numerical simulations offer valuable insights into the functioning of isolation 
devices across diverse situations, facilitating design improvements and bolstering seismic 
resilience. 

 6.1. Material Properties used for Numerical Simulations and Analysis 

The behaviour of rubber is like homogenous, isotropic, hyper elastic, and incompressible 
solids.  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) (4) 

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  (5) 

𝐼2 = 𝜆1
2𝜆2

2 + 𝜆2
2𝜆3

2 + 𝜆3
2𝜆1

2 (6) 

𝐼3 = 𝜆1
2𝜆2

2𝜆3
2 (7) 

The design and modelling of hyper-elastic materials hinge on the careful selection of an 
appropriate strain-energy function W, as well as the precise determination of material 
constants. The choice of a particular model is contingent upon the inherent material 
properties. The equations presented herein illustrate various models, along with their 
respective material constants and model parameters utilized in numerical simulations. 
These values are crucial for numerical analysis of the rubber hyper elastic properties. 
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6.1.1. Aruda-Boyce strain energy potential model [114-117] 

𝑈 = µ{
1

2
(𝐼1̅ − 3) +

1

20𝜆𝑚
2 (𝐼1̅

2 − 9) +
11

1050𝜆𝑚
4 (𝐼1̅

3 − 27) +
19

7000𝜆𝑚
6 (𝐼1̅

4 − 81) +

519

673750𝜆𝑚
8 (𝐼1̅

5 − 243)}+ 
1

𝐷
(
𝐽𝑒𝑙
2 −1

2
− 𝑙𝑛𝐽𝑒𝑙) 

 

(8) 

Table 2. Coefficients for Model calculated by ABAQUS® 

Mu Mu_0 Lamda_M D R2 

0.4283 0.4462 3.9142 1.712𝑒−3 0.9902 

6.1.2. Marlow Model  

The strain energy function for the Marlow form are as follows [114]: 

𝑈 = 𝑈𝑑𝑒𝑣(𝐼1̅) + 𝑈𝑣𝑜𝑙(𝐽𝑒𝑙) (9) 

𝑈𝑑𝑒𝑣  is a deviatoric part of strain energy per unit volume and 𝑈𝑣𝑜𝑙  is volumetric part  

6.1.3. Ogden Model  

The potential strain energy function for the Ogden model are as follows [114]: 

𝑈 =∑
2µ𝑖
𝛼𝑖
2 (�̅�1

𝛼𝑖 + �̅�2
𝛼𝑖 + �̅�3

𝛼𝑖 − 3) +∑
1

𝐷𝑖
(𝐽𝑒𝑙 − 1)2𝑖

𝑁

𝑖=1

𝑁

𝑖=1

 

 

(10) 

Table 3. Coefficients for Model calculated by ABAQUS® 

Mu_I Alpha_I D_I R2 

0.4451 -0.2241 1.824𝑒−3 0.9896 

6.1.4. Mooney-Rivlin Model  

The potential strain energy Mooney-Rivlin model are as follows [114,118-119]: 

𝑈 = 𝐶10(𝐼1̅ − 3) + 𝐶01(𝐼2̅ − 3) +
1

𝐷1
(𝐽𝑒𝑙 − 1)2 (11) 

Table 4. Coefficients for Model calculated by ABAQUS® 

𝑪𝟏𝟎(MPa) 𝑪𝟎𝟏(MPa) 𝑫𝟏 𝑹𝟐 
0.3339 -3.37𝑒−4 1.5828𝑒−3 0.9881 

6.1.5. Neo-Hookean Model  

The potential strain energy function for Neo-Hookean Model are as follows [114]: 

𝑈 = 𝐶10(𝐼1̅ − 3) +
1

𝐷1
(𝐽𝑒𝑙 − 1)2 (12) 

Table 5. Coefficients for Model calculated by ABAQUS® 

𝑪𝟏𝟎(MPa) 𝑫𝟏 𝑹𝟐 

0.2587 1.5828𝑒−3 0.9710 

6.1.6. Yeoh Model  

The potential strain energy function for Yeoh Model are as follows [114]: 
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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 

(13) 

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  

 

(14) 

Table 6. Coefficients for Model calculated by ABAQUS® 

𝑪𝟏𝟎(MPa) 𝑪𝟐𝟎(MPa) 𝑪𝟑𝟎(MPa) 𝑫𝟏 𝑫𝟐 𝑫𝟑 𝑹𝟐 
0.2019 4.43𝑒−5 1.29𝑒−4 2.183𝑒−3 8.68𝑒−5 -1.794𝑒−5 0.9962 

6.1.7. Van der Waals model [114] 

The potential strain energy equation for Van der Waals Model are as follows: 

𝑈 = µ{−(𝜆𝑚
2 − 3)[ln(1 − 𝜂) + 𝜂] −

2

3
𝑎 (
𝐼 − 3

2
)

3

2

} +
1

𝐷
(
𝐽𝑒𝑙
2 − 1

2
− ln𝐽𝑒𝑙) (15) 

Where, 𝐼 = (1 − 𝛽)𝐼1̅ + 𝛽𝐼2̅ and  𝜂 = √
𝐼−3

𝜆𝑚
2 −3

, 𝜆𝑚= locking stretch, a= global interaction β= 

invariant mixture parameter, µ= shear modulus. 

6.1.8. Polynomial Model 

The potential strain energy function of Polynomial model are as follows: 

𝑈 = ∑ 𝐶𝑖𝑗(𝐼1̅ − 3)
𝑖(𝐼2̅ − 3)

𝑗 +

𝑁

𝑖+𝑗=1

∑
1

𝐷𝑖

𝑁

𝑖=1

(𝐽𝑒𝑙 − 1)2𝑖  (16) 

Where 𝐶𝑖𝑗 and 𝐷𝑖  are temperature dependent parameter 

6.1.9. Reduced Polynomial Model 

The model is the same as the Polynomial Model by omitting the second deviatoric invariant 
of the Cauchy Green tensor. The potential strain energy functions are as follows:  

𝑈 =∑𝐶𝑖0(𝐼1̅ − 3)
𝑖 +

𝑁

𝑖=1

∑
1

𝐷𝑖

𝑁

𝑖=1

(𝐽𝑒𝑙 − 1)2𝑖  (17) 

𝐶𝑖0, 𝐷𝑖 are material constant, 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. The µ𝑖 and 𝛼𝑖 are constants that depend 
upon shear behaviour and 𝐷𝑖  is compressibility. 

6.1.10. Numerical Analysis of Bearings 

Numerical modelling of rubber bearings and LRBs provides valuable insights into their 
behaviour under dynamic loading conditions and aids in the development of more effective 
and reliable seismic isolation systems. The finite element micro-modelling of lead rubber 
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bearings was performed in ADINA software [82]. The micromodels give more detailed and 
accurate results of stress, strain, and strength of LRBs. The modelling and analysis of low-
damping rubber bearings and LRB inserted into BI structures presented for design basis 
earthquakes (DBE). Earlier, although numerous experiments were performed to evaluate 
the effectiveness of elastomeric bearings and LRB, but very few of them were evaluated 
numerically. However, with the recent developments in software, the results were verified 
experimentally and numerically to justify the effectiveness of bearings. The size and the 
dimensions of its different parts are shown in Table 7 for Elastomeric rubber bearings and 
in Table 8 for lead rubber bearings.  The finite element model of passive control lead 
rubber and elastomeric bearings is presented [15]. The numerical modelling and analysis 
using the stiffness matrix of laminated rubber bearings were performed to evaluate the 
behaviour of columns by Haringx's theory, which considered two independent variables, 
i.e., rotation angle and lateral displacement [120]. 

Table 7. Comparison of elastomeric rubber bearing 

Proposed by 
Outer 

Diameter 
(𝑑𝑜)mm 

Lead 
Core 

Diameter 

Thickness 
of single 
Rubber 

Pads (𝑡𝑟) 

Total 
Number 

of 
Rubber 

pads 

Thickness of 
steel shims 

Total 
number 
of steel 

pads 

Horizontal 
Stiffness 

(KN/mm) 

Displacement 
△𝑚𝑎𝑥(mm) at 
lateral Force 

(KN) 

Basshofi et al. 
2019 [121] 

350 60 7 15 0.5 14 0.49 
90mm at 

50KN 
Robinson and 
Tucker (1980) 
[35] 

600 105 - - 5 8 
1.7±0.1 

(without 
lead plug) 

45mm at 
160KN 

Kalpakidis and 
Constantinou 
[84] 

1000 200 6.7 30 4.8 29 - 
400mm at 
1200KN 

Weisman and 
Warn(2012) [4] 

152 30 3 20 3 19 - 
70mm at 18 

KN 

Table 8. Comparison of lead rubber bearing 

Proposed by 
Basshofi 

2019[121] 

Robinson 
and Tucker 
[35] (1980) 

Kalpakidis and 
Constantinou [87] 

Weisman and 
Warn(2012)[4] 

Doudoumis 

2005 
Kanbir [122] 

Outer Diameter (𝑑𝑜)mm 350 600 1000 152 601 520 

Lead Core 
Diameter(mm) 

60 105 200 30 116.8 75 

Thickness of single 

Rubber Pads (𝑡𝑟)(mm) 
7 - 6.7 3 9.5 14.4 

Total Number of Rubber 

pads(mm) 
15 - 30 20 11 18 

Thickness of steel shims 

(mm) 
0.5 5 4.8 3 3.0 2.0 

Total number of steel 

pads (mm) 
14 8 29 19 10 17 

Displacement 
△𝑚𝑎𝑥(mm) at lateral 
Force (KN) 

90mm at  
50KN 

45mm at 

160KN 
400mm at 1200KN 70mm at 18 KN 

152.4mm at 

260KN 
- 

 

To assess the effectiveness of elastomeric bearings, a comparison between fixed base and 
rubber-isolated base structures has been conducted using SAP 2000. The analysis 
considered a linear elastic structure—a 10-story RC residential building located in Dhaka 
[95]. The center-to-center spacing is 7.62 meters in both directions. The given data 
includes the following: characteristic strength of 28 MPa, yield stress of 414 MPa, a live 
load of 2.4 KPa, a dead load (excluding self-weight) of 4.8 KPa, slab thickness of 150 mm, 
exterior corner dimensions of 750 mm × 750 mm, exterior middle column dimensions of 
950 mm × 950 mm, interior column dimensions of 1000 mm × 1000 mm, and various beam 
sizes, including 525 mm × 825 mm, 600 mm × 900 mm, and 550 mm × 900 mm. 
Additionally, grade beams of 300 mm × 375 mm each are considered. There are two types 
of isolators used in this analysis: the first is LRB, and the second one is HDRB. The 
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dimensions and properties of different isolators are as mentioned. The plan dimension of 
the lead rubber bearing is 800 mm, the layer thickness is 10 mm, the number of layers is 
16, the lead core size is 150 mm, and the total height of the bearing is 240 mm. The 
horizontal effective stiffness for LRB is 2306.5 kN/m. The plan dimension of HDRB is 950 
mm, the layer thickness 10 mm, the number of layers is 16, the lead core size is 175 mm, 
and the total height of the bearing is 240 mm. The horizontal effective stiffness for HDRB 
is 5186.92 kN/m. The horizontal stiffness for the total isolation system is 83586.28 kN/m. 
The results are presented for both fixed base and isolated base structures. Fig. 6 illustrates 
the schematic representation of the building in Mode 1 for the fixed base, while Fig. 7 
depicts the schematic representation of the isolated base structure in the same mode. 
Further details are provided in Table 9.  The pushover analysis is conducted to generate 
the capacity curve of the building, both with isolator and without isolator as shown in Fig. 
8.  

  

Fig. 6.  Response of Fixed Base structure 
in Mode 1 

Fig. 7.  Response of Isolated Base 
structure in Mode 1 

Table 9. Modal Responses of fixed-base and isolated-base structures in SAP 2000 

Mode 

Fixed Base Isolated Base 

Time 
Period(s) 

Cumulative Mass 
Participation Ratio Time 

Period(s) 

Cumulative Mass  
Participation Ratio 

X Y RZ X Y RZ 

Mode 1 1.107558 0.24341 0.58255 0 2.702076 0.01856 0.95672 0 

Mode 2 1.107558 0.82596 0.82596 0 2.702076 0.97528 0.97528 0 

Mode 3 1.000222 0.82596 0.82596 0.82689 2.485254 0.97528 0.97528 0.99527 

Mode 4 0.343231 0.83508 0.91326 0.82689 0.712116 0.9882 0.9882 0.99527 

Mode 5 0.343231 0.92238 0.92238 0.82689 0.712116 0.99889 0.99889 0.99527 
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Fig. 8. Pushover curve for RC frame building 

7. Enhancing Seismic Mitigation with 3-D Base Isolation Systems 

While conventional base isolation effectively reduces the horizontal response of buildings 
to seismic forces, it falls short in addressing the transmission of vertical seismic 
components to the superstructure. This has led researchers to explore three-dimensional 
base isolation systems that account for both horizontal and vertical ground motion. In 
1986, Kajima Corporation took the initiative to develop a three-dimensional laminated 
rubber-bearing seismic isolation system, showcasing its application in a two-storey RC 
structure in Japan [123]. The USA's nuclear industry also examined this approach later. 
Several novel 3D systems have emerged, going beyond mere design parameter 
adjustments. One such system is the GERB system, featuring helical springs that offer 
flexibility in both horizontal and vertical directions. Notably, the vertical frequency is three 
to five times that of the horizontal direction. This design aims to prevent excessive vertical 
movement caused by varying lateral loads, live loads, and wind loads. GERB has found 
applications in diverse industrial and residential buildings. Vertical base isolation systems 
provide adaptable support in the vertical direction through a grouping of metallic or air 
springs along with complementary damping mechanisms. Other 3D isolation systems 
include Rolling Seal-type air springs, Cable-reinforced air springs, Hydraulic 3D systems, 
and Coned Disk Spring systems. 

A study was conducted involving the development and investigation of a three-
dimensional (3-D) model for BI structures, employing a single degree of freedom (DOF) 
model [124]. Through time history analysis, the damping influence of the isolation layer 
on building response characteristics was examined. The thickness of the rubber layer 
played a significant role in notably decreasing the vertical frequency. An assessment of the 
advantages and challenges associated with 3-D isolation systems in nuclear facilities was 
performed in comparison to horizontal isolators [125]. Linear analysis was carried out to 
establish the merit of 3-D isolators in nuclear power plants, with a recommendation for 
future non-linear analysis and modelling of bearings to capture coupling behaviour. The 
notion of implementing periodic material foundations for nuclear plants located in high-
intensity seismic zones was endorsed [126,127]. Periodic materials, originating from solid-
state physics, have been artificially engineered by arranging contrasting materials in a 
periodic manner. These materials are categorized as 1-D, 2-D, and 3-D. Experimental 
verification has confirmed the efficacy of a 3-D periodic foundation in safeguarding 
superstructures from incoming hazardous seismic waves in both vertical and horizontal 
orientations, as well as torsional modes. The study further delved into the three-
dimensional modelling and response of laminated rubber bearings and LRB [128]. This 
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analysis utilized a five-storey scaled steel frame structure subjected to Northridge, El 
Centro, and Kobe earthquakes. Employing the Opensees 3-D numerical simulation model, 
an examination was conducted into the combined influence of the BI and SSI effects on 
various building arrangements [129]. Three models were considered: fixed base, linear BI 
model, and non-linear BI model. The analysis encompassed 240 non-linear 3-D models for 
numerical assessment, aiming to establish the correlation and efficiency in predicting 
spectral accelerations. Notably, a relationship was established between the elongation 
ratio and damping enhancement concerning the stiffness ratio through the observation of 
distinct trends across different arrangements. While the numerical simulations and 
responses of the 3-D BI system with SSI effects have been derived considering the 
horizontal aspects of seismic excitation, further investigations are warranted to 
encompass the synchronised impact of both horizontal and vertical earthquake 
components for comprehensive field response simulations.  

8. Seismic Base Isolation in the Nuclear Structures 

The utility of this technique is not just confined solely to building structures; it extends to 
nuclear power plants as well. In 2000, Ebisawa et al. [130] introduced a program for 
applying base isolation systems to nuclear components, presenting a case study 
demonstrating its viability. This technique can be effectively harnessed within nuclear 
power plants to bolster safety measures and mitigate the potential for seismic 
vulnerabilities. The inaugural successful integration of a base isolator into a nuclear facility 
can be traced to Cruas, France, where four operational units were established in 1983. 
Furthermore, during the 1980s, an additional two-unit nuclear power plant in Koeberg, 
South Africa, was brought into operation [131]. To facilitate seismic analysis, including the 
incorporation of the Bouc-Wen model to assess the impact of second hardening on floor 
response spectra, the model was adapted into the OpenSees software platform [132]. This 
endeavour accounted for two distinct material characteristics and variations in robust 
earthquake motion.  

In the past, limited technical guidance and knowledge existed regarding the 
implementation, examination, and design of BI systems for nuclear plants, coupled with 
associated financial risks. In response, the Department of Energy and the Nuclear 
Regulatory Commission (NRC) in the USA initiated research projects to advance tools and 
procedures for implementing BI systems in nuclear power plants. Through mutual 
consensus, ASCE 4-16 and ASCE/SEI 43-19 have now incorporated a base isolation 
chapter. The comprehensive guidelines and standards pertaining to seismic isolation of 
nuclear structures were published within ASCE 4-16 in 2017. This publication advocates a 
multi-step nonlinear soil-structure interaction (SSI) analysis based on the base isolation 
design response spectrum, encompassing both nonlinear behaviour and SSI effects. The 
multi-step approach integrates equivalent-linear methods and time domain analysis. The 
NRC has also issued three technical reports concerning the analysis, design, and response 
of seismic base isolation systems in nuclear power plants: (a) NUREG/CR-7253, "Technical 
Considerations for Seismic Isolation of Nuclear Facilities" [133], (b) NUREG/CR-7254, 
"Seismic Isolation of Nuclear Power Plants Using Sliding Bearings" [134], and (c) 
NUREG/CR-7255, "Seismic Isolation of Nuclear Power Plants Using Elastomeric Bearings" 
[135]. Ongoing applications of base isolation include nuclear reactors in France, such as 
the Jules Horowitz Reactor and the International Thermonuclear Experimental Reactor. 
The former is a fusion reactor. A wealth of research articles, conference papers, and 
technical reports substantiate the efficacy of seismic isolation standards for nuclear power 
plants. However, certain gaps necessitate thorough addressing: (a) Developing an 
enhanced base isolator that aligns with nuclear power plant standards and requirements, 
accompanied by specific guidelines and protocols. (b) Precisely characterizing advanced 
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isolated nuclear reactors, with a distinct focus on soil-structure interaction and fluid-
structure interactions. (c) Conducting meticulous analysis and estimation of advanced 
isolated reactors, encompassing both vertical and horizontal seismic intensity inputs at the 
point of action. (d) Investigating the impact of radiation exposure from nuclear facilities 
on the mechanical properties of bearings. 

9. Impact and Consequences of Beyond Design Events 

It is essential to consider the performance of isolated structures not only during seismic 
events but also when subjected to non-seismic events and blast loads, which can exceed 
the design basis. Explosive incidents directed at buildings release substantial energy 
rapidly, resulting in waves and extreme heat reaching temperatures around 4000°C, along 
with a significant increase in pressure well beyond atmospheric levels. The impact of blast 
loads on structures unfolds in distinct phases: firstly, shock waves cause damage to the 
building's exterior, followed by penetration into the interior, exerting pressure on various 
building elements. The columns and internal slabs, along with occupants, were adversely 
affected by the pressure resulting from the detonations. 

In the subsequent phase, the structure's framework encountered substantial loading, 
responding to the intense ground motion and short-duration impulses, as documented by 
the NRC [136]. Evaluations of both conventional nuclear plants and those equipped with a 
base isolation (BI) system were conducted in the context of blast loading, encompassing 
ground shock-induced blasts and air blasts [137]. The employment of LS-DYNA facilitated 
response history analyses for these scenarios, revealing a significant reduction in ground 
shock response when BI systems were integrated. A study investigated the performance 
and response of base-isolated buildings utilizing elastomeric isolators when subjected to 
blast loads while maintaining robust seismic protection [138]. This research involved 
numerical simulations of five-storey structures, considering fixed base, base-isolated, and 
isolated base configurations alongside supplementary passive control devices. These 
control mechanisms included tuned-mass dampers and non-linear bumpers.  

A three-dimensional (3-D) model was developed to examine the dynamic features of the 
BI CPR1000 containment system exposed to several aircraft-induced loads [139]. The 
extent of structural damage was influenced by factors like impact velocity, aircraft angle, 
and aircraft type. Varied aircraft impacts produced distinct impact loads and energy. 
Notably, even under similar isolation conditions, the CPR1000 containment's displacement 
and acceleration responses differed due to the varying properties introduced by diverse 
aircraft loads. Structures with appropriately high stiffness experienced minimal damage 
under aircraft impact loads. The impact's brief duration meant that artificial intelligence 
(AI) directly affected the superstructure. Consequently, the BI system held limited effects 
over the plastic strain dispersal within the containment. The potential for extreme 
displacement and acceleration responses leading to internal equipment failure existed. It 
was concluded that introducing damping into isolation bearings could expedite the 
dissipation of aircraft impact energy. A post-blast scenario demonstrated that structures 
employing the BI system exhibited reduced absolute acceleration, peak-storey 
displacement, and storey drift [140,141]. 

 10. Pros and Cons of Bearings 

Elastomeric rubber bearings and LRB are types of base isolation (BI) devices that 
effectively mitigate the impact of seismic shaking on structures, providing notable benefits 
in terms of performance and structural safeguarding. These devices absorb and dissipate 
seismic energy, thereby isolating the structure from ground motion during earthquakes. 
As a result, the stresses and vibrations transmitted to the building are significantly 
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reduced. These cost-effective solutions are applicable to structures of varying sizes and can 
be easily implemented in both new and retrofit building projects, leading to reduced 
construction timelines. Due to their well-established reliability backed by comprehensive 
research and a demonstrated history of excellent seismic performance spanning several 
decades, these structures require less maintenance, ultimately resulting in reduced long-
term construction expenses. 

Elastomeric rubber bearings have certain limitations, including their ability to support 
vertical loads, susceptibility to potential creep and degradation over time, sensitivity to 
temperature fluctuations, and restricted displacement capacity. These limitations can pose 
challenges in structures subjected to significant vertical loads and during highly intense 
seismic events. Regular maintenance and replacement may also become necessary. On the 
other hand, the use of Lead Rubber Bearings raises environmental and health concerns due 
to the toxic nature of lead. Additionally, these bearings primarily rely on friction to 
dissipate energy, which can potentially limit their effectiveness when compared to 
alternative systems. The manufacturing and installation costs of these systems can be 
higher, and their performance in severe earthquake events may not be optimal. Careful 
design and installation are crucial, as improper implementation can compromise their 
effectiveness. 

Over a century ago, the earliest known use of current seismic isolation methods was 
documented. However, comprehensive studies and significant applications of these 
techniques have only recently begun. Consequently, numerous investigations have been 
conducted by academicians, leading to the development of numerous methodologies. The 
review of elastomeric bearings has so far only been done in a very restricted way in 
multiple studies. The eccentricity in the isolated structure is the distance amid the centre 
of mass and the center of stiffness. If eccentricity exists in isolated structures, then chances 
of torsional coupling are possible [142]. It was concluded that if the isolator has an 
eccentricity of small or zero (𝑒𝑏 𝐿⁄ < 0.2), then corner-displacements magnification �̅�𝑐𝑏 is 
small (�̅�𝑐𝑏 < 1.3), despite the superstructure having a large eccentricity (𝑒𝑏 𝐿⁄ < 0.4). 
Therefore, it is concluded that superstructure eccentricity has less effect. It has been 
concluded [143] that increasing 𝑒𝑏 𝐿⁄  leads to an increase in Torque Amplifications. The 
non-linear behaviour of torsionally coupled BI buildings subjected to random earthquakes 
having different parameters was investigated [144]. He concluded that if isolator 
eccentricity increases, then the effectiveness of the base isolator decreases while reducing 
the torsional response of the superstructure [145]. The two horizontal components of 
earthquakes are investigated to evaluate the influence of torsion on the seismic response 
of the structures. To evaluate the response, the parameters are varied, e.g., the ratio of 
eccentricity to a radius of gyration, mass, and stiffness with height, number of storeys, etc. 
Torsional irregularities in base-isolated systems, stemming from architectural and 
functional changes, need careful consideration during design. While base isolators reduce 
seismic demands, the alignment of the isolator rigidity centre and superstructure mass 
centre is crucial to minimize torsional effects on seismic response. It was concluded from 
the study that LRB isolators display greater sensitivity to torsional effects when compared 
to other isolators [146]. Models of LRB isolators featuring 10% and 20% eccentricities 
indicate average displacements that are 11% and 14% higher, respectively, than those 
observed in models without eccentricity. In contrast, FPS isolators show a disparity of less 
than 5%. The influence of eccentricities on rubber-isolated structures is contingent upon 
the torsional frequency of the isolation system.  

The selection of an appropriate isolation system to protect a structure involves 
consideration of various factors. These factors include the seismic risk magnitude of the 
area, the expected displacement capacity, concerns related to uplift, the long-term 
performance, durability, and maintenance requirements, as well as the cost implications. 
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The primary function of BI systems is to offer a mechanism capable of fulfilling various 
performance objectives during different seismic events, thereby ensuring the protection of 
both the structural and non-structural elements, even under highly intense seismic 
conditions. Several experimental studies and numerical simulations have been conducted 
on various kinds of BI systems that demonstrate seismic features. Additional investigation 
is required to (i) collect three-dimensional response data for buildings employing 
contemporary isolation systems, (ii) evaluate the precision of current analytical and 
numerical models in forecasting demands on primary, secondary, and non-structural 
systems, and (iii) advance our comprehension of the seismic susceptibility of secondary 
and non-structural systems across diverse scenarios. This study has the potential to 
uncover constraints in traditional isolation techniques employed to defend these systems, 
hence motivating the investigation of new strategies to attain total three-dimensional 
safety.  

 11. Conclusions 

This study provides an overview of significant research on seismic elastomeric and lead 
rubber bearings, both in terms of numerical and experimental techniques, while 
conducting a historical evaluation of isolation approaches. Additionally, it categorizes 
useful strategies based on their underlying mechanisms and contrasts their benefits and 
drawbacks. While these bearings are effective in reducing ground-shaking forces, existing 
research has also identified limitations that must be addressed to ensure their optimal 
performance. The following highlights the closing remarks: 

• It is essential to validate the assumptions made in the fabrication, manufacturing, 
and material properties of the LRBs. It gives a satisfactory understanding of 
mechanical behaviour, and allows the identification of critical areas, thus 
significantly contributing to the improvements in their designs. 

• It is concluded from the literature that the bearing should provide adequate 
horizontal flexibility to extend the building's natural period and accommodate 
spectral demands. It must possess adequate energy dissipation capacity to restrict 
displacements within the prescribed limits, ensuring structural integrity. It should 
maintain an appropriate level of rigidity, allowing the BI building to behave 
comparably to a fixed-base structure under normal service loads.  

• Elastomeric bearings, such as LRBs, are susceptible to deterioration over a period 
of time, which may impair functionality. The rubber material might degrade and 
lose its flexibility when exposed to weathering, UV radiation, and other adverse 
environmental conditions. Further, research is required to create more resilient 
rubber polymers that can endure exposure to these elements over an extended 
period of time. 

• Extreme temperatures could have a detrimental effect on the efficiency of the 
bearings because they are temperature-sensitive. Consequently, their capability to 
mitigate seismic forces may be influenced by alterations in their stiffness, damping, 
and other mechanical characteristics. Therefore, further study is needed to create 
more robust bearings. 

• Significant deformations might take place in bearings during severe tremors, which 
may impair their long-term functioning. To precisely forecast how bearings will 
perform amid substantial deformation, research is required to create more accurate 
analytical and numerical models and robust testing procedures and guidelines. 

• As a consequence of their propensity for compression set, these bearings may begin 
to lose their elasticity and become less capable to withstand seismic stresses. This 
is especially problematic for structures that experience low-frequency vibrations. 
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Further study is required to create materials that are more durable and capable of 
withstanding compression sets. 

• These bearings must be installed and maintained appropriately in order to function 
at their best. However, installation and maintenance can be difficult and call 
for specialized expertise and tools. Better maintenance and installation methods 
that are affordable and simple to use need to be developed through investigation. 

• If the ratio of eccentricity to the radius of gyration increases, then modal energy and 
input energy are reduced. The reduced stiffness of the structure along the height 
does not influence the energy reduction. 

• It is proved from triaxial loading analysis that the coupling effect cannot be 
neglected. Therefore, to manufacture an accurate base-isolated model with HDRB 
or natural rubber bearings with rational and economical design, proper material 
characteristics and coupling effects must be considered.  

• It was observed from the literatures that an increase in the number of rubber layers 
enhances the horizontal flexibility of the isolator; thus, the vibration period of the 
structure increases, leading to a significant reduction in seismic amplification. 
During the period of seismic activity, the inter-storey drifts are reduced 
significantly as displacements are concentrated at the isolator level. Thus, it leads 
to minimizing damages in structural and non-structural components of the 
structure. 

• An increase in the number of rubber layers improves the isolator's horizontal 
flexibility; as a result, the vibration period of the structure lengthens, resulting in a 
considerable decrease in seismic amplification. As displacements are localised at 
the isolator level during a seismic event, inter-storey drifts are greatly reduced. As 
a result, it helps to reduce impairment to both structural and non-structural 
elements of the structure. 

There are several challenges associated with elastomeric and LRB that must be addressed 
to optimize their performance in mitigating seismic forces. Through the resolution of these 
challenges, researchers have the potential to enhance the overall efficacy and reliability of 
bearings, thereby leading to the creation of structures that are more resilient and less 
prone to risks in earthquake-prone areas. The field of base isolation systems has witnessed 
significant progress in the development and investigation of adaptive properties, 
specifically in relation to elastomeric and lead rubber bearings. Certain types of building 
infrastructure devices have demonstrated a significant capability to disperse the input 
energy in the event of dangerous seismic occurrences. These devices have proven to be 
beneficial for structures that house delicate equipment situated in regions prone to 
prolonged seismic activity. Nevertheless, it was observed from the review that certain 
categories of isolation devices may prove to be more advantageous when subjected to 
ground motions of low to moderate intensity. 

There is a need for ongoing evaluation of the BI system to ensure that it fulfils all the 
requirements necessary for its application in these domains. Certain deliberated selections 
are presently limited to investigation only and potentially not deemed practical or 
economically viable for large-scale use at present. Hence, it is recommended that future 
research endeavours explore cost-effective and pragmatic approaches for implementing 
these solutions in real-world architectural structures and across a wide range of 
applications. It is suggested that a comprehensive investigation be undertaken, 
encompassing numerical simulations and experimental analyses, to explore a wider range 
of isolation systems that demonstrate seismic isolation properties. This investigation 
should also consider multifaceted ground motions with varying intensities and diverse 
properties.  
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 Ensuring the safety of foundations requires advanced non-destructive testing 
techniques. Cross-hole sonic logging (CSL) is a widely adopted method for 
evaluating the integrity of deep foundation elements, such as bored piles, 
barrettes, and diaphragm walls. This method involves analyzing the propagation 
time and relative energy of ultrasonic pulses transmitted and registered by 
probes inserted into pre-installed access tubes. However, in certain cases, 
standard analyses may not effectively distinguish anomalous signals arising 
from defects and other factors unrelated to concrete quality. Our study explores 
the potential of an alternative frequency-domain approach for CSL data analysis. 
We propose new attributes to quantify ultrasonic signal spectra, including 
spectrum area, normalized spectrum area, weighted mean frequency, and 
maximum frequency. These attributes are automatically calculated, eliminating 
the need for additional data processing time and minimizing the risk of human 
error. The proposed approach was applied to CSL data collected from two bored 
piles of 46 m length and successfully identified signals classified as anomalous 
through standard time-domain analysis. Further research is deemed necessary 
to fully explore the potential of the frequency-domain approach in enhancing the 
information content and reliability of CSL pile integrity testing.  
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1. Introduction 

The safety of a building begins with a strong and reliable foundation. Bored pile 
foundations are esteemed for their high bearing capacity, adaptable geometry, cost-
effectiveness, and minimal environmental impact. However, deviations from construction 
standards can introduce defects, compromising the bearing capacity and durability of 
these foundations. Therefore, it is imperative to employ non-destructive testing techniques 
capable of thoroughly assessing the structural integrity of deep foundation elements [1–
3]. These techniques rely on various physical phenomena, such as ultrasound propagation 
[4–7], low-frequency acoustic waves [8,9], heat transfer [10,11], and others. Fig. 1 offers a 
comparative diagram illustrating the various non-destructive testing methods employed 
[3, 12-14]. These methods exhibit significant variations in their prevalence, scope, and 
resolution. The choice of the testing method depends on the specific issues to be addressed, 
structural design, soil conditions, regulatory requirements, and testing costs. The necessity 
for further development of non-destructive testing methods for deep foundations arises 
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from the technical complexities, high costs, and limited applicability of direct quality 
control methods, alongside the increasing number of underground construction projects 
in urban settings. 

Currently, cross-hole sonic logging (CSL) stands out as a widely adopted method for pile 
integrity testing, actively applied in practical scenarios. The testing procedure is subject to 
regulation by standards and technical codes in various countries [15]. However, despite its 
prevalence, significant variation exists in testing procedures and CSL data interpretation 
criteria [16]. In certain cases, current approaches to CSL data analysis may struggle to 
distinguish ultrasonic anomalies caused by defects and other factors unrelated to concrete 
quality [16]. These approaches also offer limited capabilities for evaluating the strength of 
concrete and identified defects [4]. Additionally, the effectiveness of current CSL data 
analysis techniques can be compromised by diverse sources of errors [15]. Consequently, 
there is a pressing need to explore novel data analysis techniques to enhance the reliability 
and informativeness of CSL.  

In this paper, we present an approach to analyze CSL test data in the frequency domain 
and introduce new parameters (attributes) for quantifying recorded signal spectra. The 
Materials and Methods section delineates fundamental CSL testing principles, current data 
analysis methods, and a step-by-step procedure for attribute calculation. The Results 
section shares our initial experience in applying these attributes to ultrasonic signals and 
profiles. The Conclusions section addresses the potential and limitations of the proposed 
techniques. 

 

Fig. 1. Non-destructive methods for pile integrity testing. Modified from [13] 

2. Materials and Methods  

2.1. CSL of Deep Foundation Elements 

Cross-hole sonic logging is the most common non-destructive integrity testing method for 
deep foundation elements with pre-installed access tubes [7]. This test relies on the 
analysis of ultrasonic wave propagation within the pile body. Ultrasonic waves are 
generated and received by ultrasonic probes, including a transmitter and at least one 
receiver, which are inserted into access tubes made of steel or plastic (PVC) with typical 
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diameters of 40 to 60 mm (Fig. 2). These access tubes are installed in the reinforcing cage 
during pile construction and require filling with water before testing. 

The testing should be conducted no earlier than 3 to 7 days after casting. The standard 
testing procedure involves raising the probes synchronously from the bottom of the access 
tubes to the top of the structure while generating and receiving ultrasonic waves at fixed 
depth intervals. Subsequently, the recorded data is processed and presented graphically. 
The testing procedure is governed by technical codes and specifications in various 
countries, such as the US, UK, France, China, and others, with the ASTM D6760 code often 
serving as the de facto standard in many regions [7]. 

The method of data acquisition through access tubes determines the controlled volume of 
the drilled shaft body and the measurement techniques employed [4,8,17]. Cross-hole 
configurations are the predominant choice for the application of ultrasonic testing, 
whereas single-hole configurations are used less frequently [3]. Several techniques are 
utilized to enhance the understanding of defect properties and geometry, with cross-hole 
tomography representing the most advanced approach. In addition to the ray-based 
traveltime tomography [18], new methods are under development, including attenuation-
based and full-wave inversion techniques [2,19,20]. 

 

Fig. 2. CSL pile integrity testing arrangement. Modified from [4] 

2.2. CSL Data Analysis 

The results of ultrasonic measurements for each pile comprise sets of ultrasonic signals 
recorded in each pair of access tubes, forming ultrasonic profiles. The raw data for each 
ultrasonic profile is visualized as a waterfall diagram, or seismogram, where signal 
strength (voltage) is represented by color (Fig. 3a). Visual analysis of a waterfall diagram 
allows for the rapid identification of changes in signal amplitudes and first arrival times 
(FAT), enabling the assessment of data quality, such as signal-to-noise ratio and the choice 
of signal gain value. 

The registered ultrasonic data is qualitatively characterized through the calculation of 
parameters for each recorded signal. In accordance with ASTM D6760 requirements, the 
set of estimated parameters should encompass the First Arrival Time (Fig. 3b) and the 
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Relative Energy (RE, Fig. 3c). Additionally, this list may be extended to include the Wave 
Speed of ultrasonic pulses. 

 

Fig. 3. An example of an ultrasonic profile for a pile with two defects: waterfall diagram 
(a); FAT (b) and RE (c) plots 

The FAT value corresponds to the arrival time of the first waves, which travel in the fastest 
path between the transmitter and receiver and can be distinguished during signal analysis. 
To expedite the process, FAT is typically determined using automated picking algorithms 
[21]. However, for anomalous signals (those with low amplitude or noise), FAT estimates 
should be manually corrected. Following the picking procedure, the average FAT value and 
the deviations from the average value (%) should be calculated for each ultrasonic profile. 
Calculating the average FAT value should employ a robust average algorithm, as outlined 
in [22]. 

FAT values can be employed to calculate the wave speed. This calculation should consider 
the additional travel time in both the water and the access tube material:  

𝑉 = 𝐿/(𝑡0 − 2(
𝐿𝑡𝑢𝑏𝑒

𝑉𝑡𝑢𝑏𝑒
+

𝐿𝑤𝑎𝑡𝑒𝑟

𝑉𝑤𝑎𝑡𝑒𝑟
)) (1) 

where, V – wave speed, L – the distance between the probes, t0 – FAT value, Ltube – tube wall 
thickness, Lwater – the distance between the access tube and the ultrasonic probe in it (travel 
path in water), Vtube – longitudinal wave speed in tube material (typically 5100 m/s in steel 
and 2300 m/s in PVC), Vwater – longitudinal wave speed in water (typically 1500 m/s). 

The Relative Energy characterizes the attenuation of ultrasonic waves transmitted through 
the pile. According to ASTM D6760 [7], Relative Energy is defined as:  

𝑅𝐸 = 20 𝑙𝑜𝑔
𝐸

𝐸0
 (2) 

where, E represents the energy of a given pulse, calculated by summing the absolute values 
of the pulse amplitudes, and E0 is the reference energy, set as a constant value equal to the 
maximum energy of an ultrasonic profile or a fixed high value [23]. Energy values can be 
calculated for two preset time intervals: either for at least five cycles starting from the FAT 
(approximately 0.1 ms), or for the full length of the signal. 
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While FAT characterizes the fastest wave path between the transmitter and receiver, RE 
for both time intervals describe a larger area [4,23]. Therefore, it is necessary to include 
both FAT and RE in the analysis. In some cases, RE can be helpful in distinguishing FAT 
anomalies caused by defects from those unrelated to concrete quality, as discussed in 
[4,24]. 

The processed ultrasonic data should be classified into one of the categories proposed by 
Sellountou et al. [16]: class A (acceptable), class B (conditionally acceptable), and class C 
(highly abnormal), according to the rating criteria presented in Fig. 4. However, it is worth 
noting that the RE criteria may need slight adjustments based on the dominant frequency 
of ultrasonic probes. Additionally, the FAT delay values can be substituted with wave speed 
deviations to account for the differences in the depths of transmitter and receiver probes 
and the additional travel time in the water and access tube, as described in Eq. (1).  

It's important to emphasize that the rating criteria presented should not be the sole means 
for evaluating pile quality [16]. Highly abnormal CSL data necessitate additional 
measurements or analysis to distinguish defects from other sources of ultrasonic 
anomalies and prevent misinterpretation of test results.  

In CSL tests, the receiver signal represents the superposition of different types of ultrasonic 
waves arriving at the probe. Standard time-domain analysis is not fully able to capture and 
describe the complex full-wave structure of the received signals. While comprehensive 
full-wave analysis of CSL data is currently constrained due to inherent ambiguity of inverse 
problems and computational limitations, simpler yet effective techniques can be employed 
to complement and enhance standard time-domain procedures. 

 

Fig. 4. Graphical representation of ultrasonic data rating criteria. Modified from [16] 

2.3. Calculation of Spectral Attributes for CSL Data 

In this section, we introduce a technique for analyzing CSL data in the frequency domain 
and offer a step-by-step procedure for calculating CSL data spectral attributes to 
complement the standard set of FAT and RE. 

To begin, we convert an ultrasonic signal from the time domain to the frequency domain 
using the Fast Fourier Transform algorithm. This algorithm separates the input signal into 
components contributing at discrete frequencies: 

𝐴𝑘 = ∑ 𝑎𝑛𝑒−𝑖2𝜋𝑘𝑛/𝑁,     𝑘 = 0, … , 𝑁 − 1,

𝑁−1

𝑛=0

 
(3) 

 



Lozovsky and Churkin / Research on Engineering Structures & Materials 10(3) (2024) 1051-1063 

 

1056 

where {𝑎𝑘} =  𝑎0, … , 𝑎𝑁−1  represents the input signal amplitudes, {𝐴𝑘} =  𝐴0, … , 𝐴𝑁−1  
represents the Discrete Fourier Transform (DFT) of the input signal amplitudes, and N is 
the number of samples. 

Next, we normalize (rescale) the calculated sequence of DFT by its maximum value 
(𝐴𝑚𝑎𝑥) to emphasize the signal's frequency content rather than its amplitudes, taking 
advantage of the consistent source probe signals:  

𝐴𝑘
𝑛𝑜𝑟𝑚 =

𝐴𝑘

𝐴𝑚𝑎𝑥
, 𝑘 = 0, … , 𝑁 − 1 (4) 

In non-destructive testing, there is a crucial requirement for regulatory control, prompting 
the development of formalized algorithms to analyze measurement results. To 
quantitatively characterize the calculated spectrum, we introduce a set of spectral 
attributes that have been previously proposed for the analysis of seismic microzonation 
data, ground-penetrating radar, slab impulse-response tests [25-26], low strain impact, 
and parallel seismic methods for pile integrity testing [27-28]. These attributes include 
spectrum area Sn, normalized spectrum area Sn_norm, weighted mean frequency fw, and 
maximum frequency fmax. 

Spectrum area attributes Sn and Sn_norm approximate the area under the spectrum graph 
using the trapezoidal rule: 

𝑆𝑛 = ∑
𝐴𝑖 + 𝐴𝑖+1

2

𝑁

2

𝑖=0

𝑑𝑓 
(5) 

𝑆𝑛_𝑛𝑜𝑟𝑚 = ∑
𝐴𝑖

𝑛𝑜𝑟𝑚 + 𝐴𝑖+1
𝑛𝑜𝑟𝑚

2

𝑁/2

𝑖=0

𝑑𝑓 
(6) 

Where df represents the frequency resolution. The weighted mean frequency fw is 
calculated by the equation: 

𝑓𝑤 =
∑ 𝑓𝑖 𝐴𝑖

𝑁

2
𝑖=0

∑ 𝐴𝑖

𝑁

2
𝑖=0

 
(7) 

Where fi represents spectrum frequencies. The maximum frequency fmax is the frequency 
that corresponds to the maximum spectrum value.  

3. Results 

3.1 Spectral Attribute Analysis for Selected Ultrasonic Signals 

To illustrate the proposed approach for CSL data analysis, let's examine the ultrasonic 
signals associated with either a defect or good quality concrete. Fig. 5 shows signals 
classified into class A (Fig. 5a) and class C (Fig. 5b), along with their amplitude spectra and 
normalized amplitude spectra. These signals were acquired using the Cross Hole Analyzer 
(CHAMP; Pile Dynamics, Inc., USA) instrument equipped with ultrasonic transducers 
featuring a nominal frequency of 45 kHz. 

In the time domain, a Class C signal exhibits an increased FAT and a significant decrease in 
amplitudes, quantified with a FAT delay of 74% and RE of -15.1 dB (with a Class A signal 
used as the reference data). The spectrum of the signal associated with good-quality 
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concrete displays multiple peaks, with the majority of its energy concentrated between 35 
– 90 kHz. In contrast, the spectrum of the signal associated with the defect exhibits a 
prominent peak near 45 kHz, corresponding to the dominant frequency of the ultrasonic 
probes. Another important distinction between the two spectra is the substantial loss of 
both high (>90 kHz) and low (<35 kHz) frequencies in the spectrum of the Class C signal. 

The spectral attributes calculated for the analyzed signals are presented in Table 1. The 
Class C signal is characterized by a significantly lower value of spectrum area Sn, primarily 
due to increased signal attenuation.  Additionally, the Class C signal is characterized by 
lower values of the normalized spectrum area Sn_norm and the weighted mean frequency fw, 
resulting from a concentration of coefficients of the frequency components around the 
dominant frequency of the ultrasonic probes. It's noteworthy that the maximum frequency 
fmax of both signals exhibits relatively close values. 

 

Fig. 5. Class A (a) and class C (b) ultrasonic signals, their spectra, and normalized 
spectra. The red dots on normalized spectra represent the maximum frequency (fmax) 

Table 1. Spectral attributes of sample signals 

Signal Sn [V∙Hz] Sn_norm [Hz] fw [Hz] fmax [Hz] 

Class A 565 27750 72990 42560 

Class C 72 11065 52230 44950 

3.2 Spectral Attribute Analysis for Ultrasonic Profiles 

We proceed by examining sets of CSL data collected from two bored piles measuring 1 m 
in diameter and 46 m in length. The CSL data was acquired using CHAMP equipment, with 
measurements taken at approximately 50 mm depth intervals, following the ASTM D6760 
procedure (Fig. 6). Standard time-domain analysis of the waterfall diagram, FAT and RE 
values for Pile 1 (Fig. 7, a-c) reveals an ultrasonic anomaly within the depth range of 41.4-
41.9 m, falling somewhere between Classes B and C. A similar analysis conducted for Pile 
2 (Fig. 8, a-c), has identified multiple anomalies within the depth range of 10.5 – 14.7 m, 
classified as Class C. 



Lozovsky and Churkin / Research on Engineering Structures & Materials 10(3) (2024) 1051-1063 

 

1058 

Next, we converted each ultrasonic signal into the frequency domain and displayed the 
ultrasonic profile data as spectrum waterfall diagrams (Fig. 7d, 8d) and normalized 
spectrum waterfall diagrams (Fig. 7e, 8e). Similar to standard waterfall diagrams, these 
representations were generated by converting each spectrum into a narrow strip where 
its amplitudes were color-coded, and then stacking these strips together. This approach 
enables us to visually compare and analyze the variations in the frequency content of 
ultrasonic signals with depth. 

The spectra of the ultrasonic signals that were identified as anomalous in the time-domain 
analysis exhibit a significant reduction in amplitudes for frequencies greater than 90 kHz 
and less than 30 kHz. To capitalize on this observation, let's proceed with further analysis 
of the frequency-domain data in three distinct ranges: 0-30, 30-100, and 100-250 kHz.  

For a quantitative characterization of the frequency-domain data, we have computed 
spectral attributes. Weighted mean frequency fw and maximum frequency fmax calculated 
for these three frequency ranges are presented in subplots (f, h, j) of Figures 7 and 8. 
Spectrum area Sn and normalized spectrum area Sn_norm calculated for the same frequency 
ranges are shown in subplots (g, i, k). Prior to plotting, the Sn and Sn_norm graphs were 
normalized by their respective maximum values. 

In the frequency range of 0-30 kHz, a significant reduction in the values of the proposed 
attributes is observed at the depth ranges identified as anomalous by the time-domain 
analysis. Specifically, fmax, representing the maximum spectrum amplitude in the selected 
frequency range, decreases by up to the first hundred Hz. fw experiences a reduction of 
more than 50% from its background value of 20 kHz. The significant drop in both Sn and 
Sn_norm for both piles clearly indicates anomalies as well. 

In the frequency range of 30-100 kHz, there is a noticeable reduction in Sn for both piles, 
particularly influenced by the RE of the signals. However, fmax does not provide a clear 
indication of anomalies. On the other hand, fw and Sn_norm only point to anomalies for Pile 2 
(Fig. 8), associated with highly abnormal ultrasonic signals. 

In the frequency range of 100-250 kHz, we observe significant local reductions in both Sn 
and Sn_norm, along with increases of fw values for both piles. In the case of Pile 1, fmax does not 
reveal anomalies, whereas for Pile 2, it does indicate anomalies, although with a notable 
degree of scatter. 

  

Fig. 6. Field photographs of the CSL testing procedure for bored piles 
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Fig. 7.  CSL results from Pile 1 with an anomaly falling between Classes B and C. 
Subplots: (a) Waterfall diagram (full length, 2 ms), (b) FAT overlaying waterfall 

diagram, (c) Relative Energy, (d) Spectral waterfall diagram (full frequency range), (e) 
Normalized spectral waterfall diagram (full frequency range). Weighted mean 

frequency fw and maximum frequency fmax (overlaid on the spectral waterfall diagram) 
are calculated for frequency ranges 0-30, 30-100, and 100-250 kHz and displayed in 

subplots (f, h, j). Spectrum area Sn and normalized spectrum area Sn_norm calculated for 
the same frequency ranges are shown in subplots (g, i, k) 
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Fig. 8. CSL results from Pile 2 with several Class C anomalies. Subplot descriptions are 
provided in the Fig. 7 caption 

4. Conclusions 

In this study, we introduced an alternative frequency-domain approach for analyzing CSL 
pile integrity testing results. We proposed new attributes to quantitatively characterize 
frequency-domain data, including spectrum area Sn, normalized spectrum area Sn_norm, 
weighted mean frequency fw, and maximum frequency fmax. Additionally, we introduced the 
use of spectrum waterfall diagrams to provide a visual means of comparing and analyzing 
variations in the frequency content of ultrasonic signals with depth. 

The proposed approach was successfully applied to examine CSL data collected from two 
bored piles using CHAMP equipment. The frequency-domain analysis provided results 
consistent with standard time-domain interpretation. Specifically, we observed a notable 
reduction in signal spectra amplitudes for frequencies below 30 kHz and above 90 kHz at 
the depth intervals recognized as anomalous in the time-domain analysis. All the spectral 
attributes calculated for the 0-30 kHz frequency range exhibited significant decreases at 
these intervals. When computed for the frequency range of 100-250 kHz, attributes Sn and 
Sn_norm showed substantial reductions, while attribute fw displayed an increase at the same 
depth intervals. 



Lozovsky and Churkin / Research on Engineering Structures & Materials 10(3) (2024) 1051-1063 

 

1061 

The effectiveness of the proposed spectral attributes in identifying anomalous signals was 
demonstrated, offering a valuable complement to the basic set of FAT and RE. The 
automation of attribute calculation involves straightforward computations and eliminates 
the need for interactive operator involvement, thereby avoiding additional data processing 
time and reducing the risk of human error. Furthermore, these attributes can serve as 
valuable input data for tomographic inversions or signal classification using artificial 
neural networks.  

Further research and validation efforts are essential to comprehensively assess the 
performance of the frequency-domain approach across diverse scenarios. This includes 
applying frequency-domain analysis to both numerical simulations and experimental data, 
involving testing piles with prefabricated defects of varying sizes, locations, and materials. 
Identified limitations are primarily associated with the CSL data collection process, 
emphasizing the need for properly selected gain and sampling rates during data 
acquisition. Avoiding data clipping and adhering to appropriate sampling rates, following 
established guidelines such as those outlined by ASTM D6760, is crucial. While there are 
no specific recommendations for equipment modifications, it is noted that CSL equipment 
used should have a broad dynamic range, a characteristic shared by most modern CSL 
equipment. It is important to acknowledge the potential influence of noise and artifacts on 
the calculated attributes, emphasizing the need for a preliminary analysis of frequency 
domain data, such as inspecting spectrum waterfall diagrams, to ensure the reliability of 
interpretation. 

In summary, this study presents a promising approach to enhance CSL data analysis for 
detecting defects in bored piles, potentially opening the door to more advanced 
applications in the future. 
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 Statistical and optimization techniques are useful tools in understanding the 
interactions and relationships between the asphalt mix variables and the 
contribution of each variable to the resulting asphalt mixture properties. This 
study explores the response surface methodology to study the influence of steel 
slag and lime on the Marshall properties of asphalt mixtures using Box Behnken 
Design tool. The independent variables considered are steel slag (0-100%), lime 
(0-4%) and bitumen (4-8%). The stability, flow, Marshall quotients, bulk density, 
Vb and VMA obtained were 1.98-6.35kN, 3.27-4.53 mm, 0.53-1.60kN/mm, 2.08-
2.29 kg/m3, 7.67-14.7% and 14.02-24.63%, respectively; indicating that the 
steel-slag and lime-modified asphalt mixtures satisfy the specification limits 
recommended by the asphalt institute and Nigeria General Specification for 
Roads and Bridges. The models' analysis of variance revealed could well predict 
the Marshall properties of the mixtures, and the terms of steel-slag, lime and 
bitumen content are significant. Likewise, based on the optimization analysis, 
24.93% of steel slag, 2.43% of lime and 5.51% of bitumen content were selected 
as the optimal values for the modified asphalt mixtures. Additionally, a mean 
error of less than 5% was attained for all the responses, demonstrating the 
effectiveness of RSM in designing asphalt mixtures. 

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

The exceptional performance of asphalt mixture has made it a widely used paving material 
worldwide [1]. In service life, asphalt pavements are exposed to mechanical load from 
vehicle axles and negative environmental conditions such as thermal load [2]. Permanent 
deformation is created in the asphalt by the repeated vehicular loads arising from the 
traffic density [3-4]. These loads result in pavement degradation, thereby reducing the 
intended service life. To minimize the impacts, there is a need to modify the asphalt 
mixtures to improve the properties of the asphalt. Incorporating various materials in the 
asphalt mix has been found suitable for transforming the mechanical and binding 
properties of asphalt. Modifying the asphalt mixes enhances the performance and 
increases the service life of asphalt pavement [5-6].   Steel slags are industrial waste from 
the production of steel. They are non-metallically inert, containing silicates, 
aluminosilicates, and calcium aluminosilicates [7].  

It constitutes about 15 – 20 % of steel/iron production. It has been estimated that 14, 21, 
30, and 100 million tons of steel slags are annually generated as waste in Europe, Japan, 
India, and China, respectively [8]. Currently, there is no reliable data regarding the annual 
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generation of slag in Nigeria. However, it has been reported that one tone of rolled steel 
would produce half tone of slag [9-10].  Nigeria has over 30 steel manufacturers with 
annual steel production of 2.2 million tons [11], which suggested that roughly 1 million 
tons of slag are produced during the year. Most of the waste is in landfills and occupies 
huge land areas. Also, it threatened the natural water and soil due to the proclamation of 
alkaline leachates [12]. As a result, researchers have made efforts to use steel slag as 
construction materials. Steel slag is reported to improve the strength properties of 
concrete and geopolymer concrete [13]. Using steel slag in an asphalt mixture would 
promote sustainable construction and reduce its environmental effect [14].  

Lime is a natural, chemically active material with the ability to resist moisture, reduce the 
chemical ageing of bitumen, and improves the bonding strength between asphalt binder 
and aggregates [15-16]. It is commonly used as an anti-stripping agent and added to 
aggregates to improve the resistance of asphalt pavement to moisture damage. Moisture 
on asphalt pavement can damage the structure, such as rutting, raveling, cracking, 
bleeding, and localized failure [17]. There are three major forms of lime; dolomitic lime 
(CaO.MgO), hydrated lime (Ca (OH)2), and quick lime (CaO), but hydrated lime is usually 
used in asphalt mixtures [17].    

Statistical and optimization techniques are useful tools for understanding the interactions 
and relationships between the asphalt mix variables and the contribution of each variable 
to the resulting properties of the asphalt [18-23]. One of the commonly adopted statistical 
tools in the design of experiments (DOE) is response surface methodology (RSM) [4]. The 
RSM approach considers the influence of several factors at different levels on the response 
simultaneously and gives a suitable predictive model to describe the relationship between 
the various factors [24-25]. This offers an opportunity to modify the mix proportions of 
the asphalt constituents to achieve desired properties, and it eliminates a situation 
whereby the target strength characteristic is not attained or the production of asphalt with 
excessive strength [2, 26]. Additionally, compared to traditional methods, utilizing RSM 
would significantly reduce the number of experiments needed to model the response 
functions [27]. Designing, conceiving, developing, and assessing new scientific studies and 
products depend on the RSM. It is also effective in enhancing current research and output. 
Hence, by incorporating RSM into pavement technologies, researchers can access more 
rapid, accurate, and reliable methods of analyzing changes in pavement performance and 
improved experimental matrices [28]. 

The mix proportioning of the constituent materials is crucial to achieve the desired 
targeted qualities. Hence, the design of the experiment (DOE) using software tools like RSM 
for mix proportioning is essential. The RSM was utilized in this study to investigates the 
influence of steel slag and lime on the Marshall properties of asphalt mixtures. The 
utilization of RSM in this study will identify the ideal substitution of steel-slag and lime in 
asphalt mixtures that are most effective to the performance of steel-slag and lime-modified 
asphalt mixtures. 

2. Materials and Methods  

2.1. Materials 

• Aggregate: The granite used for the coarse aggregate was 12.5mm, and 10mm 
granite, was sourced from a local market in Omu-Aran, Kwara State. As the fine 
aggregate, quarry dust that passes through a 4.75 mm sieve was employed. The 
filler used in this study is stone dust that passes a 75-m sieve. Table 1 displays the 
aggregates' characteristics and Fig. 1 shows the grading curve used for asphalt 
mixture. 
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• Steel slag: The steel slags from Prism Steel Mills Limited in Ikirun, Nigeria, were 
used in this study (see Figure 2). Because it was produced during the refinement of 
scrap steel in an electric-arc furnace, this slag is also known as an electric-arc 
furnace (EAF) slag. The 12.5mm coarse aggregate was replaced with steel slag. 

• Bitumen: Penetration grade 60/70 of bitumen was used in this study. Table 2 
displays the properties of bitumen. 

 

Fig. 1. Asphalt mixture grading curve 

 

Fig. 2. Samples of steel-slag 

Table 1. Aggregate properties 
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Parameters Steel-slag Granite Specification Standard 
Aggregate Impact 

Value (%) 
9.5 19.44 30% max  

[29] 
Aggregate crushing 

value (%) 
13.6 17.2 30% max 

Specific gravity 2.44 2.71 2.5-3.0 
Flakiness index (%) 19.1 23.6 30% max 

Elongation (%) 18.7 13.3 30% max 
Aggregate abrasion 

value (%) 
30.2 26.7 40% max 

Water absorption (%) 1.69 0.17 4% max 
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Table 2. Bitumen Properties 

Parameters Specification Value Standard 
Penetration @ 25℃ 60-70 66 

[29] 

Ductility @ 25℃ 100 MIN 121 
Solubility 99.5 MIN 107.00 

Viscosity (secs) 2400 MIN 2753 
Flash Point (C) ≥ 250 287 
Softening Point 55-65 56 

Specific gravity @ 25℃ 1.01-1.06 1.02 
Minimum Loss on Heat for 5 hours 

at 163ºC 
Max. 0.2 0.08 

Drop in 
Penetration after heating 

Max. 20 13.5 

 

2.2. Mix Design 

The Design Expert software version 13 was used to create the experimental runs utilising 
the Box Behnken Design (BBD) approach. Table 3 displays the three factors (independent 
variables) that were taken into consideration: steel slag (A), lime (B) and bitumen (C). The 
generated experimental run used for steel-slag and lime-modified asphalt mixtures is 
shown in Table 4. 

Table 3. Independent parameters, including coded levels 

Parameters Code Unit 
Coded parameter levels 

-1 0 +1 
Steel Slag A % 0 50 100 

Lime content B % 0 2 4 
Bitumen content C % 4 6 8 

 

Table 4. Experimental design for steel-slag and lime modified asphalt mixtures 

S/N 
Steel Slag; A 

(%) 
Lime Content; B  

(%) 
Bitumen Content; C  

(%) 
1 0 2 4 
2 0 4 6 
3 100 2 4 
4 100 2 8 
5 0 0 6 
6 50 0 4 
7 50 2 6 
8 50 0 8 
9 100 4 6 

10 50 2 6 
11 50 2 6 
12 50 2 6 
13 50 2 6 
14 0 2 8 
15 100 0 6 
16 50 4 4 
17 50 4 8 



Daniel et al. / Research on Engineering Structures & Materials 10(3) (2024) 1065-1084 

 

1069 

2.3. Mixture Preparation and Testing 

Two design techniques that are commonly used in asphalt mixtures are the Marshall and 
Superpave techniques, in which the volumetric features are seen as responses to the 
creation of more dependable asphalt mixtures.  

 

Fig. 3. Flow chart for the study 

Nonetheless, the Marshall approach's relative simplicity, affordable equipment, and 
straightforward process make it a highly well-liked asphalt mixture design method [1, 30-
31]. In this study, the asphalt mixtures were made using the Marshall method in 
compliance with ASTM D 1559-89 [32] standards using Table 4. The constituent materials 
were heated, mixed, then compacted using 75 blows (top and bottom) to create the mixes. 
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Following compaction, the mixtures, measuring roughly 101 mm in diameter and 63.5 mm 
in thickness, were suitably placed on a level, smooth surface and let to rest overnight at 
room temperature before being tested. Figure 3 displayed the flowchart of the research 
methodology used to achieve the study. 

3. Results and Discussion 

3.1 Marshall Properties of the Steel-slag and Lime-Modified Asphalt Mixtures 

Figure 4 displays the Marshall properties of the steel-slag and lime-modified asphalt 
mixtures. While the Marshall stability values vary, mixture (Mix-9) with 100% steel slag 
and 4% lime has the highest Marshall Stability at 6.35kN and mixture (Mix-12) with 50% 
steel-slag and 2% lime has the lowest Marshall Stability at 1.98kN. In addition, whereas 
the mixture (Mix-15) with 100% steel slag and 0% lime produced the highest flow, the 
mixture (Mix-5) with 0% steel slag and 0% lime produced the lowest flow. This mixture's 
high flow value also implies strong flexibility, which improves the HMA pavement's 
capacity to deform without cracking. It can infer that the mixture's Marshall stability is 
increased by adding steel slag and lime, whilst the flow is the opposite. As a result, when 
modifying asphalt mixtures for strength (stability), steel slag and lime are preferred. 
However, the Marshall test necessitates both higher stability and lower flow [33]; while 
the Marshall flow of asphalt concrete refers to its resistance to slow settlements and 
movements in the sub-grade without cracking, the Marshall stability of asphalt concrete 
refers to its resistance to pushing and rutting under traffic [16]. In addition, except mixes 
14, 15, and 17, all of the modified asphalt mixtures' obtained flows fall within the advised 
range of 2-4 mm for wearing course application. Additionally, only mixes 12, 5, and 2 falls 
below the suggested minimum of 3.5kN for the stability value. 

The material's resistance to shear loads and permanent deformation is measured by the 
Marshall quotient (MQ). The ratio of the asphalt mixture's stability to flow is sometimes 
called the rigidity of the asphalt mix [34]. Mix-7 with 50% steel slag and 2% lime and Mix-
9 with 100% steel slag and 4% lime had the highest MQ of 1.60 kN/mm, as shown in Figure 
4c. The stability that is reached when the flow is still low is what is causing this increase in 
MQ; as the flow increases, the strength drops [35]. In addition, it has been found that the 
combinations with the highest MQ values contain both lime and steel slag. Consequently, 
lime and steel slag can be used to enhance asphalt mixtures. 

Additionally, Figure 4d demonstrates that mixes 15 (100% steel slag and 0% lime), 11 
(50% steel slag and 2% lime), and 6 (50% steel slag and 0% lime) all achieved the highest 
bulk density value of 2.29 kg/m3. The inclusion of micro-fine lime particles in the HMA, 
which raise the mix's density [36], causes the increase in bulk density. 

The term "void in mineral aggregate" (VMA) refers to the empty space between the 
aggregate particles in a compacted mix. It indicates the available space for bitumen to coat 
each aggregate particle adequately. It can be seen from Figure 4f that the VMA values of 
the steel slag and lime-modified asphalt mixtures range from 14.82% to 24.63% for 
mixture 3 (100% steel slag and 2% lime) and mixture 8 (50% steel slag and 0% lime), 
respectively. This trend of VMA values is due to the difference in the aggregate gradings of 
the two materials (steel slag and granite) 

Overall, the results shown in Figure 4 might not truly reflect the effect of steel slag and lime 
on Marshall's properties because of the variations in values obtained. However, in general, 
it can be seen that it is possible to produce steel-slag and lime-modified asphalt mixes that 
satisfy the specification limits recommended by the Asphalt institute [37] and Nigeria 
General Specification for Roads and Bridges [29]. 
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Fig. 4. Marshall Properties of Steel-slag and lime-modified asphalt mixtures (a) 
Stability (b) Flow (c) MQ  (d) Bulk density (e) Vb and (f) VMA  
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3.2 Response Surface Analysis 

3.2.1 The Analysis of Variance (ANOVA) and Regression Models for the Modified Asphalt 
Mixtures 

Table 5 shows the results of the ANOVA for the Marshall characteristics of steel slag and 
lime-modified asphalt. After demonstrating the highest F-values for flow, stability, 
Marshall quotient, bulk density, volume of bitumen, volume of mineral aggregates, and 
volume filled with bitumen, respectively, along with the necessary Prob>F0.05 in all of the 
models investigated for the volumetric properties, bitumen content was found to be the 
most influencing and significant factor among the independent variables. These values 
were 10.87, 33.92, 41.74, 13.44, 853.26 and 22.8. The model's F-values of 4.84, 14.59, 
12.64, 4.50, 284.85, and 7.76 for all the responses, along with Prob>F values of 0.0001 for 
all responses, demonstrate the model's relevance. A P>F value of 0.05 typically denotes 
that the model's terms are significant (Bala et al., 2018). In all the models, the difference 
between the adjusted and predicted R2 is less than 0.2, justifying that the models are 
significant and selected to fit the experimental data more. The range of expected values at 
design points against the average prediction error yields what is known as "adequate 
precision" (AP). According to the fundamental criteria, an AP ratio greater than 4 is 
acceptable [24]. For all responses, this study found AP ratios of 7.1081, 12.1590, 10.8185, 
5.6483, 44.2315 and 7.8572. The selected models may satisfactorily travel the design space 
using BBD to supply the parameters for the ideal mix design, as indicated by these values, 
which also suggest an adequate signal. The coefficients of the polynomial model were 
calculated to fit the experimental data. The final regression model equations regarding 
significant factors are expressed in Equations [1]-[6]. Similar regression equations were 
reported by Lapian et al. [3] and Wang et al. [1]. 

Table 5. ANOVA results for properties of steel-slag and lime modified asphalt mixtures 

Response SoD SoS DoF MS F-value P-value Comment 

Flow         

 Model 0.7717 3 0.2572 4.84 0.0178 SD=0.2306 

 A 0.1326 1 0.1326 2.49 0.1383 Mean=3.12 

 B 0.0612 1 0.0612 1.15 0.3026 R2=0.6185 

 C 
0.5778 1 0.5778 10.87 0.0058 

Adj. 
R2=0.4581 

 Residual 0.6911 13 0.0532   AP=7.1081 

 Lack of 
Fit 

0.4193 9 0.0466 0.6854 0.7078  

 Pure 
Error 

0.2719 4 0.0680    

Stability        

 Model 45.91 9 5.10 14.59 0.0009 SD=0.5913 

 A 3.77 1 3.77 10.78 0.0134 Mean=5.82 

 B 1.44 1 1.44 4.11 0.0823 R2=0.9494 

 C 
11.86 1 11.86 33.92 0.0006 

Adj. 
R2=0.8843 

 AB 3.50 1 3.50 10.00 0.0159 AP=12.1590 

 AC 2.71 1 2.71 7.74 0.0272  

 BC 0.0506 1 0.0506 0.1448 0.7148  

 A2 1.15 1 1.15 3.29 0.1124  

  B2 18.80 1 18.80 53.78 0.0002  
 C2 3.04 1 3.04 8.69 0.0215  
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 Residual 2.45 7 0.3496    

 Lack of 
Fit 

0.8291 3 0.2764 0.6833 0.6072 
 

 Pure 
Error 

1.62 4 0.4045   
 

Marshall Quotient (MQ)       

 Model 6.46 9 0.7175 12.64 0.0015 SD =0.2382 

 A 0.6294 1 0.6294 11.09 0.0126 Mean=1.90 

 B 0.2567 1 0.2567 4.52 0.0710 R2=0.98 

 C 2.37 1 2.37 41.74 0.0003  

 AB 
0.2587 1 0.2587 4.56 0.0702 

Adj. 
R2=0.8675 

 AC 0.1339 1 0.1339 2.36 0.1685 AP=10.8185 

 BC 0.0048 1 0.0048 0.0841 0.7803  

 A2 0.2209 1 0.2209 3.89 0.0891  

  B2 2.37 1 2.37 41.80 0.0003  
 C2 0.2203 1 0.2203 3.88 0.0895  

 Residual 0.3973 7 0.0568    

 Lack of 
Fit 

0.0775 3 0.0258 0.3229 0.8100 
 

 Pure 
Error 

0.3198 4 0.0800   
 

Bulk Density       

 Model 0.0486 3 0.0162 4.50 0.0225 SD=0.06 

 A 0.0002 1 0.0002 0.0433 0.8384 Mean=2.21 

 B 0.0000 1 0.0000 0.0035 0.9539 R2=0.8509 

 C 
0.0485 1 0.0485 13.44 0.0028 

Adj. 
R2=0.70396 

 Residual 0.0469 13 0.0036   AP= 5.6483 

 Lack of 
Fit 

0.0247 9 0.0027 0.4965 0.8240 
 

 Pure 
Error 

0.0221 4 0.0055   
 

Volume of 
bitumen 
(Vb) 

       

 Model 
87.20 3 29.07 284.85 

< 
0.0001 

SD=0.3194 

 A 0.1307 1 0.1307 1.28 0.2781 Mean=11.34 

 B 0.0006 1 0.0006 0.0054 0.9426 R2=0.9850 

 C 
87.07 1 87.07 853.26 

< 
0.0001 

Adj. 
R2=0.8616 

 Residual 1.33 13 0.1020   AP= 44.2315 

 Lack of 
Fit 

0.7304 9 0.0812 0.5446 0.7939 
 

 Pure 
Error 

0.5961 4 0.1490   
 

Voids in the 
Mineral 
Aggregates 
(VMA) 

       

 Model 99.99 3 33.33 7.76 0.0032 SD=2.07 
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 A 1.59 1 1.59 0.3696 0.5537 Mean=18.69 

 B 0.1478 1 0.1478 0.0344 0.8557 R2=0.6416 

 C 
98.25 1 98.25 22.87 0.0004 

Adj. 
R2=0.5589 

 Residual 55.85 13 4.30   AP= 7.8572 

 Lack of 
Fit 

25.60 9 2.84 0.3760 0.8973 
 

 Pure 
Error 

30.25 4 7.56   
 

 
𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝑘𝑁) = 6.656 − 0.68625𝐴 + 0.42375𝐵 − 1.2175𝐶 − 0.935𝐴𝐵

− 0.8225𝐴𝐶 + 0.1125𝐵𝐶 − 0.523𝐴2 − 2.113𝐵2

+ 0.8495𝐶2 

(1) 

𝐹𝑙𝑜𝑤 (𝑚𝑚) = 3.12412 + 0.12875𝐴 − 0.0875𝐵 + 0.26875𝐶 (2) 

𝑀𝑄 (
𝑘𝑁

𝑚𝑚
) = 2.25419 − 0.280495𝐴 + 0.179147𝐵 − 0.544157𝐶

− 0.254307𝐴𝐵 − 0.182947𝐴𝐶 − 0.0345347𝐵𝐶

− 0.229049𝐴2 − 0.750617𝐵2 + 0.228752𝐶2 

(3) 

𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 2.21339 + 0.00441667𝐴 + 0.00125𝐵 − 0.0778333𝐶 (4) 

𝑉𝑏 = 11.3401 + 0.127833𝐴 + 0.00829167𝐵 + 3.29896𝐶 (5) 

𝑉𝑀𝐴 = 18.6876 − 0.445542𝐴 − 0.135917𝐵 + 3.50445𝐶 (6) 

3.2.2 Normality Plot for the Marshall Properties of Steel-slag and Lime-Modified Asphalt 
Mixtures 

To ensure that the actual vs anticipated plots and residuals for every property under 
investigation were normal, data were evaluated. The normal probability plots of the 
residuals and the actual vs anticipated data for the asphalt mixtures treated with lime and 
steel slag are shown in Figure 5(a–f).  

 
Fig. 5a. Normal probability distribution plot of flow for steel-slag and lime-modified 

asphalt mixtures 
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Fig. 5b. Normal probability distribution plot of stability for steel-slag and lime-

modified asphalt mixtures 

 
Fig. 5c. Normal probability distribution plot of MQ for steel-slag and lime-modified 

asphalt mixtures  

 
Fig. 5d. Normal probability distribution plot of Bulk Density for steel-slag and lime-

modified asphalt mixtures 



Daniel et al. / Research on Engineering Structures & Materials 10(3) (2024) 1065-1084 

 

1077 

From the Figures of the normal probability of students' residuals for all the properties, it 
can be seen that there is very less scattered along the straight line. This shows that the data 
is normally distributed, and almost all variations were credited to the variable factors 
studied. Plot predictions against actual values were used to check the model's suitability. 
The plot of predicted against actual indicates whether an acceptable agreement exists 
between the experimental results and those found from developed models. From the plots 
of predicted versus actual for all the properties, it can be seen that the observed points are 
relatively on a straight line. This justified that adequate agreement exists between the 
experimental results and those obtained from the model. Thus, it was evident that, in 
general, a normal distribution plot was a useful option for assessing the interested 
responses.      

3.2.3 Surface Plots of the Marshall Properties of Steel-slag and lime-modified Asphalt 
mixtures 

To examine the interactive relationship between the parameters and the properties of the 
asphalt mixtures modified with lime and steel slag under optimal conditions, response 

 
Fig. 5e. Normal probability distribution plot of Vb for steel-slag and lime-modified 

asphalt mixtures 

 

Fig. 5f. Normal probability distribution plot of VMA for steel-slag and lime-modified 
asphalt mixtures 
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surface plots are utilized. The three-dimensional surface views (3D surface plots) show the 
detailed behavior of the independent variables within the experiment. 

The 3D response surfaces plots for the Marshall responses based on the effects of the 
interactive variables, steel-slag, lime and bitumen content, as shown in Figures 6 (a-f).  

The response surfaces for flow (Figure 6a) show that the factors have significant 
interaction effects on the flow. It can be observed that a decrease in the lime content 
increased the flow. Furthermore, with an increase in the steel slag by up to 73%, the flow 
increased slightly. 

Figure 6b shows the response surfaces for the Marshall stability of the steel slag and lime-
modified asphalt mixtures. The 3D plot curvature indicates that as the lime content 
increases up to 2%, there was an increase in the Marshall stability and a decrease 
afterwards. The addition of steel slag resulted in constant stability. Hence, stability is 
strongly influenced by lime content. It was also reported by Ogundipe [38] that the 
utilization of lime in asphalt mixtures resulted in an increment in stability. Furthermore, 
based on the plot, it is evident that all of the parameters interact well with one another. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 
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(f) 

Fig. 6. Response surface plots for the Marshall properties of steel-slag and lime-
modified asphalt mixtures 

3.2.4 Mix Design Optimization 

In this study, design variables were optimized, and the accuracy of the developed models 
was assessed using the RSM optimization tool, a numerical optimization method. The 
target aims for each mix design factor (A, B, and C) selected, as shown in Table 6 for steel-
slag and lime modified, was set to achieve this. The intended stability, MQ, and bulk density, 
VMA, were defined as maximal to get the greatest results. To achieve great performance, 
the desired flow was defined in the range. According to the optimization results, the ideal 
values to meet the design requirements are 24.93% steel slag, 2.43% lime and 5.51% 
bitumen content. A second experiment was run to verify the model's predictions based on 
the ideal projected mix design elements. 

Table 6. Design conditions for optimisation 

Responses  Units  Lower limit Upper limit 
Flow  Mm 2 4 

Stability  kN Maximum range  
MQ kN/mm Maximize   

Bulk Specific gravity kg/m3 Maximum   
VMA % 17  

Vb % non  

Table 7. Optimum conditions achieved for steel-slag and lime-modified asphalt mixtures 

Response Unit Predicted Observed Error (%) 
Flow  mm 3.12 3.04 2.63 

Stability kN 6.67 6.58 2.13 
MQ kN/mm 2.25 2.16 4.17 

Bulk density kg/m3 2.21 2.19 0.91 
Vb % 11.34 11.22 1.07 

VMA % 18.69 19.25 2.91 
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Table 7 shows the percentage error difference; It showed that the expected values for the 
developed models agree with the experimental values, with less than 5% for all responses. 
In Liu et al. [39], the error between the predicted and actual values of the asphalt indexes 
was also found to falls within an acceptable range. 

5. Conclusions 

The mix proportioning of the constituent materials is crucial to achieve the desired 
targeted qualities. Hence, the design of the experiment (DOE) using software tools like RSM 
for asphalt mix proportioning is essential. Incorporating RSM into pavement technologies, 
researchers can access more rapid, accurate, and reliable methods of analyzing changes in 
pavement performance and improved experimental matrices. In this study, the Box 
Behnken Design (BBD) tool in Response Surface Methodology (RSM) was used to 
investigate the impact of steel slag and lime on the Marshall characteristics of asphalt 
mixtures. The following conclusions can be made in light of the analysis in this study:  

• The experimental results show that the steel-slag and lime-modified asphalt 
mixtures satisfy the specification limits recommended by the Asphalt Institute and 
the Nigeria General Specification for Roads and Bridges. 

• The results of the ANOVA analysis of the models are statistically significant for all 
the responses. 

• Lime content significantly affects Marshall stability and quotient more than the 
steel-slag content. 

• Steel slag and lime have significant interactive effects on the flow. 
• A mathematical model was successfully developed to predict the Marshall 

properties of steel slag and lime-modified asphalt mixtures. In all the models, the 
difference between the adjusted and predicted R2 is less than 0.2, justifying that the 
models are significant and selected to fit the experimental data more.  

• Based on the response surface plot, it is evident that all of the parameters interact 
well with one another 

• According to the optimisation results, the ideal values to meet the design 
requirements are 24.93% steel slag, 2.43% lime and 5.51% bitumen content. 
Furthermore, a mean error of less than 5% was achieved for all the responses; this 
indicates that optimisation using RSM is very effective for asphalt mixture design 
with high-performance properties. 

• In this study, steel slag of size 12.5mm was used as coarse aggregates; other sizes 
(for coarse and fine aggregates) should be experimented with for future works. 
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 This study explores the vulnerability of Unreinforced Masonry (URM) structures 
to seismic events, aiming to uncover the causes of failure and propose 
reconstruction strategies. Despite often being devastated in powerful 
earthquakes, URM buildings show damage even in mild to moderate seismic 
events. Field assessments after a magnitude 6.4 earthquake near Durres, 
Albania, in 2019, revealed severe damage in masonry buildings and adobe 
dwellings. Weak structural connections, insufficient roof support, and the 
absence of bond beams in load-bearing walls were identified as key contributors 
to the observed damage. The survival of masonry buildings post-earthquake 
does not guarantee seismic safety. The study recommends reinforcement 
techniques like shotcrete application, space reduction, and corner 
reinforcement, along with innovative methods such as Fiber Reinforced Polymer 
(FRP) use, for existing undamaged unreinforced buildings. These measures aim 
to prevent damage in the aftermath of destructive earthquakes, offering insights 
for the resilience of URM structures.  
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1. Introduction 

Albania, located in the southwestern Balkans as depicted in Fig. 1, is susceptible to a variety 
of moderate and significant earthquakes due to the presence of multiple active fault lines 
in the region, a characteristic that has been evident throughout its historical record [1]. On 
September 21 and November 26, 2019, two separate seismic activity occurred, causing a 
significant damage in Albania, a region characterized by a high seismic hazard [2]. These 
earthquakes had a profound impact on important cities of the country, including Durres 
and Tirana. Various types of structural systems experienced damage at different degrees, 
ranging from minor to severe, or complete collapse [3]. Numerous structures managed to 
withstand the initial earthquake. However, following the second tremor that occurred 
three months later, it imposed a greater degree of damage and worsened the extent of 
destruction [4]. The earthquake sequences in 2019 provided valuable lessons for both 
reinforced concrete (RC) and masonry structures in urban and rural areas [5]. 

In rural regions, particularly in poor villages, residents often construct their homes using 
readily available materials. This is a common practice across most of Albania's villages, 
where dwellings are frequently built using materials like brick, rubble stone, or adobe. 
Many of these buildings have been in existence for generations, passed down from one 
family member to the next. As a result, these structures have aged significantly, leading to 
a loss of strength and stability. Moreover, such structures were typically built without the 
involvement of essential engineering services. All these factors combine to increase the 
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vulnerability of these structures, making them susceptible to damage and destruction even 
during moderately sized tremors [6-7]. 

 

Fig. 1. Active fault map of Albania [1] 

The seismic event in Durres on November 26, 2019, registering a magnitude of Mw = 6.4, 
resulted in substantial damage, as illustrated in Fig. 2. To assess the failures in masonry 
buildings, field visits were conducted in both major cities and the surrounding villages 
affected by this earthquake. The Durres district, where these affected villages are situated, 
is approximately 35 kilometres from the capital centre of Tirana and is located along the 
Adriatic Sea coast. 

 
(a) 

 
(b) 

Fig. 2. Intensity map of November 26, 2019 Durres/Albania earthquake (INGV, 2019) 

The Earth serves as an exceptional laboratory, enabling the examination of a building's 
response following seismic events. Identifying structural damage in the aftermath of an 
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earthquake is an essential step in post-disaster management. Consequently, numerous 
detailed studies have been conducted by researchers after earthquakes. These studies 
involve the observation of structural damage and the acquisition of valuable insights into 
the causes of failures. 

Fig. 3 illustrates the accelerometric stations associated with the November 26, 2019 
earthquake (M6.4), while Table 1 provides a tabulation of the measured acceleration 
values. 

 

Fig. 3. Dispersion of the nearest accelerometer stations that captured the seismic 
activity, (red star: epicentre) 

Structural behaviour of URM buildings was studied in the aftermath of 2010 Christchurch 
earthquake in New Zealand [8]. Kaplan and colleagues investigated the damage, both 
structural and non-structural, to different buildings in the aftermath of the 2009 L'Aquila 
earthquake in Italy [9]. Following the 2010 Chile earthquake, earthquake behaviour of 
masonry buildings was analysed by Astrosa and co-authors [10]. Basset and Guardiola 
investigated the damages inflicted by the 2011 earthquake, to masonry dwellings in Spain 
[11]. Saha et al. investigated seismic damage to buildings after the 2017 Tripura 
earthquake in Bangladesh [12]. Chen and collaborators evaluated structural damage in the 
aftermath of the 2014 Yunnan earthquake in China [13]. Sorrentino and colleagues 
investigated the behaviour of typical masonry buildings in response to seismic events in 
Italy in 2016 [14]. Gautam and Chaulagain explored structural performance during the 
Gorkha earthquake in Nepal on April 25, 2015, and shared the lessons learned [15]. Shakya 
and Kawan evaluated the building damage in Nepal - Kathmandu earthquake [16]. Aras 
and Düzci studied the earthquake response of commonly encountered traditional masonry 
houses in Çanakkale following seismic activities [17]. Vlachakis and co-authors assessed 
the damage and failure mechanisms of masonry houses in the aftermath of the 2017 Greece 
earthquake [18]. Bayraktar and colleagues conducted on-site observations to assess how 
masonry structures performed during the 2011 Earthquakes in eastern part of Turkey 
[19]. Atmaca et al. evaluated the performance of building structures in Turkey considering 
previous earthquake events [20]. Valente [21] explored the seismic response of two 
historic masonry palaces through 3-D structural analyses. The results of structural 
analyses shown a significant dependence of damage distributions and seismic response on 
the dynamic and geometric characteristics of the structures.  Isık et al. [22] examined the 
masonry damages in Adıyaman province following the 2023 Kahramanmaraş earthquakes 
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in Türkiye. They asserted that the predominant cause of structural damage is attributed to 
weak structural features. 

Table 1. Accelerometric stations and measured acceleration values of November 26, 2019 
Earthquake (M6.4) (Fig. 3) 

 

The primary objective of this paper is to centre on the recognition of damage patterns and 
the proposal of seismic reinforcement strategies for pre-existing unreinforced masonry 
structures following the earthquake that occurred on November 26, 2019. This research 
involves an evaluation of the structural deficiencies and performance of masonry 
buildings. The observed damage patterns are categorized into four main types: entire 
collapse, damage on corners, in-plane, and out-of-plane failures. 

2. Features of November 26, 2019 Earthquake 

On November 26, 2019, at 03:54 CET, Durres city experienced a notable seismic event. This 
earthquake was characterized as moderately strong, with a magnitude of Mw = 6.4. The 
intensity map, depicted in Fig. 2, illustrates the affected zones, with active faults indicated 
by red lines. displayed. Detailed acceleration values recorded at different locations can be 
found in Table 1. 

Durres station recorded the highest ground acceleration values, measuring 192.0 cm/s² 
for the North–South (N–S) component, 122.30 cm/s² for the East–West (E-W) component, 
and 114.5 cm/s² for the vertical component. Acceleration recordings, encompassing three 
components and obtained from the provided site address, can be observed in Fig. 4. 

Furthermore, Fig. 5 presents a comparative assessment of the response spectra in the 
East–West and North–South directions, contrasting them with the specifications outlined 
in Eurocode 8 [23]. 

It's worth noting that, despite the earthquake's response spectra registering relatively 
lower values compared to the EC-8 design spectra, the observed villages still experienced 
significant structural failures and asset losses. Moreover, the spectral accelerations 
derived from the recorded data, as depicted in Fig. 5, consistently exhibit values 1.5 - 2.0 
times greater than the spectral periods ranging from 0.2 - 0.8 seconds, as specified by the 
building code. This observation is noteworthy, given that the fundamental periods of many 
buildings in the affected areas typically fall within this range. 

Station 
Recording 

Station Vs30 
(m/s) 

Site 

Measured 
PGA (cm/s2) / PGV (cm/s) / PGD (cm) 

Dist. 
to 

epicent
re 

Code Location N-S E-W V km 

DURR Durres 200 
Free 
field 

192.0 38.55 14.0 122.3 14.4 4.52 114.5 7.18 4.39 15.6 

TIR 1 Tirana 310 
Free 
field 

110.0 6.65 1.77 113.9 7.57 1.80 43.49 2.16 0.73 33.7 

BERA1 Berat 1.010 
Free 
field 

10.65 0.68 0.16 15.10 0.92 0.29 7.91 0.53 0.13 93.7 

ELBAS Elbasan 405 
2-story 

building 
19.75 1.70 0.44 13.69 0.87 0.22 11.88 0.96 0.23 65.8 

FIER Fier 375 
2-story 

building 
17.83 1.20 0.57 17.39 1.50 0.59 8.80 0.74 0.35 83.2 

KKS Kukes 750 
1-story 

building 
7.87 0.79 0.40 7.87 0.95 0.51 - - - 105 

TPE Tepelene 690 
2-story 

building 
6.28 0.79 0.22 5.36 0.72 0.26 3.88 0.37 0.11 128.2 
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a) November 26, 2019 Earthquake North-South component 

 

b) November 26, 2019 Earthquake East-West component 
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c) November 26, 2019 Earthquake Vertical component 

Fig. 4. Time histories of acceleration in Tirana (TIR1 Station, 
https://www.geo.edu.al/tirana_record/ 

 

Fig. 5. Comparison of response spectrum with design spectra (EC-8) [23-24] 

3. Identified Collapse Mechanisms in Pre-Modern URM Buildings and Solution 
Methods  

In the significant urban regions of Albania [25], there were approximately 44,500 
dwellings, including adobe, masonry, and RC structures. Many of the masonry buildings in 
the affected regions were of low to moderate height and were constructed in various time 
periods. These structures were primarily composed of adobe, stone, and brick-briquette 
masonry, with mortar in the walls containing cement. The documented failures in masonry 
structures can be classified into four primary types: entire failure, damage on corners, in-
plane and out-of-plane failures. The following section provides a detailed account of these 
structural deficiencies and failures. The amounts of damage sustained by these dwellings 

https://www.geo.edu.al/tirana_record/
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because of the earthquake on November 26, 2019, are presented in Table 2, adopted from 
EMS-98 [26]. Upon examining this table and figure, it becomes evident that the masonry 
buildings experienced severe damage due to the earthquake in 2019. 

Table 2. Classification of damage in masonry structures in accordance with EMS-98 [26] 

Classification of Damage to Masonry Buildings 

Grade 
Damage 

Level 
Schematic Sample Description 

1 Slight 

 
 

No structural damage, 
slight non-structural 
damage 

2 Moderate 

 
 

Slight structural damage, 
moderate non-structural 
damage 

3 Heavy 

  

Substantial to heavy 
damage, moderate 
structural damage, heavy 
non-structural damage 

4 Very Heavy 

 
 

Heavy structural 
damage, very heavy non-
structural damage 

5 Destruction 

 

 

Very heavy structural 
damage, total or near 
total collapse 

The criteria for categorizing post-earthquake building damage inventory and usability 
involve classifying buildings into five damage degrees. The initial two levels, DS1 (Grade 
1) and DS2 (Grade 2), designate buildings that are immediately usable after the earthquake 
and do not require repair. These structures exhibit minor non-structural damage and 
extremely isolated and negligible structural damage. The subsequent levels, DS3 (Grade 3) 
and DS4 (Grade 4), categorize buildings as temporarily unusable. Such structures display 
extensive non-structural damage and significant structural damage yet have a repairable 
structural system. The final level, DS5 (Grade 5), classifies buildings as unusable. These 
structures are either destroyed or have experienced partial or complete collapse of the 
structural system. The regulations and recommendations regarding the investigation 
process also provide a detailed damage description for each damage degree, facilitating a 
thorough examination of the building. 

A post-earthquake damage assessment was conducted over 44,000 buildings (Table 3) 
using a methodology outlined in reference [26]. This approach was designed to identify 
damage levels and collapse mechanisms in various architectural elements of the 
investigated structures, as outlined in Table 3. Approximately 90% of the examined 
buildings were deemed suitable for immediate occupancy, while the remaining portion 
was classified as unsuitable for occupancy [27]. 
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Table 3. Number of buildings investigated by Construction Institute and corresponding 
damage states [27] 

City DS0 DS1 DS2 DS3 DS4 DS5 TOTAL 

DURRES 22,605 2,761 2,384 1,735 1,855 626 31,966 

  Durres 13,737 1,801 1,210 804 582 205 18,339 

  Kruje 1,672 529 582 454 690 137 4,064 

  Shijak 7,196 431 592 477 583 284 9,563 

LEZHE 494 364 421 326 402 43 2,050 

  Kurbin 343 244 294 196 215 28 1,320 

  Lezhe 150 110 112 126 166 9 673 

  Mirdite 1 10 15 4 21 6 57 

TIRANE 5,651 1,560 1,258 737 974 386 10,566 

  Kamez 138 233 163 46 65 18 663 

  Kavaje 18 89 137 126 108 12 490 

  Tirane 207 528 481 348 458 60 2,082 

  Vore 5,288 710 477 217 343 296 7,331 

TOTAL 28,750 4,685 4,063 2,798 3,231 1,055 44,582 

3.1 Entire or Partial Destruction 

This category of destruction occurs once the structural integrity of a building is 
compromised by the impact of out-of-plane mechanisms. In rural areas of Albania, 
especially in the countryside, dwellings frequently feature roofing systems constructed 
from locally sourced materials. Many of these masonry buildings employ timber logs for 
their roofing and flooring systems. Over time, these structures, which are typically old and 
have been exposed to various environmental conditions, experience a decline in the 
strength of their walls. 

The collapse of these buildings can be attributed to several factors, one of which is the 
weight of the heavy earthen roofs. To keep the structure away from rain and snow, 
additional layers of soil are frequently added to the roof. Consequently, the thickness and 
mass of the earthen roofs gradually increase, resulting in a higher load borne by the 
building during an earthquake. 
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The structural walls and timber logs are unable to withstand this heightened horizontal 
load, causing the walls to shift out-of-plane and leading to a complete collapse.Fig. 6 
visually illustrates the observed damage of this particular type across different regions. To 
reduce the risk of total collapse, it is crucial to refrain from using adobe buildings and 
earthen roofs. Instead, consider implementing lighter roofing systems that incorporate 
horizontal and vertical bond beams during construction. This approach helps distribute 
the loads more effectively and enhances the building's seismic resilience. 

3.2 Damages on Corners 

Effective wall connections are essential for preventing both widespread and localized 
damage in masonry structures. Unfortunately, this aspect is often overlooked, with 
traditional connections persisting in wall construction. It is of paramount importance to 
give special consideration to these connections [28]. 

One common consequence of inadequate connections between structural walls is the 
occurrence of corner damages. These damages commonly occur at connections between 
walls, primarily due to the lack of strong links between them. Problems such as the 
utilization of low-quality materials, inferior workmanship, and insufficient provision of 
bond beams have contributed to the failure of adobe and stone masonry residences. 
Damage on corners was a prevalent issue observed in buildings within the earthquake 
affected areas. 

 

 

Fig. 7. Observed corner damages 

 

Fig. 6. Collapse of masonry buildings 
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In numerous cases, inadequate wooden beams and improper ties were noted at the 
junctions of the affected buildings. The structural failures were significantly influenced by 
the weak bonds between the walls, compounded by the lack of horizontal or vertical 
bonding ties. Fig. 7 depicts a visual representation of the corner damage observed in 
masonry dwellings during the earthquake in Albania. 

To mitigate corner failures, it is recommended to avoid the use of adobe or stone rubble in 
the construction of structural walls. Instead, hewn stone or brick materials should be 
employed, accompanied by the incorporation of reinforced concrete (RC) bond beams in 
both orthogonal directions. Adhering to modern seismic guidelines, it is crucial to maintain 
uniform thickness for these beams and walls, especially at the structure's edges. Fig. 8 
illustrates the application of bond beams in masonry constructions as a preventive 
measure against corner damages. 

 

Fig. 8. Detailed design of horizontal and Vertical tie beams in load-bearing walls 
[modified from source 29] 

For these beams, it is imperative that the concrete used possesses a minimum compressive 
strength of 20 MPa, along with the inclusion of Ø8 stirrups. The spacing between these 
stirrups should not exceed 15 cm, and a longitudinal bar must be included. Additionally, 
for the creation of a sturdy diaphragm, an RC flat plate with a minimum thickness of 10 cm 
should be constructed. In accordance with Eurocode-8 [23] standards, the linkage between 
slabs and walls should be established with steel connections or RC ring girders. Flat RC 
beams must be furnished with longitudinal rebars, with a cross-sectional area not less than 
2 cm². 

On the other hand, the utilization of the confined system is recommended for newly 
constructed masonry structures in Eurocode 8, ensuring the integrity of the building. 
However, applying this technique to existing buildings poses challenges and comes with 
high costs. 

3.3 Out-of-Plane Damages 

Masonry walls exhibit notably better structural performance within the structure's plane 
than in the perpendicular, out-of-plane behaviour, due to their inherent in-plane rigidity. 
These walls exhibit flexibility when subjected to forces perpendicular to the earthquake 
motion. Consequently, shear forces become influential within the plane of the wall, leading 
to in-plane mechanisms. Additionally, a flexural mechanism emerges in the weaker 
direction, giving rise to out-of-plane mechanisms. 
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This situation often results in out-of-plane mechanisms, which are considered undesirable 
due to their brittle behaviour when compared to in-plane mechanisms. Various factors, 
including insufficient connections between neighbouring walls, weak wall-to-floor 
connections, unsupported wall lengths, and inadequate vertical and horizontal bond 
beams, can contribute to the development of out-of-plane mechanisms. These mechanisms 
are characterized by their inability to resist tensile shear forces on the wall face. 

 

Fig. 9. Various out-of-plane mechanisms 

A significant contributor to out-of-plane mechanisms is the positioning of timber logs that 
bear the load of the building's floors in a single direction. This arrangement results in the 
transfer of earthquake loads from perpendicular walls to the timber logs, making walls 
without support from these logs susceptible to out-of-plane overturning. Fig. 9 
schematically outlines various out-of-plane mechanisms, while Fig. 10 illustrates observed 
out-of-plane mechanisms in unreinforced masonry (URM) buildings across different 
villages following the November 26, 2019, earthquake in Albania. 

To prevent these mechanisms and ensure proper wall connection, it is crucial to establish 
a rigid diaphragm, particularly when structural walls lack reinforced concrete bond beams. 
Otherwise, partial or total failure mechanisms can occur. 

To mitigate the occurrence of this out-of-plane mechanism, several measures can be taken. 
Firstly, it is crucial to limit the unsupported length of a load-bearing wall. Additionally, 
incorporate reinforced concrete horizontal and vertical bond beams into the construction, 
as illustrated in Fig. 11. Moreover, it is vital to ensure the presence of bearing walls in both 
the x- and y-directions, as recommended in reference [23]. 

  

Fig. 10. Observed out-of-plane collapses of walls 
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Specifically, vertical bonding girders should be positioned at the edges of the building, 
extending the full height of the storey. Moreover, these vertical beams should be spaced 
along the wall at intervals of approximately 4 meters [23, 30-31]. It's advisable to avoid 
the use of tall and lengthy unsupported walls. 

 

Fig. 11. Management of vertical bonding beams within the layout. Adapted from [30] 

Fig. 12 provide visual examples illustrating the presentation of vertical bonding girders. 
Detailed designs for flat bonding girders at the intersection wall (a) and the angle wall (b) 
are also showcased. These measures are designed to improve the seismic resilience of the 
structure and decrease the risk of out-of-plane mechanisms. 

 

(a)                                                                                 (b) 

Fig. 12. The design details for horizontal bonding girders at a joint (a) and a junction 
(b) are outlined. Adapted from [30] 

3.4 In-Plane Mechanisms 

In-plane mechanisms can develop from various forms of structural failures, encompassing 
sliding, tensile, flexural-bending, crushing, and shear. It's important to note that these 
different failure modes can sometimes occur concurrently. Additionally, an increase in 
vertical load on the wall can lead to the development of cracks. In an in-plane mechanism, 
lateral seismic forces cause shear forces to act within the structure's plane. Fig. 13 
schematically illustrates the distribution of in-plane loading, depicting a scenario where 
vertical loading is the sole influencing factor. 
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Fig. 13. Illustration of the distribution of in-plane loading. Adapted from [32] 

In-plane loading can give rise to different types of damage, including flexural and shear 
cracks, or a combination of both. In Fig. 14a, sliding damage is portrayed, characterized by 
the gradual development of lateral cracks along the bed-joints of the masonry wall. This 
process divides the wall in two segments that move alongside the fracture plane. The 
formation of tensile cracks along an oblique of the bed-joints gives rise to diagonal shear 
cracks, ultimately dividing the wall in two segments. If shear cracks propagate by the in-
plane direction of the wall, it becomes unstable, resulting in a loss of load-bearing capacity. 
Fig. 14b schematically illustrates this failure. 

    

(a) Sliding Shear (b) Shear (c) Toe Crushing (d) Tensile 

Fig. 14. Common in-plane failing modes observed on walls due to the combination of 
earthquake and imposed loading. Adapted from [33] 

Fig. 14c showcases toe-crushing, a type of damage characterized by perpendicular 
compression and lateral tensile cracks concentrated at the base or "toe" of the wall 
segment. Lastly, Fig. 14d presents splitting damage, which results from in-plane vertical 
loading. When the tensile stress induced by earthquake forces is greater than the tensile 
strength of the wall, vertical cracks appear along the elevation of the wall. 

The prevalence of the in-plane mechanism involving sliding shear in masonry buildings 
can be attributed to the inadequate shear strength of the masonry walls and the absence 
of appropriate reinforced concrete (RC) bond beams. Fig. 15 visually presents examples of 
in-plane failures observed in masonry dwellings across various villages. This type of failure 
underscores the importance of reinforcing masonry structures to enhance their resilience 
during seismic events. 
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Fig. 15. Shear failure 

The existence of bond beams is essential for establishing structural integrity, but 
numerous masonry structures in the earthquake-affected villages lacked adequate and 
suitable bonding girders to enhance the complete horizontal shear capacity of their walls. 
Moreover, these structures featured sizable openings, which led to a reduction in wall 
stiffness and an amplification of shear effects. To mitigate this form of damage, it is 
advisable to incorporate reinforced concrete (RC) bond beams and decrease the size of 
openings in the load-bearing walls. Fig. 16 visually depicts this type of damage, 
emphasizing the significance of addressing these structural deficiencies to enhance the 
seismic resilience of masonry buildings. 

  

Fig. 16. Shear effect in masonry buildings 

Crushing failure represents another type of in-plane failure, manifesting when the vertical 
part of earthquake motion is greater than the compressive strength of the load-bearing 
wall. Initially, vertical cracks propagate across the vertical transverse segment of the wall, 
followed by splitting along the longitudinal partition. Fig. 17 visually demonstrates the 
total loss of internal structural integrity in a masonry wall caused by crushing damage 
resulting from the dividing crash of the masonry segment. 
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Fig. 17. Crushing failure of the walls 

This kind of damage is frequently witnessed in adobe and multi-leaf debris stone wall 
segments, mainly because of the absence of appropriate flat bonding planks. In other 
words, insufficient interlocking between connecting bearing walls at corners leads to the 
occurrence of this type of damage. To prevent this type of failure, it is essential to 
incorporate proper horizontal bond beams, which can enhance the seismic resilience of 
these structures. 

4. Recommendations for Repairing and Retrofitting Masonry Structures 

URM buildings that are susceptible to complete collapse or have been identified as having 
poor earthquake resistance ought to be dismantled. Instead, new structures should be 
constructed in adherence to contemporary engineering standards and prevailing seismic 
regulations. 

Extensive research has been conducted to explore ways of enhancing the strength and 
durability of URM structures. The primary objective of all retrofitting methods is to 
improve their ability to resist loads or extend the time it takes for them to collapse when 
subjected to unexpectedly high external forces. Retrofitting masonry structures involves 
three key concepts: i) mitigating external forces; ii) upgrading existing buildings; and iii) 
enhancing integrity. The initial two concepts have been succinctly covered and 
demonstrated in a handful of research documents [34-35], while the third concept has 
received limited attention. This section will delve into a detailed presentation of some of 
the commonly encountered concepts and their practical applications. 

4.1 Retrofitting Masonry Buildings 

The primary objective of all retrofitting methods is to bolster the horizontal load bearing 
capacity of the walls. On the other hand, an additional contribution can be achieved by 
reducing the weight of the roof through the installation of a lighter roofing material, 
instead of an earthen roof. One of the commonly employed methods for surface treatment 
is the application of shotcrete and ferrocement. It involves initially covering the structural 
wall with a steel mesh secured by cotters. Subsequently, high-strength cement mortar is 
sprayed onto the wall's surface, creating a uniform new layer. This method can be applied 
to one or both surfaces of the wall and provides increased performance to the wall. 

Shotcrete is run by spraying it over a mesh of wire installed on the surface of the masonry 
wall, as depicted in Fig. 18. Typically, the overlay thickness falls within the range of 7 cm 
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to 15 cm [36-37]. Shear dowels are commonly required to facilitate shear transfer between 
the masonry-shotcrete interface. Prior to applying shotcrete, it is essential to remove 
wythes of bricks and fill the voids. Enhancements to the retrofitting of shotcrete can be 
achieved when the substrate surface becomes notably rough following the removal of 
loose or deteriorated portions [38]. 

While this approach is applicable to various masonry buildings to enhance the strength 
and stiffness, including those made of adobe, stone, and brick, it's worth noting that 
employing this method in older buildings may not always be cost-effective. On the other 
hand, this method has drawbacks, including time-consuming application and the alteration 
of original aesthetics. Consequently, it is deemed unsuitable for the retrofitting of masonry 
historical monumental structures. In such cases, demolishing the old structure and 
constructing a new one could be a more suitable approach. 

 

Fig. 18. Diagram depicting the application of shotcrete. Adapted from [39] 

Fig. 19 illustrates another method called mesh reinforcement, which involves 
strengthening an URM wall segment by confining it with bonding struts and applying fibre-
reinforced polymer (FRP) from one corner to the other. The initial application of FRP 
composite for retrofitting or reinforcing existing structures was in the realm of concrete. 
Subsequently, its usage has been expanded to include other types of structures such as 
masonry and timber. This extension has garnered important attention in research, with 
thorough studies deployed on its application across various structural materials [40]. 

FRP is a composite material that comprises high-strength fibres like carbon, glass, and 
aramid. When employed for reinforcing existing masonry structures, FRP demonstrates 
superior strength and ductility compared to traditional materials. This technique enhances 
the in-plane load-bearing capacity of the wall while preventing out-of-plane damage. 

Retrofitting unreinforced masonry (URM) walls with FRP composites can result in a 
significant improvement in strength, typically ranging from 1.1 to 3 times [41, 42]. 
Research has shown that the resistance of masonry walls can be enhanced by 13-84% 
through an analysis of walls retrofitted with carbon fibre. The degree of improvement may 
vary depending on the specific structure undergoing retrofitting. In another study [43], 
FRP was observed to increase the shear resistance of masonry buildings by 3.3 times. 

Although reinforcing masonry panels with FRP offers advantages such as minimal added 
mass, low disruption, and a relatively substantial enhancement in strength, this technique 
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has drawbacks, including its high cost, the need for advanced technical expertise, and 
alterations to the structure's appearance. The initial cost of FRP material is approximately 
5 to 10 times higher than that of steel [44], posing a significant consideration in the 
selection of retrofitting approaches. 

Nevertheless, it's important to acknowledge that attaining the smooth surface necessary 
for the use of FRP in masonry buildings constructed with rough stone can pose a challenge. 
As a result, strengthening with FRP may not be feasible for such structures. Additionally, 
due to the higher cost of FRP compared to concrete and steel, applying FRP to masonry 
buildings constructed using conventional techniques in rural areas may not be a cost-
effective solution. In such cases, shotcrete application could be a more practical alternative. 

 

Fig. 19. Reinforcing URM segments using FRP polymer. Adapted from [39] 

One effective method for enhancing structural integrity involves minimizing the size of 
openings or sealing off excess spaces, such as oversized spaces and entrances. Based on 
the modern guidelines (TEC-2018), it is recommended to restrict the width of openings 
within a wall plane to less than 3 meters. Furthermore, the proportion of the total length 
of open spaces to the length of unsupported wall within the wall plane should not surpass 
40%. Additionally, in compliance with EC8, the ratio of wall length to the greater net height 
of adjacent spaces must adhere to specific minimum values (0.50 for stonemasonry and 
0.40 for other brick categories). 

 

Fig. 20 Reduction of space in a wall segment. Adapted from [39, 45] 
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Among the various reinforcement techniques, this approach stands out as one of the most 
practical and applicable to whole masonry constructions. Its application improves the 
overall in-plane resistance of the load bearing wall, significantly contributing to structural 
performance during seismic events. Fig. 20 offers a schematic representation of this 
reinforcement approach. 

Figs. 21a and 21b demonstrate strategies for strengthening the junctions of masonry 
blocks and establishing links between wall segments and vertical bonding joists, 
respectively. In the case of wall corners, connecting them with steel plates and anchoring 
them together is recommended. Subsequently, any pin holes in the walls should be sealed 
by prepared mortar shot. The method depicted in Fig. 21a is feasible and cost-effective, 
suitable for application in all masonry buildings to prevent corner damages. On the other 
hand, the approach shown in Fig. 21b necessitates the presence of a vertical bond beam for 
implementation. 

 

(a)  

 

(b) 

Fig. 21. (a) Schematic depiction of reinforcing the corner link among walls, and (b) 
Strengthening the connection between a wall and a vertical bond beam [adopted from 

[39] 
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A study on masonry structures confined with constructional columns and ring beams, as 
outlined in [46], suggests that such structures exhibit favourable performance during 
earthquakes. The study concludes that the mechanical performance, including ductility 
and strength, of the masonry panels is primarily upheld by the confining elements. 

4.2 Repairing Existing URM Buildings 

Maintaining masonry buildings is of utmost importance to safeguard them against the 
impact of earthquakes. Consequently, even minor cracks should not be overlooked and 
must be promptly repaired. To tackle such maintenance, U-formed steel tools and mortar 
injections are utilized. Small cracks, typically those with a width smaller than 2 mm, are 
reinforced with the steel components and then filled with mortar. 

 

Fig. 22. Diagram depicting the repair of minor cracks. Adapted from [39, 45] 

Fig. 22 provides both a schematic and a visual representation of the healing process. This 
repair method is applicable to all existing masonry buildings and can help prevent further 
deterioration, ensuring the longevity and stability of these structures. 

 

Fig. 23. Diagram depicting the repair of minor cracks. Adapted from [39, 45] 

Another method for repairing masonry structures involves the use of Fiber Reinforced 
Polymer (FRP). FRP components are applied alongside the cracks, making this technique 
suitable for cracks with a width of less than 1 mm. As a result, this method effectively 
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prevents the further expansion of cracks. Fig. 23 offers a schematic representation of the 
application process. This repair technique is suitable for brick masonry structures. 
Nevertheless, this is crucial to highlight that the challenges of obtaining a smooth plane on 
rough stone may limit the applicability of this method to buildings constructed with such 
materials. 

Apart from strengthening the superstructure, certain reinforcement methods can be 
applied to the soil and foundations. One approach involves lowering the groundwater level 
to a depth below the foundation by using drainage techniques. During the implementation 
of this approach, it is essential to take precautions to avoid differential settlements within 
the building. 

Another way to reinforce the foundation system is by expanding the footing size and 
redirecting the structural loads to deeper, more stable layers using an appropriate system. 
Additionally, the load-bearing capability of the ground can be increased through 
techniques like jet grouting. However, it's important to note that this method of 
strengthening can be costly. 

5. Conclusions and Recommendations 

The literature discusses the failure modes in URM structures during earthquakes, 
especially following destructive ones. This study highlights that URM structures, often built 
by unqualified individuals, exhibit poor earthquake response and are susceptible to 
destruction even in mid-size earthquakes. Therefore, this paper assesses the potential 
damage that could occur during a catastrophic earthquake and presents various 
strengthening options. 

The Durres/Albania earthquake (Mw = 6.4) resulted in significant damage patterns. To 
assess this damage, urban centers and their surrounding areas near the earthquake's 
epicenter were visited, and various building typologies were examined. Site visits revealed 
that the earthquake response of the affected structures fell below expectations, primarily 
because they were not built in accordance with engineering standards and modern seismic 
guidelines. Consequently, the anticipated structural behaviour was not accomplished, even 
when subjected to mid-sized tremors. The primary causes of these failures were identified, 
and recommendations to prevent life losses and mitigate assets losses are as follows: 

The observed failures in the surveyed dwellings can be attributed to several factors. These 
include the inhesion of earthen roofs, which significantly contributed to the damage. Weak 
detailing of connections between walls, encompassing both wall-to-wall and wall-to-roof 
connections, further exacerbated the structural issues. Additionally, the absence or 
inadequacy of bonding struts within the load-bearing walls played a crucial role in the 
failures. Both out-of-plane and in-plane mechanisms were identified as failure modes, 
showcasing the structural vulnerabilities. Building on sloping land aggravated these issues, 
and foundation collapses were also observed as critical factors in the overall failures. 

Here are some recommendations to avoid future damage: 

• If replacing heavy roofs with lighter roofing systems is not possible, it is advisable 
to consider demolishing these structures. Subsequently, new houses should be 
constructed using advanced construction practices and adhering to seismic code 
specifications. 

• In cases of localized corner damages, the recommended method involves fixing 
separations in the corner walls and reinforcing them. However, if the damage is 
extensive and compromises the structural integrity, it is advisable to reconstruct 
the walls. 
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• To mitigate the damage induced by out-of-plane actions to a masonry wall, several 
measures could be implemented. These include applying FRP polymer from one 
corner to another, reducing the size of large openings, and reinforcing corners with 
iron anchor coats. Moreover, an additional protective measure for the masonry wall 
involves enveloping it with a steel mesh and fastening it securely with cotters prior 
to the application of shotcrete. 

• To prevent in-plane failures, it's vital to reinforce structural walls along the wall 
plane. The recommended strategies for addressing out-of-plane mechanisms are 
equally applicable to in-plane mechanisms. 

• To prevent damages related to loose soil, it is imperative to construct buildings on 
level ground and establish robust footings. Effectively addressing these concerns 
involves lowering the groundwater level below the foundation and expanding the 
foundation width. 

• To protect buildings from potential earthquakes, it is crucial to prevent the 
formation of microcracks, and any existing micro-cracks should be carefully fixed 
using U-formed steel apparatus and cement injections. 

• A considerable portion of masonry buildings predates the 1990s, constructed in 
accordance with the building code requirements of that era. This has led to the 
development of diverse construction practices and significant technical deficiencies 
in these buildings. While masonry structures demonstrate robustness under 
vertical loads, they exhibit fragility and are vulnerable to severe damage when 
subjected to horizontal loads, such as those encountered during earthquakes. 

This paper has revealed that URM structures situated in active earthquake regions in 
Albania exhibit notably poor seismic performance. Even a moderate earthquake resulted 
in considerable structural damage. To avert potential harm in rural areas, it is imperative 
to construct earthquake-resistant dwellings in accordance with contemporary seismic 
codes and construction practices, while also retrofitting existing undamaged structures. 
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 This study assesses the impact of seawater and acidity on a glass epoxy 
composite filled with pure iron powder. Plates with varying iron content (15%, 
20%, and 25%) were created using contact molding, with 30% glass fiber 
content. After dividing the plates into samples, a three-point bending 
examination was conducted following ISO14125 standards. The samples were 
immersed in saltwater (Group A), an acidic solution (Group B), or kept dry for 
comparison (Group C). Each subgroup had 15 specimens (5 for each iron %), 
immersed for over 60 days before undergoing bending tests. Results showed a 
significant decline in flexural strength, with a maximum reduction of 29.7% in 
Group A and 37.9% in Group B, while Young's modulus decreased up to 34.8% 
in Group A and 45.6% in Group B. The two-way ANOVA approach confirmed 
these findings, and microscopic examinations and FTIR analysis after immersion 
elucidated physical alterations and chemical reactions. Despite certain 
advantages, such as specific applications, the composite's limitations in 
corrosion resistance, durability, and production cost may restrict its relevance 
in various industrial and real-world applications. Consideration of these factors 
is essential before choosing this material for a specific project. 
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1. Introduction 

In recent years, the use of fiber-reinforced composite materials in engineering has grown 
significantly. This increase is due to advances in how these materials are made, making 
them more suitable for various technical uses [1]. Industries like aerospace and 
automotive are particularly interested in lightweight materials that are also strong, leading 
to a higher demand for composite materials [2]. 

One specific type of these materials, known as glass-epoxy composites, reinforced with 
various substances, including different metals, has become important in different 
industries because of its exceptional strength [3]. Researchers have studied how adding 
different metals, like iron powder, affects the strength of these materials [4-7]. 

Previous research has examined the impact of nanoparticles on the micro-mechanical and 
surface properties of poly (urea-formaldehyde) composite microcapsules [8]. Additionally, 
they have explored the thermo-mechanical behavior of epoxy composites, incorporating 
various fillers like E-glass fibers and iron oxide particles, as well as the mechanical 
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performance of glass/epoxy composites enriched with micro- and nano-sized aluminum 
particles [9, 10]. Other studies have delved into composite materials that include iron 
powder and mixed glass fiber-reinforced polymers, with the aim of comprehending their 
properties and performance. Besides, researchers have examined the use of waste iron 
filings to enhance glass fiber-reinforced epoxy (GFRE) composites, analyzing the influence 
of factors such as particle size, interface adhesion, and loading on particulate-polymer 
composites [11, 12].  

Despite their strength, these composites face challenges when they are exposed to harsh 
conditions. Prolonged exposure to corrosive substances like acids or seawater can 
significantly weaken these materials, especially in terms of their flexural strength [13]. 
Epoxy resins are used to hold these materials together and protect them from harsh 
conditions like water and salt [14]. However, epoxy can absorb moisture over time, which 
can harm its physical properties and the components made with it [14]. Abdel-Magid et al. 
studied the effects of seawater and temperature on glass/epoxy and glass/polyurethane 
composites. After a year of immersion, glass/epoxy composites absorbed 2.5% of their 
weight in water at ambient temperature and 5% at 65°C. Tensile strength reduced by 0.8% 
at room temperature and 6% at 65°C, indicating accelerated water absorption and reduced 
strength at higher temperatures [15]. Silva et al. explored the degradation of GFRP 
laminates through 2500 hours of immersion in a saline solution. Tensile strength retention 
was 84% at 35°C, 70% at 50°C, and 61% at 65°C, revealing swelling and plasticization in 
the GFRP composites, leading to microcracking and fractures [16]. A study explores the 
enhanced mechanical resilience of SiO2-epoxy polymer nanocomposites in seawater, 
revealing minimal strength reduction compared to unmodified materials, with optimal 
performance achieved at a 3% SiO2-epoxy ratio over a six-month exposure period [17]. 
Other researchers evaluated the impact of corrosive conditions on epoxy nanocomposites 
with BN nanoplatelets, enhancing mechanical and tribological properties. And found that, 
despite the corrosive influence on mechanical performance, tribological behavior 
improves with exposure, acting as a lubricant and forming a protective layer [18].  

Researchers have conducted numerous studies on the impact of water and seawater on 
GFRP composites, assessing factors like flexural strength, tensile strength, compressive 
strength, and elastic modulus [19, 20]. Bagherpour et al. examined the effects of 
concentrated HCl on aged fiber glass polyester composites. After 21 days of acid immersion 
at 35°C, a significant destructive impact was observed, as acid infiltrated the composite, 
forming cavities and cracks, and reducing mechanical properties [21]. Additionally, the 
flexure strength and modulus of elasticity in a glass fiber/epoxy composite decreased over 
time when exposed to hydrochloric acid (HCl) and sodium hydroxide (NaOH), resulting in 
mechanical degradation [22]. Similar degradation was observed in Kevlar/epoxy and 
carbon/epoxy laminates subjected to low-velocity impact tests following immersion in HCl 
and NaOH [23]. 

While previous research has contributed significantly to our understanding of how glass-
epoxy composites behave in challenging conditions, there are still important questions that 
need to be investigated regarding the behavior of these laminates, specifically when they 
are loaded with iron powder in such conditions. This study aims to fill these knowledge 
gaps by examining how the amount of iron powder, along with environmental conditions, 
affects the flexural strength of glass-epoxy laminated composites. We will use statistical 
analysis (ANOVA) to evaluate their relative impacts and potential interactions. The 
inclusion of iron powder is of particular relevance, given its abundance in the Annaba 
region, situated in the eastern part of Algeria, due to the presence of the sedimentary iron 
complex. Beyond addressing material availability, this choice aligns with sustainable 
practices, emphasizing the repurposing of waste materials. 
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2. Materials and Methods   

2.1. Specimen’s Preparation 

The laminated composite plates were prepared in the laboratory, using epoxy resin as 
matrix and reinforced with eight (08) plies of an E-glass fiber mat, which was kept constant 
at 30% of the total mass for each plate. Additionally, pure iron (99.998%) powder with 
grain sizes equal to or smaller than 32µm was incorporated as a filler material, with 
varying percentages of the filler (15%, 20%, and 25%). The laminates were produced by 
hand lay-up technique, with the resin of choice being a commercially available epoxy, 
selected based on its local market availability. Densities of the matrix and reinforcement 
are presented in Table 1. The iron powder was combined with resin and hardener and 
afterward introduced into a controlled environment equipped with a vacuum pump to 
facilitate the removal of entrapped air bubbles. According to the epoxy manufacturer's 
instructions, the polymerization process can take up to seven (07) days. 

Table 1. Material’s densities  

Material Density (g/cm3) 
Mat fiberglass E  2.7 

Epoxy resin  1.1 

 

The bending specimens illustrated in Figure 1 were dimensioned in accordance with the 
standards stated in the ISO 14125 standard. An 1100 W CROWN cutting machine equipped 
with a 250mm diameter diamond disc and a lubrication system was utilized to cool the 
specimens and aid in the cutting process.  

 

Fig. 1. Laminated specimens 

2.2 Solution Preparation 

Two discrete forms of media were generated for the purpose of conducting experiments. 
The initial medium was prepared by utilizing seawater obtained from a coastal area in the 
Annaba region. Following the collection process, the specimen underwent a rigorous 
sterilization procedure, subsequently undergoing meticulous drying within specialized 
ovens. The second medium was prepared as shown in Figure 2 by diluting pure 
hydrochloric acid (HCl) with distilled water until it reached a pH value of 2. Similar to the 
initial medium, this subsequent medium likewise underwent a process of sterilization and 
subsequent drying through the utilization of specialized ovens. These preparations will 
enable the submersion of the test specimens that have been prepared for our forthcoming 
tests. 
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Fig. 2. Acidic solution preparation 

3. Experimental Procedure 

The specimens were partitioned into three distinct groups as demonstrated in Table 2, 
denoted Group A, Group B and Group C. Within Group A, three subgroups were exposed to 
seawater, whilst the three B subgroups were submitted to an acidic solution with a pH 
value of 2, while the remaining subgroups stay unsubmerged for comparison.  

Table 2. Specimen’s grouping 

Group Subgroups 
Iron content 

(W%) 
Solution 

A 

A-1 15 Seawater 

A-2 20 Seawater 

A-3 25 Seawater 

B 

B-1 15 Acid 

B-2 20 Acid 

B-3 25 Acid 

C 

C-1 15 / 

C-2 20 / 

C-3 25 / 

3.1 Submersion’s Impact on Specimen Weight  

The dry non immerged, and immerged specimens were weighed to measure Wo, 
submerged in the two different solutions for no less than 1440 hours, where the samples 
were removed to measure their individual weight as shown in Fig. 3, Wi, for each time 
interval, using an analytical balance with a resolution of 0.0001g resolution. The weight 
measurements are detailed in table 3, in which: 
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• T0 (Time Zero): Refers to the initial time when the specimens are submerged or 
subjected to the experimental conditions. 

• T1 to T6: These time points represent specific intervals during the experiment, 
indicating when measurements or observations were taken. For instance, T1 might 
signify measurements taken after 10 days, T2 after 20 days, and so forth. Each 
subsequent time point (T3, T4, T5, and T6) would similarly denote additional 
intervals or milestones in the experiment, helping to track changes over time. 

  

Fig. 3. Weight measurement operation 

Table 3. Specimen’s weight measurement detailed  

Group 
Sub-

group 
T0 T1 T2 T3 T4 T5 T6 

A 

1 7.6049 7.6070 7.6085 7.6098 7.6123 7.6246 7.6655 

2 7.957 7.9608 7.9620 7.9636 7.9649 7.9755 7.9989 

3 8.4760 8.4807 8.4835 8.4837 8.4865 8.4964 8.5227 

B 

4 7.5305 7.5275 7.5244 7.5253 7.5175 7.513933 7.5152 

5 7.8348 7.8326 7.8303 7.8301 7.8231 7.8163 7.8026 

6 8.8055 8.8005 8.7974 8.7889 8.7817 8.7808 8.7616 

3.2 Moisture Absorption   

Measuring moisture absorption of the studied specimens has been done using the simple 
formula in Eq. (1) as follows: 

% = (𝑊𝑖 −𝑊0) ÷𝑊0 (1) 

Where, W0 is the initial weight of samples, Wi is the weight of samples after up taking 
moisture.  

3.3 Flexure testing   

The 3-points flexure testing schematized in fig. 4, was conducted at the “Mining and 
Metallurgy Research Unit”, formerly known as “URMA”, which is a part of the “Research 
Centre in Industrial Technologies” (URMM/CRTI) located in Annaba (Algeria). The MTS 43, 
a universal machine, is outfitted with a force sensor and is under the control of a computer. 
A minimum of five (5) tests were applied for each subgroup, using specimens mean 
dimensions displayed in Table 4. In this case, speed and temperature were 10 mm/min 
and 25 °C, respectively. The load cell illustrated in Fig. 5, also known as a dynamometer, is 
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linked to an acquisition chain that enables the concurrent measurement of displacement 
time, load, and deformation. The data collection and result processing were conducted 
using computer technology, specifically the MTS TestSuite software. A total of 6 
experiments and combinations of variables were conducted, in order to measure the 
flexural strength and Young's modulus. 

 

Fig. 4. Three points bending scheme 

Table 4. Specimen mean dimensions  

Length (l) 
mm 

Outer span (L) 
mm 

Width (b) 
mm 

Thickness (h) 
mm 

80 64 14 4 

 

 

(a) 

 

(b) 

Fig. 5. Bending test procedure (a) and (b) 

3.4 Microscopic and FTIR Equipment  

Observations of microfibrils, surface topography, and the rupture area were conducted 
using a light microscope. The type of microscope equipment used for this research was the 
Leica ATC 2000 Microscope, Wetzlar. 

Meanwhile, the FTIR spectra were recorded at the “Water and Environmental Science and 
Technology Laboratory” located in University Mohamed Cherif Messaidia, Souk Ahras, 
Algeria, using an IRAffinity-1S FTIR at a measuring range between 500 and 4000 cm-1 

4. Results and Discussion 

4.1. Submersion’s Impact on Specimen Weight  

This study employed a Two-Way ANOVA approach to examine the variations in the weight 
of the specimens when subjected to immersion in two distinct solutions for ne less than 60 
days: a seawater environment and an acidic solution. The present investigation took into 
account the variables of immersion duration and the proportion of iron powder loading. 
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The outcomes exhibited noteworthy disparities in comparison to the specimens that were 
not subjected to immersion, which can be referred to as the control group (C). 

(a) 

(b) 

Fig. 6. Charts (a) and (b) display the evaluation of the masses of various test specimens 
over time 

Compared with the control, the weight change illustrated in Fig. 6 was significant (p < 
0.05), proportional to the time of immersion. In such a way a noticeable increase in weight 
was observed over time in specimens immersed in seawater (Fig. 6-a), indicating 
significant water absorption. This aligns with findings from Abdel-Magid et al., who 
reported increased water absorption in glass/epoxy composites exposed to seawater over 
a year, supporting the impact of seawater on weight gain in composite materials [15]. On 
the other hand, specimens that were fully submerged in the acidic solution exhibited a 
weight reduction (Fig. 6-b) that was directly related to the duration of exposure. This 
echoes the findings of Bagherpour et al., who investigated the effects of concentrated HCl 
on aged fiber glass polyester composites [21]. This weight decrease phenomenon could be 
attributed to corrosion and material degradation. In corrosive environments like acidic 
solutions, the chemical reactions involving the iron powder within the composite may 
release iron ions, leading to material corrosion. This corrosion process contributes to the 
observed loss of material mass, aligning with Bagherpour et al.'s observations of significant 
destructive impacts in acid-immersed composites. 

4.2 Moisture absorption and Weight loss 

The process of moisture absorption was quantified for specimens that were submerged in 
seawater (Table 5). It was shown that these specimens exhibited moisture absorption, 
leading to a subsequent increase in their overall weight. On the other hand, the specimens 
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that were submerged in the acidic solution exhibited a reduction in mass as shown in Table 
6.  

Table 5. Sub-groups moisture absorption  

Sub-group Absorption 
(%) 

1 0.79 
2 0.52 
3 0.55 

Table 6. Sub-groups weight loss 

Sub-group 
Weight loss 

(%) 

1 0.20 
2 0.41 
3 0.50 

A direct correlation is noted between the quantity of iron powder present in the laminate 
and the corresponding reduction in moisture absorption. Stated otherwise, an increase in 
resin content corresponds to an increase in the moisture absorption capacity of the 
composite material. Furthermore, it was observed that the test specimens, when subjected 
to immersion in the acidic solution, exhibited a reduction in weight that was directly 
proportionate to the quantity of iron contained within them. The observed reduction in 
weight can be ascribed to the deterioration of the composite material caused by the 
influence of hydrochloric acid (HCl), as mentioned before. 

4.3. Flexure Strength and Young Modulus   

4.3.1 Experimental Result Detailed 

The analysis focused on the results obtained from a three-point bending experiment 
carried out on specimens that underwent immersion for a minimum period of 60 days. 
Figure 7 illustrates the typical stress/strain curve for each group, with detailed results of 
Flexural Strength and Young's Modulus for each subgroup presented in Table 7. 

In such a case that, Fig. 7(a) depicts the stress/strain plot for the subgroup submerged in 
seawater. In Fig.7(b), the stress/strain plot illustrates the performance of the subgroup 
submerged in an acidic solution. Finally, Fig. 7(c) presents the stress/strain plot for the 
non-submerged subgroup, referred to as the control group. 

 
(a) 

 
(b) 
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Table 7. Three points bending test results detailed  

Group Subgroups 
Iron 

content 
(W%) 

Solution 
Flexure 
Strength 

(Mpa) 

Young’s 
Modulus 

(Mpa) 

A 
1 15 Seawater 240.5714 10211.82 
2 20 Seawater 263.7119 11162.67 
3 25 Seawater 219.1429 9830.429 

B 

1 15 Acid 201.5714 8961.479 

2 20 Acid 243.9256 9588.857 

3 25 Acid 193.5714 8200.84 

C 

1 15 / 310.822 15107.267 

2 20 / 341.198 16366.777 

3 25 / 311.998 15097.248 

 

 
(a) 

 
(b) 

Fig. 8. ANOVA study charts for Flexural Strength (a) and Young's modulus (b). 

The present investigation utilized a Two-Way ANOVA approach to investigate the changes 
in flexure strength and Young's modulus. The current study considered the factors of 
flexural strength and Young's modulus, as well as the solution type and iron powder 
loading %. The results (as shown in Fig. 8) displayed significant differences when 

 

(c) 

Fig. 7. Typical plot of Flexure Stress (Mpa) against strain (%) 
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compared to the samples that were not exposed to immersion, which can be referred to as 
the control group (C). The observed reduction in both flexure strength and Young's 
modulus was found to be statistically significant when compared to the control group (p < 
0.05).After the results were evaluated using the ANOVA method, the findings of the study 
(Fig. 8) demonstrated a significant decrease in both flexural strength and Young's modulus 
in the immersed composites as compared to the composites that were not subjected to 
immersion.  

The Flexure Strength of Composites 1, 2, and 3 (Fig. 8-a) in Group A decreased by 22.6%, 
22.7%, and 29.7%, respectively. Likewise, within group B, laminates 1, 2, and 3 
demonstrated a reduction in their flexural strength of 35.1%, 28.5%, and 37.9% 
correspondingly.  

When examining Young's modulus (Fig. 8-b), it was observed that Group A, immersed in 
seawater, experienced reductions of 32.4%, 31.8%, and 34.8% in subgroups 1, 2, and 3, 
respectively, when compared to their non-immersed counterparts. In contrast, Group B, 
exposed to the acidic solution, demonstrated a more substantial decline, with decreases of 
40.6%, 41.4%, and 45.6% in subgroups 1, 2, and 3, respectively, compared to their non-
immersed counterparts. These findings underscore the significant impact of the acidic 
solution on Young's modulus in comparison to the specimens not subjected to immersion. 

A notable observation was made while comparing the specimens that underwent 
immersion in an acidic solution with those that were exposed to seawater, as a more 
prominent reduction in both flexural strength and Young's modulus was observed. In line 
with the observations from the study conducted by A. M. Amaro et al. [22], the results 
obtained similarly highlight a notable reduction in flexural strength and Young's modulus 
for specimens immersed in an acidic solution compared to those exposed to seawater. This 
correspondence further underscores the higher reactivity of acidic solutions and the 
consequent mechanical degradation observed in laminates, as indicated in the mentioned 
study.   

The results presented above emphasize the need to consider environmental factors when 
evaluating the durability and effectiveness of composite materials in real-world situations. 

4.4 Microscopic and FTIR analysis   

The microscopic photos depict the specimen's immersion in an acidic solution, both before 
and after the immersion process. These images demonstrate the formation of pores on the 
epoxy layer (Fig. 9-a-b), which functions as the matrix for the specimen. The observed 
phenomena elucidate the notable decline in the mechanical strength of the specimens 
when subjected to immersion in the acidic solution. 

 
(a) 

 
(b) 
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The microscopic images in Fig. 10 reveal the oxidation of iron grains within the glass fibers, 
which led to a reduction in the mechanical properties of the various specimens. The 
diagram of the Fig.11 displays the FTIR spectra of distinct specimens while immersed in 
different solutions: seawater, a pH 2 acid medium, and specimens that were not immersed.   
The absorption peaks occur at a frequency of 3865 cm-1, which is specifically related to the 
stretching vibration of hydroxyl (-OH) bonds found in functional groups like water or other 
hydroxylated compounds. This frequency range also includes values between 3800 and 
3900 cm-1.  Seawater inherently contains hydroxyl groups. 

The frequency at 3734 cm-1 corresponds to the stretching vibration of a carbonyl (C=O) 
bond present in specific organic or inorganic compounds, including corrosion products 
prevalent in the maritime environment or due to the iron powder presence in our 
composite.  

The peak observed at 1743 cm-1 corresponds to the stretching vibration of the C=O bond 
in the -COO- functional group. Additionally, the peaks at 1473 cm-1 and 1373 cm-1 are 
associated with the bending vibration of the -CH3 groups in the -CH (CH3)2 moiety.   The 
peak observed at 1242 cm-1 corresponds to the stretching vibration of the C-O bond in the 
-COOH functional group, while the peak at 1172 cm-1 is attributed to the stretching 

 
(c) 

Fig. 9. Microscopic images of the surfaces of the specimens immersed in the acid 
solution (a) (b) and seawater (c) 

 
(a) 

 
(b) 

Fig. 10. Microscopic images of the fracture surface of a test specimen (a) (b) 
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vibration of a C-O bond.   These could be found in functional groups such as esters, ethers, 
or the vibration of the C-O-C skeleton.  

 

Fig. 11. Diagram of FTIR spectra for different specimens 

The predominant peak belongs to the epoxy cycle within the region of 1270-1240 cm-1.   
The epoxy functions exhibit strong absorption at 1257 cm-1, which corresponds to the 
symmetrical vibrations of C-O-C. Additionally, there are two peaks at 1153 cm-1 that 
correspond to the vibrations of CH2 groups in the epoxy.   The absorption at 3410 and 3382 
cm-1 in amines is attributed to the vibration of primary amine groups (-NH2) in the 
hardener structure [24]. 

The intense peak observed at 2931 cm-1 and 2870 cm-1 in other groups is associated with 
the CH groups of the alkane function, and its absorption limit occurs at 1567 cm-1.   Ether 
groups exhibit two distinct absorption peaks at 1257 and 1233 cm-1. The first peak 
corresponds to C-O-C groups that are connected to aromatic cycles, while the second peak 
arises from the phatic stretching of carbon-oxygen (-O-CH2) bonds [25]. 

Epoxy contains functional groups known as epoxy groups (C-O-C) which have the ability 
to undergo a reaction with water. The three spectra exhibit a high degree of similarity. 
Nevertheless, alterations in the absorption bands linked to these functional groups, 
particularly in the range of 1018 to 1735 cm-1, may suggest chemical modifications 
associated with water absorption. This is evident in the changes observed in the bands at 
1018 cm-1, 1118 cm-1, the 1249 cm-1 vibration band, and the 1365 cm-1 band, which affect 
the bonding bands.  

Water absorption can cause the polymeric matrix to become softer, and acid can affect iron 
powder, leading to alterations in bonding vibration bands. The absorption bands related 
to C-C and C-O-C groups in the epoxy matrix may exhibit alterations that indicate 
modifications in the polymeric structure, as evidenced by the images showing cavities in 
the material matrix.  

The absorption peak observed at 1404 cm-1 corresponds to the presence of carbon-
nitrogen bonds (CN). Additionally, the range between 1172 and 1200 cm-1 is commonly 
linked to the stretching vibrations of C-N bonds in primary amines. Secondary and tertiary 
amines can also display bands in this region. However, the position of these bands may 
vary significantly depending on the characteristics of the group.  

The presence of an absorption band at 1249 cm-1 in an infrared spectrum can be indicative 
of many chemical bonds: CO (carbon-oxygen bonds): The stretching vibrations of CO bonds 
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can be linked to this particular location.   It may also exist in functional groups like esters, 
ethers, or other molecules that have carbon-oxygen linkages. The presence of amines or 
nitriles can also result in stretching vibrations of CN bonds, which can contribute to this 
region.  

Volenik's research demonstrates that a spectral peak at 1100 cm-1, accompanied by a 
smaller peak at 1198 cm-1, can be attributed to the vibrational motion of Si-O bonds in SiO2 
[26].  

5. Conclusions 

The immersion of test samples containing varied proportions of iron powder (15%, 20%, 
25%) in two distinct solutions (seawater and an acidic solution with a pH of 2) resulted in 
a notable decrease in mechanical characteristics, particularly in terms of flexural strength 
and Young's modulus. The drop confirmed using statistical ANOVA analysis, was 40% for 
specimens submerged in the acidic solution and 30% for those in seawater, highlighting 
the corrosive properties of the acidic environment.   Furthermore, a clear link was 
observed between the proportions of iron powder loading. 

The microscopic images offered a convincing elucidation for the decline in mechanical 
characteristics, as they unveiled the appearance of pores on the surfaces of specimens 
submerged in the acidic solution and severe corrosion in those exposed to saltwater.   In 
addition, FTIR analysis provided a clear understanding of the chemical processes that took 
place in response to the various solutions.  

This type of composite, composed of pure iron powder and epoxy fiberglass, has significant 
limitations for use in industrial or real-world applications. Firstly for its sensitivity to 
immersion, as the study has shown, immersion in seawater or an acidic solution has a 
significant impact on the mechanical properties of this composite. The reduction in flexural 
strength and Young's modulus can make this material unsuitable for applications that 
require high durability in humid or corrosive environments. Secondly its limited lifespan 
due to the rapid degradation of mechanical properties under immersion, this composite 
may have a limited lifespan in applications such as shipbuilding, marine structures, or 
chemical equipment requiring long-term corrosion resistance. 

This composite, while unsuitable for corrosion-sensitive applications, finds relevance in 
non-corrosive environments, low-stress structural components, and cost-effective 
projects. Ideal for temporary structures and niche applications, its unique properties cater 
to demands beyond corrosion resistance. Acknowledging limitations, careful project 
consideration can unveil tailored applications for this composite, offering a balance of 
performance and cost-effectiveness. This composite can find application in non-corrosive 
environments, low-stress structural components, and cost-effective projects. Ideal for 
temporary structures and niche applications, its unique properties cater to demands 
beyond corrosion resistance. Acknowledging limitations, careful project consideration can 
unveil tailored applications for this composite, offering a balance of performance and cost-
effectiveness. 
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 A tribological investigation was undertaken on hybrid metal matrix composites 
based on Aluminum alloy 6262, incorporating varying weight percentages of 
Tungsten Carbide (WC) and Molybdenum disulfide (MoS2) under dry sliding 
conditions. Specifically, Tungsten Carbide was incorporated at 3%, 6%, and 9%, 
while Molybdenum disulphide was introduced at 2%, 4%, and 6%. The 
fabrication of these hybrid composites was accomplished using the stir casting 
technique. The experimental design followed an L27 orthogonal array, and 
Taguchi optimization was employed to identify the optimal combination of input 
parameters. The orthogonal array, signal-to-noise ratio and analysis of variance 
were employed to study the optimal testing parameters on developed 
composites. The optimal formulation, resulting in the minimum wear rate and 
coefficient of friction, was determined to be 9% WC, 6% MoS2, a load of 10N, a 
sliding velocity of 1 m/s, and a sliding distance of 400 m. Characterization was 
carried out for Al6262/WC/MoS2 hybrid composite by using scanning electron 
microscopy (SEM).  
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1. Introduction 

In the field of composite materials, numerous investigations have been carried out. It 
exhibits higher material performance in comparison to traditional materials. A common 
composite, particularly in the automotive and aerospace industries, is aluminum-based 
material. This is due to its accessibility, affordable production costs, and simplicity of 
manufacturing [1-4]. The devices' everyday mechanical components are susceptible to 
wear and tear. Wear-resistant materials should be utilized in the machine in order to boost 
its reliability [5]. The automotive industry is placing greater focus on weight optimization 
since it lowers emissions and improves fuel economy. Aluminum alloys are being used 
more often because they help reduce weight and have other advantages including strong 
corrosion resistance, good formability, and recyclability [6]. A great deal of research has 
been done on the wear of aluminum composites. Stir casting is the most often used 
production technique for producing composites among many others [6]. Furthermore, the 
main issue with their usages includes deteriorated performance at high temperatures and 
poor friction coefficient and wear rate [7].  MMCs, which are hard ceramic elements 
reinforced in aluminum alloys, are used to solve these issues. Due to its increased 
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toughness, high stiffness, and excellent wear resistance, aluminum-based MMC is being 
employed more and more in these industries [8].  

The addition of particles of hard ceramic is what has caused these increases in tribological 
properties. Wear is a major effect in the operation of many automotive components, 
including pistons, cylinder liners, connecting rods etc. [9]. These components are all made 
of aluminum-based MMC. The lowest wear rate was attained by experimenting Al/SiC 
nanocomposites with a 2-volume percent graphite addition the combined due to its self-
lubricating properties [10]. Also, another research positive impact of soft MoS2 particles 
improvements in Al/Al2O3 composites' wear resistance and friction. Between touching 
surfaces, a protecting layer is created primary factor lowering the hybrid wear composites 
enhanced aluminum resistance to abrasion alloys through the creation of a hybrid 
composites. By adopting the stir casting technique [11], Al2219 combined with B4C & MoS2 
for composite materials. In the experiment, the morphology, density, micro hardness, 
tensile strength, and dry sliding wear test are all evaluated. The outcome shows that, as 
observed in the morphology of the matrix alloy, the reinforcement particles are spread 
arbitrarily and finely. In comparison to prepared composite material, Al2219 alloy has a 
comparatively low density and microhardness. Al2219 and MoS2 have a minimum 
mechanical property and Al2219 alloy has a maximum tensile strength. Wear rate is 
reduced, and their wear resistance is increased by the addition of MoS2 reinforcement 
[12]. Radhika and Jojith investigated the tribological properties of LM13/TiO2/MoS2. They 
take into account the applied force applied, sliding velocity, and sliding distance are their 
input parameters. In this work, the author used the Taguchi approach to determine sliding 
wear and came to the conclusion that TiO2/MoS2 reinforced offers superior abrasion 
resistance [13]. Al6061/SiC/WC hybrid aluminum materials have been attempted under 
various weight percentages of reinforcement particulates [13]. The addition of stiffer and 
stronger reinforcement to the matrix material has boosted the hardness of AMMCs.  The 
compression, tensile, and fatigue strength of the aluminum composite material can all be 
greatly improved by the addition of SiC and WC reinforcements to the matrix alloy [14].  

2. Experimental Setup  

As a matrix material, Al 6262 has been selected because of its good material qualities, high 
level of resistance to corrosion, and great weldability. Because of its inherent ability to 
lubricate itself, MoS2 is used as reinforcement. Table 1 below illustrates the base material's 
chemical make-up. Before being cast, the reinforcements is heated for 25 minutes at 450°C. 
After warming the reinforcement, the Al6262 was melted in a graphite crucible at 550°C 
to 650°C. In order to prevent explosives, magnesium is added at 2% wrapped in aluminum 
foil and added to the aluminum matrix. After the reinforcement added all the materials is 
then stirred for 10 minutes at 800 rpm [15]. While the combination of Aluminum 6262, 
tungsten carbide, and molybdenum disulfide (MoS2) offers several limitations, combining 
these materials may pose challenges during the manufacturing process, especially in terms 
of fabrication, machining, or bonding. Specialized processes may be required, increasing 
production complexity. The Pin on Disc setup was used to find the wear rate of the 
developed composites. The EDAX analysis of the developed composites is shown in figure 
1. The chemical combination of the base material is shown in Table 1. 

Wear rate ( Wi ) was then calculated by calculating using the following equation :  

𝑊𝑖 =
𝑉

𝐿𝑛𝑆
 

(1) 

where V is volume rate and n are the applied load on ring and S is the sliding distance. The 
coefficient of friction can be calculated as follows. 
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Ff  = ͷ* N     (2) 

Ff is the frictional force, ͷ is the coefficient of friction, and N is the applied normal load 

Table 1. Typical chemical composition for aluminum alloy 6262 

Si Fe Cu Mn Mg Zn Ti Pb Bi Cr Al 

0.80 0.25 1.4 0.75 1.05 0.15 0.10 0.55 0.60 0.23 94.12 

 

 

Fig. 1. EDAX analysis of the composites 

3. Design of Experiments  

The table 3 shows design of experiments used in this study is with five factor and three 
levels. The input parameters are wight percentage of tungsten carbide, weight percentage 
of molybdenum disulphide, load, sliding velocity and sliding distance. The Brinell hardness 
value of the composites is shown in table 2. When the weight percentage of the composites 
increases and the percentage of MoS2 in intermediate level the hardness values is higher. 
When the volume fraction of the reinforcement in the composite is a critical factor. 
Increasing the volume fraction of reinforcement generally tends to enhance hardness up 
to a certain point. The uniform distribution of reinforcement particles within the Al 6262 
matrix is essential. Agglomeration or uneven distribution can lead to localized variations 
in hardness. The output parameters are worn rate and coefficient of friction. Based upon 
these criteria L27 orthogonal array is chosen for performing the experiments as shown in 
Table 3.  

Table 2. Hardness of the composites 

 

WC 3 3 3 6 6 6 9 9 9 

MoS2 2 4 6 2 4 6 2 4 6 

BHN 76 80.2 75.6 81.5 84.3 80.2 87.6 92.2 86.7 
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Table 3. L27 Levels and factors 

Factors  Unit Level 1 Level 2 Level 3 

WC  % 3 6 9 

MoS2 % 2 4 6 

Load N 10 20 30 

Sliding Speed m/sec 1 1.5 2 

Sliding Distance m 400 800 1200 

4. Results and Discussion  

4.1 S/N Ratio and ANOVA 

The figure 2 shows the Signal to noise ratio of wear rate. The decrease in wear rate trends 
to lower weight percentage of tungsten carbide. The results show that at 3 % of WC offers 
maximum wear rate. This is due to the hardness of the composite material. It is generally 
believed that contribution of hard particles to aluminum alloys results in an improvement 
of the wear resistance of the base alloy to a great extent [16]. At 3% of tungsten carbide 
the hardness of the composites is less. Owing to this tendency the density of the material 
is less which results increase in wear rate. In addition to 6% and 9% the hardness increases 
and the wear rate also reduces. In addition of MoS2 the hardness starts increasing in 
addition of MoS2 percentage. When MoS2 is at 6% at WC at 9% the hardness of the material 
is higher. Due to increase in percentage of MoS2 the self-lubricant properties of the 
materials increase which reduces the friction between the pin and the disc reduces which 
trends to loss of materials [17]. 

 

Fig. 2. S/N ratio graph for wear rate 
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Table 4. L27 orthogonal array and experimental results 

 WC MoS2 Load 
Sliding 
Speed 

Sliding 
Distance 

Wear 
Rate 

COF 

1 3 2 10 1 400 0.00155 0.206 

2 3 2 10 1 800 0.0015 0.236 

3 3 2 10 1 1200 0.00165 0.255 

4 3 4 20 1.5 400 0.002 0.308 

5 3 4 20 1.5 800 0.0024 0.353 

6 3 4 20 1.5 1200 0.00334 0.428 

7 3 6 30 2 400 0.003 0.486 

8 3 6 30 2 800 0.00345 0.453 

9 3 6 30 2 1200 0.00365 0.476 

10 6 2 20 2 400 0.00354 0.451 

11 6 2 20 2 800 0.00342 0.472 

12 6 2 20 2 1200 0.0025 0.334 

13 6 4 30 1 400 0.00265 0.354 

14 6 4 30 1 800 0.00205 0.297 

15 6 4 30 1 1200 0.0023 0.311 

16 6 6 10 1.5 400 0.00158 0.201 

17 6 6 10 1.5 800 0.00155 0.189 

18 6 6 10 1.5 1200 0.00131 0.177 

19 9 2 30 1.5 400 0.00156 0.207 

20 9 2 30 1.5 800 0.00182 0.245 

21 9 2 30 1.5 1200 0.00192 0.287 

22 9 4 10 2 400 0.00157 0.205 

23 9 4 10 2 800 0.00193 0.216 

24 9 4 10 2 1200 0.00176 0.201 

25 9 6 20 1 400 0.00181 0.226 

26 9 6 20 1 800 0.00165 0.248 

27 9 6 20 1 1200 0.00127 0.165 

 

The harder deformation of the counter surface penetrates the softer pin surface more as 
the applied stress increases. After each composite's critical load [18], with the application 
of load, the wear rate quickly starts to rise when the applied load increases to 20 N.  The 
load at 30N the wear rate spikes to a very high level.  In the event that the transitional 
load and the velocity of the composite increases in value by a large margin. Here is due to 
the noticeably greater frictional heating and as a result the pin material's localized 
adhesion to the counter surface as well as a rise in the surface structure's softening and 
more asperities can penetrate as a result larger deformation in wear surface are acquired 
[19]. The impacts graphic demonstrates that sliding speed is the parameter with the 
greatest relative impact. The plot clearly shows that wear rate of the composites reduces 
with sliding distance and reinforcement material but increases with sliding velocity [20]. 
It is common knowledge that the elastic modulus and temperature-related characteristics 
of composite materials can influence their tribological behavior. When two materials slide 
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against one another, heat is produced at the deformation, which raises the temperature at 
the interface and affects how viscoelastic the materials' reaction to tension. The 
temperature at the friction surface rises as sliding velocity increases, which may 
substantially impair the mechanical properties of the composites and cause significant loss 
in composite materials [21]. 

 

Fig. 3 S/N ratio graph for coefficient of friction 

The Figure 3 shows the Signal to noise ratio of Coefficient of friction. The weight 
percentage of the tungsten carbide is the most significant parameters in friction coefficient. 
The initial finding in terms of the results is the drop in coefficient of friction as a result of 
an increase in the reinforcement's weight percentage. Comparing the reinforced AMMNCs 
to aluminum 6262 alloy indicated a lower coefficient of friction. It can be attributed to the 
composite's increased hardness, which results from the combination of abrasive particles 
and behaves as a tougher substance within the matrix [22].   Good surface adhesion occurs 
between the matrices and non-reinforcement whenever refractory bits are firmly bonded 
to the matrix. According to numerous studies, the COF of crystalline MoS2 is typically low, 
at 6% in a dry sliding condition, this lubricating performance of MoS2 is unique due to its 
self-lubrication properties.   One explanation for this is that in a dry environment, MoS2 
particles good has adhesion and smaller particle sizes can easily fill the substrate's rough 
surface. Additionally, the reciprocating shear stress that occurs during the frictional 
process can disintegrate MoS2 particles into lamella, resulting in a reduction in the sliding 
friction coefficient [23].  

The COF are increased from 10N to 30N. When a force of 10N is applied, the WC 
percentages significantly increase the substrate's hardness of the composites and keep 
abrasive particles from becoming embedded in the contact area, effectively preventing 
cutting on friction. In the meantime, the interface's shear strength is outweighed by the 
cohesive force between the WC and the matrix materials.  As a result, there is hardly any 
WC particle pull away first from contact area. As a result, compared to certain other loads, 
the COF at a 10N load is considerably less. When the load reaches 30N, the ultimate stress 
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begins to outweigh the binding effect between the WC and the substrates, leading to WC 
continuous extraction and cohesiveness occurs which leads higher friction coefficient. 

  

  

Fig. 4. Contour plot for input parameters Vs wear rate 

The COF is shown in the graph is decreases up to 1 m/s before starting to rise as sliding 
speed increases rapidly [24]. The continuous development of a tribo layer at the contact 
surface is increased as sliding speed increases. Despite the fact that temperature increase 
increases as sliding velocity rises, the heat is in some ways beneficial for the development 
of a WC enrich interfacial layer, which in turn influences the development of compact 
layers at the contact area. However, when the sliding speed is increased beyond 1.5 m/s, a 
considerable quantity of heat is produced, which leads to the development of the 
composite pin softness results in increased in friction.                              

The figure 4A shows the contour plot for tungsten carbide and MoS2 on wear rate. The 
graph indicates when the percentage of tungsten carbide increases from 3% to 6%. Wear 
rate is reduced from 0.0035 to 0.00275. When the weight percentage of tungsten carbide 
is 9 % the wear rate is less than 0.0015 grams this is mainly due to the density of the 
composite is higher so the loss of carbide particles which trends decrease in wear rate Also 
when the percentage of MoS2 at 6% offers minimum wear rate due to its self-lubrication 
properties of MoS2[25]. The figure 4B shows the interaction graph of applied load and 
percentage of tungsten carbide on wear rate. Both the matrix alloys and the composites 
showed a direct relationship between weight loss and applied load. When the load is 
increased from 20N to 30 N the wear rate of material is high. However, when the weight 
percentage of reinforcement increases, the wear rate somewhat decreased.  Both weight 
loss during the same applied load increased approximately continuously as sliding 
distance increased [25]. Figure 4C and 4D shows the interaction graph of applied load and 
sliding speed and sliding distance on wear rate. Additionally, it was found that as the 
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applied load increased up to its maximum, the effect of the sliding distance grew more 
severe. This might be connected to the heat created when the two abrasive connecting 
portions were engaged in the process of abrasive wear [26]. The test material softened as 
a result of the produced heat, which increased as the sliding distance. 

The figure 5A shows the contour plot for tungsten carbide and MoS2 on coefficient of 
friction. The friction between the pin and the disc is low when the weight Percentage of 
WC is increased. Initially the contact if friction at 3 % to 6% the friction between the plates 
is slightly decreased. Further when the percentage of WC is at 9% and at 6 % of MoS2 the 
friction between the pin and disc is reduced.  The figure 5B shows the interaction plot for 
wt. % of tungsten carbide and applied load on coefficient of friction. The impact of applied 
load on the resistance to wear reduced as the weight percentage of reinforcing particles 
increases. This may be explained by the addition of tungsten carbide particles mixed the 
matrix alloy, which increased hardness and decreased real area of contact, hence 
enhancing reducing of friction coefficient [27]. It is clear that the reinforcing particles can 
function as load-bearing components in composite made of aluminum composites, 
improving their friction. The figure 5C and figure 5D shows the interaction plot for sliding 
speed, Sliding distances and applied load on coefficient of friction. When the sliding 
velocity is increased from 1.5 m/sec to 2 m/sec the fiction between the pin and disc 
increases. The largest abrasion occurs at higher applied loads and highest sliding distances, 
producing excess heat in the two contacting surfaces and softening the interracial 
interactions between the matrix and reinforcement [28]. However, the effect of the applied 
load became more essential as the sliding distance increased. 

  

  

Fig. 5. Contour plot for input parameters vs coefficient of friction 
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Table 5. ANOVA for Wear Rate 

Source 
Sum of 
Square 

df 
Mean 

Square 
F p-value 

Model 1.23E-05 9 1.37E-06 9.72 0.0001 

A-WC 2.21E-06 1 2.21E-06 15.7 0.001 

B-MoS2 8.25E-08 1 8.25E-08 0.59 0.0043 

C-Load 3.93E-06 1 3.93E-06 27.95 0.0001 

D-Sliding Speed 1.60E-06 1 1.60E-06 11.34 0.0037 

E-Sliding Distance 1.08E-08 1 1.08E-08 0.076 0.0078 

AB 1.35E-06 1 1.35E-06 9.59 0.0066 

AC 9.65E-08 1 9.65E-08 0.69 0.0193 

BC 2.26E-07 1 2.26E-07 1.6 0.0227 

DE 2.90E-08 1 2.90E-08 0.21 0.0556 

Residual 2.39E-06 17 1.41E-07   

Cor Total 1.47E-05 26    

R Square 91.20%     

 

ANOVA (Analysis of Variance) can be employed as a statistical method to analyze and 
compare the means of wear rates and coefficients of friction among multiple groups or 
experimental conditions. The ANOVA is employed for weight fraction of WC, MoS2, applied 
load, sliding speed and sliding distance. Table 5 and 6 shows the ANOVA value for wear 
rate and coefficient of friction. The results shows that weight percentage of WC and applied 
load are the most significant parameters which influences wear rate and coefficient of 
friction. 

Table 6. ANOVA for coefficient of friction 

Source Sum of Square df 
Mean 

Square 
F p-value 

Model 0.25 10 0.025 13.59 0.0001 

A-WC 0.049 1 0.049 26.39  0.0001 

B-MOS2 5.14E-04 1 5.14E-04 0.28 0.0605 

C-Load 0.081 1 0.081 43.59  0.0001 

D-Sliding Speed 0.03 1 0.03 16.03 0.001 

E-Sliding Distance 5.56E-06 1 5.56E-06 3.01E-03 0.0957 

AB 0.024 1 0.024 12.78 0.0025 

AC 2.60E-04 1 2.60E-04 0.14 0.0712 

BC 2.01E-03 1 2.01E-03 1.09 0.0312 

CE 3.00E-06 1 3.00E-06 1.62E-03 0.0684 

DE 4.81E-04 1 4.81E-04 0.26 0.0168 

Residual 0.03 16 1.85E-03   

Cor Total 0.28 26    

R Square 92.29     



Hemadri et al. / Research on Engineering Structures & Materials 10(3) (2024) 1125-1138 

 

1134 

4.2 Regression Equation 

Regression equations are mathematical models that help in understanding and predicting 
the relationship between two or more variables. The equation 3 and 4 shows the 
mathematical model for wear rate and coefficient of friction. 

Wear Rate=+2.175E-003-5.297E-004* A-1.279E-004* B+8.835E-004* 
C+7.878E-004* D+2.444E-005* E+8.781E-004* A * B-2.348E-004 * A * C-
2.538E-004* B * C+4.917E-005 * D * E 

(3) 

COF=+0.30-0.079 * A-0.010* B+0.1* C+0.11 * D-5.556E-004* E+0.12 * 
A * B-0.012 * A * C-0.024 * B * C+5.000E-004* C * E-6.333E-003 * D * E 

(4) 

4.3 Microstructure Analysis 

The Figure 6a shows the worn-out surface which is identified through SEM images. Figure 
6 a show the 9 % of WC and 4 % of MoS2 and load of 10N. The figure 6b shows that 9 % of 
WC and 6 % of MoS2 and load of 10N. When compared to figure 6a figure 6b has reduction 
in wear rate. Also, it can be found that the WC particles also have less worn-out area owing 
to its hardness value. It is commonly accepted that adding hard particles to aluminum 
alloys enhances the underlying alloy's wear resistance to a noticeable extent [29]. Good 
surface adhesion occurs between the matrices and non-reinforcement whenever 
refractory bits are firmly bonded to the matrix. According to numerous studies, the COF of 
crystalline MoS2 is typically low, at 6% in a dry sliding condition, this lubricating 
performance of MoS2 is unique due to its self-lubrication properties. Figure 6 c shows the 
6 % of WC and 6 % of MoS2 and load of 20N. The figure 6c shows that 6 % of WC and 4 % 
of MoS2 and load of 20N. When compared to figure 6d figure 6c exhibits better wear 
resistance. This is due to increased surface temperatures at the contact area encouraged 
the formation of low shear strength thermo on the rubbing surfaces [30]. The reduced 
resistive values were caused by a protecting tribo layer that accumulated on the surface of 
the materials at slower sliding speeds [31].  

 

Fig. 6a. 9% WC & 4% MoS2, Load 10N 

 

Fig. 6b. 9 % WC & 6 % of MoS2, Load 10N 
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For a fixed sliding velocity, the rapid tribo layer covering formation at higher speeds tends 
to reduce the surface hardness of the composites. Figure 6e shows the 3 % of WC and 4 % 
of MoS2 and load of 30N. The figure 6f shows that 3 % of WC and 2 % of MoS2 and load of 
30N. When compared to figure 6e figure 6f has significant loss of tungsten carbide particles 
due to low addition of MoS2 particles. When the load reaches 30 N, the wear rate 
dramatically increases. In the event that the Composite's changeover load and velocity 
both significantly rise in higher load value. The rationalized adhesion of the pin substance 
to the counter surface, the increase in the softening of the surface structure, and the ability 
of more abrasive particles to penetrate the surface of the composites [32]. 

5.  Conclusion 

In this recent experiment, we successfully fabricated Al 6262/WC/MoS2 hybrid composites 
using the stir casting technique, incorporating various weight percentages of Tungsten 
Carbide (WC) – specifically, 3%, 6%, and 9%. Taguchi optimization was applied to 
determine the optimal combination of input parameters for achieving improved wear rates 
and friction reduction. The experiment yielded important conclusions: 

 

Fig. 6c. 6% WC & 6% of MoS2, Load 20N 

 

Fig. 6d. 6% of WC & 4% of MoS2, Load 20N 

  

Fig 6e: 3% WC & 4% MoS2, Load 30N Fig. 6f.  3% WC & 2% MoS2, Load 30N 
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At a composition of 9% WC and 4% MoS2, the hardness reached 92.2 BHN. An increase in 
the weight percentages of both tungsten carbide and MoS2 was found to enhance hardness, 
consequently leading to a reduction in wear rates. Taguchi optimization highlighted that 
the optimum combination for minimizing wear rates involved 9% WC, 6% MoS2, a 10N 
load, a sliding velocity of 1 m/sec, and a sliding distance of 400 m. The incorporation of 
hard particles significantly improved the wear resistance of the aluminum alloy base. 

For achieving the lowest coefficient of friction, the optimal combination was identified as 
9% WC, 6% MoS2, a 10N load, a sliding velocity of 1 m/sec, and a sliding distance of 400 m. 
Successful surface adhesion occurred between the matrices and non-reinforcement, 
particularly when refractory bits firmly bonded to the matrix. The addition of tungsten 
carbide particles to the matrix alloy increased hardness and reduced the real area of 
contact, thereby enhancing the reduction of the friction coefficient. 

SEM analysis validated worn-out surfaces during dry sliding wear. The maximum 
occurrences of grooving, ploughing, micro-cutting, fracturing, and embrittlement were 
observed in the composite with 3% WC and 2% MoS2 under a 30N load. This phenomenon 
was attributed to increased surface temperatures at the contact area, promoting the 
formation of a low shear strength thermo-affected layer on the rubbing surfaces. The 
reduced resistive values were linked to the presence of a protective tribo layer 
accumulating on the material surface, particularly under increased loads, resulting in a 
severe wear rate. 
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 The paper investigates the impact of carbon nanotube-based modifiers on the 
performance characteristics of lightweight foamed concrete (LFC). The method 
involves saturating quartz sand with a solution containing a catalyst for carbon 
nanotube (CNT) growth, followed by the subsequent chemical vapor deposition 
(CVD) synthesis of CNTs. Evaluation of nanomodified sand samples was 
conducted using SEM and TEM, thermogravimetry, Raman spectroscopy, and 
XRD. Compression and flexural strength tests of (LFC) specimens indicated that 
the optimal proportion of nanomodified sand introduced is 1% by weight with a 
particle size of 0.16 mm. This resulted in a notable 35% increase in compressive 
strength and an approximately 32% improved in flexural strength. Furthermore, 
the modified sample with CNT-based sand exhibited a 27% reduction in water 
absorption. The paper also presents a potential mechanism to explain the impact 
of carbon nanotube-based modified sand on the evolving structure of (LFC). 

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

Cementitious materials have emerged as the predominant choice for structural 
applications in civil engineering, primarily attributed to their economical pricing and 
consistent operational effectiveness. Globally, Portland cement has garnered substantial 
utilization as one of the most prevalent commodities. [1-4]. 

The key characteristics of a structural material encompass its strength, rigidity, resistance 
to fractures, energy absorption potential, and ductility. Nevertheless, enhancing all these 
attributes poses a challenge when it comes to traditional cement-based materials [5-8]. 
These materials are associated with certain established drawbacks, such as relatively 
limited tensile strength and suboptimal viscosity. Concrete is prone to the formation of 
cracks, providing pathways for the infiltration of water and corrosive substances like de-
icing salts. This, in turn, initiates the deterioration of both the material and the commonly 
employed reinforcing steel, giving rise to various concerns regarding their long-term 
resilience and safety [9,10]. The addition of nanoscale particles can improve the properties 
of concrete mainly because of the effect of increased surface area on reactivity and because 
the cement paste fills the nanopores. Nano-silica and nano titanium dioxide are two of the 
most well-known additives in the field of nanomodified concrete [11]. Moreover, 
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nanomaterials may improve the ductility and compressive strength of concrete. Concrete's 
strength and ductility can also be improved by using carbon nanotubes (CNTs) and 
nanofibers. Furthermore, the use of nanomodified cements or nano-sized paste additives 
can improve shrinkage characteristics and reduce permeability, both of which can increase 
the strength of concrete [12–15]. Concrete's long-term and early shrinkage could be 
effectively reduced with the addition of CNTs, that can be attributed to the filler, nucleation, 
and bridging properties of CNTs. One way that CNTs reduce capillary stresses is through 
their filler and nucleation effect, which reduces the amount of fine pores between 
hydration products because of their small diameters (20–40 nm) and high surface area 
[16,17]. 

The utilization of nanomaterials within cement, aimed at enhancing its mechanical 
properties, stands as a highly promising research frontier. Numerous investigations have 
delved into the integration of aluminum and clay in nano size [18-21]. When a small 
quantity of nanoparticles is uniformly distributed throughout a cement paste, hydrated 
cement compounds precipitate onto the nanoparticles due to their elevated surface 
energy. Consequently, these nanoparticles serve as nucleation sites, expediting the growth 
of the cement structure. C3S dissolution and the details of the C-S-H in cement paste have 
been observed to occur more quickly when colloidal nano silica is added a) Nanoparticle 
filling of the concrete pores and (b) the pozzolanic reaction of nano-SiO2 with Ca(OH)2 
yielding additional C-S-H are two more mechanisms for improving performance. Particle 
size and the degree to which nanoparticles are effectively dispersed within the cement 
determine which method is best; colloidal dispersions work better than powdered 
versions [22,23]. 

In the research conducted by Sedaghatdoost et al. [24], it was documented that the 
incorporation of 0.1 wt. % the cement slurry that contain carbon nanotubes (CNT) maybe 
led to improve the flexural and compressive strength, with increases of up to 35%, 8%, and 
11.2%, respectively, observed after a 28-day curing period. It is possible to explain this 
phenomenon by the nucleation effects of CNTs, which speed up hydration reactions. 
Hydrated products attach themselves to the carbon nanotubes (CNTs) and create a 
cohesive layer that covers the whole surface. Its filling qualities also enable CNTs to lower 
the average diameter and total volume of pores in cementing materials [25-27]. 

However, their limited dispersibility presents a challenge when using carbon nanotubes 
(CNTs) as nano-reinforcing agents in cementitious materials. When using nanofillers, such 
as carbon nanotubes (CNTs), in cement systems, the best reinforcement happens when the 
nanofillers are distributed uniformly and evenly. Isfahani et al.'s research indicates that a 
number of factors contribute to poor dispersion, including CNTs' large surface area and 
nano diameter as well as their propensity to form tightly bound bundles as a result of 
strong van der Waals forces. Furthermore, highly entangled agglomerates form within the 
liquid phase due to the high form factor and flexibility of CNTs [28-29]. Similarly, the 
existing literature underscores the recurrent issue of CNT agglomeration, which hampers 
their uniform distribution in the cement slurry. This lack of even distribution limits the 
CNTs' capacity to create an effective and continuous network within the substrate, one that 
can adequately support load transfer and mitigate crack formation [30-32].  

In addition, the agglomeration of CNTs contributes to the creation of stress concentration 
points, resulting in the emergence of cracks [33]. Thus, achieving a consistent dispersion 
of CNTs is imperative, serving as a prerequisite for the effective utilization of CNTs in 
binding materials [34]. It can be confidently asserted that the enhancement of mechanical 
properties in the ultimate composite is closely linked to the uniform and effective 
dispersion of CNTs, allowing them to serve as connecting bridges between voids and cracks 
within porous cement-based structures. 
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To achieve this goal, the processes of introducing CNTs into cement-based materials 
(paste, mortar, and concrete) have to be complicated, in particular, by the obligatory use 
of additives or surfactants, as well as by preliminary chemical functionalization of CNTs 
[35-38]. 

In this paper, the authors investigated the properties of foamed concrete. Foamed concrete 
is a type of concrete that has a set of some useful properties (special porous structure, 
excellent anti-seismic, non-combustible and thermal insulation characteristics), making it 
more and more popular in construction. It is used as an effective structural and insulating 
material for roofing, non-bearing walls and thermal insulation of heat pipes [39, 40]. The 
use of foamed concrete in buildings provides a reduction in construction costs, makes the 
construction process simpler. In addition, foamed concrete is a relatively "environmentally 
friendly" building material [41]. 

This study proposes an innovative method for effectively integrating carbon nanotubes 
(CNTs) into cement matrices without the need for additives, surfactants, or intricate 
chemical procedures. The approach involves pre-growing CNTs on sand particles before 
introducing them into the solution. The synthesis of CNTs on sand grains utilizes the (CVD) 
method, involving impregnating the sand with a catalyst for nanotube growth and 
employing a propane-butane mixture as a carbon source. This method offers a significant 
advantage by enabling the industrial production of nanomodified cement materials with 
enhanced physical, mechanical, and operational characteristics. Importantly, it eliminates 
the need for labor-intensive and costly stages of chemical functionalization of CNTs, as well 
as the use of surfactants and other functional additives. 

2. Materials and Methods 

2.1. Growing CNTs on the surface of sand particles  

To create a layer of (CNTs) on the sand, an aqueous catalyst solution was prepared using 
precursors such as (NH4)6Mo7O24•4Н2О, Al(NO3)3•9H2O, Co(NO3)2•6H2O, and 
Mg(NO3)2•6H2O. Citric acid (C6H8O7) served as a complexing agent. The resulting 
solution was continuously agitated using a magnetic stirrer at 60°C until complete 
dissolution of the initial components. Subsequently, quartz sand was introduced into the 
catalyst, and the impregnation process was carried out at 140°C within a fume hood. This 
step resulted in the formation of a spatial fractal gel structure containing chelate 
complexes with active catalyst metals, including Mo, Co, Mg, and Al, on the surface of the 
sand particles [42]. 

The sand have catalyst was subsequently heat-treated in an inert argon atmosphere within 
a CNT synthesis reactor at a temp of 500°C for a duration of one hour (conducted by 
NanoTechCenter Ltd., Tambov, Russia). This thermal treatment resulted in the creation of 
active sites for the growth of carbon nanotubes (CNTs) on the sand, particularly involving 
metal oxides like Mo, Co, Mg, and Al. After this stage, a carbon-containing gas, specifically 
a mixture of propane and butane, was introduced into the reactor, and the temp was raised 
to 600°C. The synthesis process lasted approximately 30 minutes. Once the CNT synthesis 
was completed, the modified sand was subjected to crushing and subsequent sieving. 

2.2 Foamed Concrete Materials 

The lightweight concrete was made with Portland cement type I (Bazyan, Iraq), ASTM 
C150, and gradient quartz sand (Dwekhla, Alanbar, Iraq) from zone II. The sand had a 
specific gravity of 2.7 (Table 1). The sieve analysis shown in table 1 conforms to Iraqi 
Standard 45/1984. The foaming agent under the trademark MAXPN (Russia) was added. 
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 Table 1. Granulometric composition of sand. 

Partial residues on sieves, % 
Specific gravity 

2.5 1.25 0.63 0.315 0.16 <0.16 

15 16 16 30 21 2 2.73 

2.3. Preparing Samples of Lightweight Foamed Concrete 

For mixing, tap water was utilized, with a (water/cement) ratio of 0.5. The modified sand 
was employed with a sand weight ratio of (0.1, 0.2, 0.5, and 1%). After sieving the sand, 
three different particle sizes (0.63, 0.315, and 0.16 mm) were chosen.  Then the mortar 
was prepared by adding water. After that, the lightweight-foamed concrete was created by 
adding the foam to the mixture—1.6 kg per m3. A prism mold was cast in the concrete 
mixture (40 x 40 x 160 mm). Samples were removed after 24 hours from the mold and 
water immersion to cure at 23±2°C according to ASTM C31. The compressive and flexural 
strengths were calculated according to Russian Standards 310.4-76 after 28 days.  

The testing machine was single axle with a capacity of 2000 kN and an applied load of 0.4 
MPa/s. The density was (1600–1750 Kg/m3), and the combination was calculated by 
volume ratios. The mix ratios are shown in Table 2. 

Table 2. Preparation of the concrete mixture 

Mix 
Proportion 

W/C 
Cement, 
Kg/ m3 

Sand, 
Kg/m3 

Water, 
Kg/ m3  

Voids % 

(1:1) 0.5 650 650 280 25-30 

2.4. Material Characterization  

Using scanning electron microscopy (SEM) with an Inspect S50 FEI ranging from 1 mm to 
500 µm, the morphological and structural properties of the nanomodified sand were 
investigated. Additionally, the surface of foamed concrete specimens was examined using 
SEM analysis. (Thermo Fisher Scientific, Czech Republic), and transmission electron 
microscopy (TEM) using an FEI Tecnai Spirit M3000 (Zurich, Switzerland). A Bruker D8 
ADVANCE X-ray diffractometer (Bruker, Germany) was used to determine the qualitative 
and quantitative phase composition of the nanomodified sand. Raman spectra were 
obtained on a DXR™ Raman microscope (Thermo Scientific Instruments Group, Waltham, 
MA, USA). 

3. Results and Discussion 

3.1. Assessing the Effect of CNTs Synthesis Time on The Strength Characteristics 
of Lightweight Concrete 

To assess the effect of CNTs synthesis time on the sand surface, an experiment was carried 
out in which 1% of nanomodified sand with a fraction of 0.16 mm was added to the 
composition of the foamed concrete mixture. During the experimental investigations, the 
duration of carbon nanotube (CNT) growth was altered, with durations of 5, 15, 30, and 
finally 60 minutes being tested. The outcomes of these experiments are illustrated in 
Figures 1 and 2. 

As indicated by Figures 1 and 2, the optimum synthesis time appears to be 30 minutes, 
during which a consistent and uniform structure of carbon nanotubes (CNTs) is 
established on the surface of the sand particles. Prolonging the synthesis beyond this point 
is a waste of time and may lead to the catalyst used for CNT growth becoming deactivated. 
Consequently, an extended synthesis period can result in a reduction in the proportion of 
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well-ordered CNTs, an increase in structural defects, and the formation of a notable 
quantity of disordered carbon. 

 

Fig. 1.  Effect of CNTs synthesis time on sand surface on flexural strength 

 

Fig. 2. Effect of CNTs synthesis time on sand surface on compressive strength 

 

Fig. 3. TGA of nanomodified sand samples with different CNTs synthesis times 
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Additionally, it's worth noting the consistent progression in the strength detiles of foamed 
concrete containing modified sand. This can be attributed to the growing concentration of 
CNTs on the surface of sand over time, a phenomenon substantiated by thermogravimetric 
analysis, as depicted in Figure 3. 

Considering to Figure 3, all the curves exhibit a notable decline in sample mass starting at 
400°C. Specifically, at 600°C, it was observed that for a 5-minute synthesis, there was a 
weight loss of 1.2%, while for 15 minutes, the loss was 3.5%, and for 30 minutes, it 
increased to 6.3%. These weight loss percentages can be attributed to the CNTs grown on 
the surface of sand, as it is at 600°C that CNT destructurization occurs. Consequently, the 
30-minute synthesis yielded the most substantial increase in CNT mass. 

3.2 Characterization of Nanomodified Sand Samples  

According to the SEM and TEM, the sand surface is covered with a layer of CNTs (Fig. 4, a). 
The nanotubes have an average diameter of approximately 30-50 nm, and the material also 
includes catalyst particles with diameters ranging from 30 to 70 nm. It can be seen in the 
TEM-image (Fig. 4, b) that the CNTs have an internal channel with a diameter of 10–20 nm. 

  
(a) (b) 

Fig. 4. SEM- (a) and TEM-image (b) of the nanomodified sand 

 

Fig. 5. Raman spectra of nanomodified sand filler and original sand 

The Raman spectroscopy is considered to be an effective tool for the characterization of 
carbon nanomaterials because it provides information, in particular, on the degree of order 
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and on the purity of the material. The existence of carbon forms in the material can be 
tested from the characteristic bands in the spectrum (Fig. 5). 

D-band (approximately 1340 cm-1) indicates the presence of structural defects in the 
sample. G-band (approximately 1550–1600 cm-1) informs about the degree of ordering of 
the graphene structure in the material. The third visible 2D signal (defined as the mode D 
overtone) is visible at about 2700 cm-1 [43]. 

As can be seen from Fig. 5, the spectral pattern of the original and nanomodified sand is 
significantly different. The original sand has high intensity peaks at 130, 210, 467 cm-1, as 
well as weak peaks at 270, 360, 400 cm-1. The resulting spectrum is characteristic of the 
β-SiO2 crystal lattice [44]. The following characteristic lines were identified in the 
nanomodified sample: D ~ 1345 cm-1 band, G ~ 1571 cm-1 band, and 2D ~ 2694 cm-1 
band. This observation verifies the existence of imperfect CNTs on the sand, since the D 
band is much more intense than the G band. The diffraction pattern of the original sand 
(Fig. 6) contains quartz (β-SiO2) as the main mineral [45, 46]. 

The XRD pattern (Fig. 3) shows several bands with peaks (0 0 2), (1 0 0), and (1 1 0), which 
correspond to carbon structures [43]. However, only the (0 0 2) reflection has a high 
intensity, while the other peaks are relatively small. The peak (0 0 2) is located at 2 𝜃 = 26°. 
Reflection (1 0 0) at 2 𝜃 = 42° corresponds to the CNT interlayer distance. The remaining 
peaks are attributed to quartz. 

 

Fig. 6. X-ray diffraction pattern of nanomodified CNT sand 

3.3. Assessing The Effect of The Percentage of Introduced Nanomodified Sand 
and Its Fraction on Strength Characteristics and Water Absorption  

In this paper, the introduction of nanomodified sand additives of three fractions of 0.16, 
0.315 and 0.63 mm was studied. The percentage of introduced nanomodified sand was: 
0.2; 0.5; 1; 2 wt. %. The results are shown in Figs. 7, 8. 

The maximum increase in compressive strength (~ 35%) is observed when adding 1% wt. 
nanomodified sand filler with a size of 0.16 mm, an increase in flexural strength of ~ 32%. 

It is assumed that the smaller the size of the sand particles, the greater the specific surface 
area they have, which will allow the synthesis of large quantities of CNTs. In addition, with 
the same weight of different fractions, the 0.16 mm fraction will contain a larger number 
of particles, therefore, the contact area of CNTs with cements will be increased.  
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(a) 

 
(b) 

Fig. 7. The flexural (a) and compressive (b) strength test 

Thus, it was found that when making 1% wt. nanomodified sand filler with a size of 0.16 
mm, the minimum value of water absorption is achieved (27% less than the control sample 
without CNTs). The reduction in the percentage of water absorption may be due to the 
hydrophobic nature of the CNT surface. Thus, by adding CNTs to the cement mixture, the 
interpore walls of the concrete are compacted and, as a consequence, the access of water 
to the volume of concrete is reduced. During the hydration of Portland cement, a number 
of chemical transformations occur, due to which needle-shaped crystals appear on the 
surface of cement grains when interacting with water. In a short time, the number of these 
neoplasms increases, and a so-called “reinforcing” gel is formed, which forms a developed 
spatial network. Then, after 8-10 hours, the gelation process continues and the entire 
volume is filled with calcium hydro silicates and their modifications, depending on the 
composition of the cement composition. The remaining voids are filled with clinker 
minerals. After the hydration process is completed, the cement stone hardens and becomes 
durable. Considering the above, in order to influence the chemical transformations during 
the hydration of cement, it is necessary to introduce additional chemically active reagents 
into the cement mixture. In this work, the authors suggest that CNTs synthesized on the 
surface of sand, in addition to accelerating the hydration process due to the active 
functional surface - the CNT shell creates an increased surface area of the sand. Therefore, 
nanomodified sand creates additional centers for crystal formation, thereby intensifying 
and qualitatively improving the cement hardening process. 
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(a) 

 
(b) 

Fig. 8. The effect of the percentage of introduced nanomodified sand on the water 
absorption of lightweight concrete 

3.4. Substantiation of the Effect of Improving the Mechanical and Operational 
Characteristics of Concrete 

Using carbon nanotubes to modify different types of concrete materials offers significant 
advantages over using unmodified concrete; they have a positive effect on the strength 
properties of samples, Improves the strength of concrete by reducing crack growth and 
propagation, thus improving the strength properties of concrete [47]. 

According to the literature review, carbon nanotubes act as crystallization centers for 
calcium silicate in hardened foam concrete and stimulate the structure formation of 
hardened calcium silicate binders with high crystallinity, observed in the pore walls 
compared to conventional control samples Compared to traditional control samples 
[48,49]. 

There are multiple interaction mechanisms between CNTs and cement mortar, the most 
important of which is the crack filling provided by carbon nanotubes [50]. The 
microstructure of concrete samples can change in the presence of carbon nanotubes for 
hydration products. The area adjacent to the surface of the CNTs (which affects the 
properties of the composite) is affected by the kind of the interaction of the CNTs with the 
cement (e.g., chemical bonds between surfaces, van der Waals forces). , and interwoven). 
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These mechanisms also count on the chemical bonds between CNTs and hydrates [51]. The 
study also found that introducing carbon nanotubes into cementitious materials through 
nanoindentation will lead to the make of a large amount of high-hardness C-S-H in the 
composite. [52, 53]. The hydration products formed near the CNT surface fill the free space 
between the particles in the pore structure of the cement stone, while the pores in the 
sample without the nano modifier remain empty. As a result, the total porosity decreases 
and the concrete density increases, thus increasing the mechanical properties of the 
sample [53]. 

However, in order to improve the strength and technical properties of concretes, it is 
necessary to obtain a uniform dispersion of CNTs so that they act as effective structure 
formers and hydration accelerators, as well as connecting bridges between the boundaries 
of cracks and voids in a porous cement-based matrix. The development of new methods 
and equipment to control the problems of agglomeration and uneven distribution of CNTs 
in the structure of a concrete sample is very relevant. The synthesis of CNTs directly on the 
surface of the sand aggregate using the CVD method to create concrete compositions with 
improved properties contributes to the solution of the above problems when using CNTs 
in a concrete mixture. Figure 9 shows a possible mechanism of effect of the developed 
additive (nano-modified sand) on the structure of lightweight concrete. 

 

Fig. 9. Illustration of the effect of modified sand on the structure of a foamed concrete 
sample 

The mechanism illustrated in Figure 9 provides insights into the enhancement of the 
physical and mechanical properties of the samples. This improvement is a consequence of 
the expedited hydration processes induced by the presence of carbon nanotubes (CNTs), 
leading to the formation of additional crystallization sites and an increased volume of new 
structures, such as C-S-H, tobermorite, and gel phases. These newly formed structures 
occupy the intergranular spaces between the larger calcium hydroxide (CH) and ettringite 
grains. 

The overall increase in strength can be attributed to the creation of a pseudo-framework 
formed by nanomodified sand particles encased in a shell of hydrated cement grains. This 
pseudo-framework enhances the regularity and packing density at the 'cement stone-
aggregate' interface, resulting in a reduction in the size of the newly formed structures in 
this area. Consequently, this leads to a decrease in the number of sized pores. Furthermore, 
a denser cement stone structure results in reduced water absorption, which, in turn, 
mitigates deformation caused by water crystallization at low temperatures. This 
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improvement augments the frost resistance of the final construction products made from 
modified foamed concrete. 

3.5. Comparative Analysis Of Strength Tests of Carbon Nanotube Concrete 
Compositions  

As a result of the literature review, no studies were found aimed at the synthesis and use 
of nanomodified sand to improve the properties of foamed concrete. However, the results 
of this study were compared with publications on the use of CNTs as foamed concrete Nano 
modifiers. The results are shown in Table. 3. 

Table 3. Comparative results of mechanical testing of foamed concrete containing CNTs 
for compressive strength. 

 

Thus, it can be argued that, in comparison with the results of publications of international 
research teams in the field of modification of CNT foamed concrete, samples containing 
nanomodified sand in their composition have a significant advantage in mechanical 
characteristics. At the same time, the percentage of introduced CNTs is much less than in 
the compared works. All the above proves the relevance, a promising outlook of the study 
goal and objectives, and its undoubted scientific novelty. 

 

No. Concrete composition 
Compressive 
strength, MPa 

CNTs concentration, % Reference 

1. 
CNTs + with lightweight filler 

based on silica aerogel 

5.4 0 

[54] 

6.1 0.04 

6.4 0.1 

6.7 0.15 

7.2 0.30 

7.4 0.45 

7.6 0.60 

2. Foamed concrete + CNTs 19.77 0.08 [55] 

3. 
Foamed concrete + CNTs + 

nano silica (NS) 

7.51 0 

[56] 

9.23 3% NS 

8.58 
0.5% CNTs + 

2.5% NS 

8.64 
1% CNTs + 

2% NS 

7.71 
1.5% CNTs + 

1.5% NS 

10.42 2% CNTs +1% NS 

9.22 
2.5% CNTs + 

0.5% NS 

6.32 3% CNTs 

4. 
Foamed concrete + CNTs + 

recycled polystyrene 

7 0 

[57] 9 0.05 

10 0.1 

5. 
Foamed concrete + CNTs + 

superplasticizer 

5.4 0 

[58] 
5.91 0.02 

5.53 0.04 

5.52 0.06 

6. 
Foamed concrete + 
nanomodified sand 

16.2 0.006 This paper 
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4. Conclusion  

The study's experimental results pointed to the following: 

• The using of CNTs are intentionally formed on the surface of quartz sand particles 
used as the filler in lightweight foamed concrete, to improve the qualities of the 
material. Complex diagnostics were performed on samples of nanomodified sand 
utilizing a variety of analytical techniques. It was established that a uniform CNT 
layer was created on the sand surface. Based on the sand filler's particle size and 
the mass % of the nano modifying additive, a thorough analysis of the performance 
characteristics of foamed concrete mixtures of various compositions was 
conducted.  

• Adding 1% weight of nanomodified sand filler with a fraction of 0.16 mm has been 
found to yield the highest increases in sample strength, with 35% and 32% 
increases in compression and flexural strength, respectively.  

• The water absorption in the modified sample is 27% lower than that of the control 
sample when sand modified with carbon nanotubes is added.  

• A possible mechanism for how the developed additive (nanomodified sand) affects 
the foamed concrete's composition is suggested by the study. Accelerated hydration 
processes, the appearance of additional crystallization centers in the presence of 
CNTs, and an increase in the volume of neoplasms like C-S-H, tobermorite, and gel 
phases that fill the intergranular spaces are all described as improving the samples' 
mechanical, physical, and operational properties. 
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 In this Study the axial load-carrying capacity and behavior of a “Axial 
Compressive behavior of Recycled Aggregate Concrete Steel Composite 
Columns” (RACSCC) is investigated experimentally and simulated numerically. 
The study emphasizes the utilization of materials contributing to the circular 
economy in construction, specifically integrating steel and recycled aggregate 
into concrete. The environmentally sustainable concrete columns are formed by 
filling square steel tube sections with recycled aggregate concrete (RAC). The 
study includes six SRACC specimens and one bare conventional steel column. 
The specimens are subjected to axial compressive loading using the 
displacement control method. The investigation explores the impact of different 
coarse aggregate sizes of 12 mm, 16 mm, 22.4 mm, 25 mm, and 30 mm, obtained 
through sieving of demolished buildings materials. The study aims to address the 
impact of varying aggregate sizes on parameters such as maximum load-carrying 
capacity, strain, stress, lateral displacement, and failure patterns. The 
experimental results are validated and compared with the maximum load-
carrying capacity, Strain, Stress, Lateral displacement, and failure patterns using 
numerical simulations conducted with the Ansys Workbench tool. The SRACC 
column comprises a hollow tube with 20 mm to 22.4 mm and 22.4 mm to 25 mm 
recycled aggregate and has a maximum load carrying capacity of 610.28 kN at 10 
mm displacement. The local buckling failure occurred near the area load applied. 
The numerical simulations result for the composite columns agreed well with 
the experimental results. The results show the recycled aggregate concrete 
(RAC) have a massive potential for construction support in circular economy. To 
create composite columns using the RAC as an alternative building material that 
will help to create an environmentally Sustainable construction. 
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1. Introduction 

As natural resources continue to be depleted, the mounting environmental issues highlight 
the necessity for sustainable growth in a variety of industries, including civil engineering. 
With its ability to reduce solid waste in landfills, protect the ecosystem, save precious 
resources, and create self-sustaining material cycles, recycling used concrete stands as a 
powerful tool to encourage sustainable practices. Additionally, considering to the growing 
intensity of environmental degradation and resource depletion, the need to recycle and 
repurpose destroyed concrete has acquired substantial worldwide traction in recent years. 
The piling of leftover concrete that results from natural catastrophes like earthquakes and 
hurricanes makes the need for repurposing even more urgent. This predicts a likely 
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development whereby demolition firms everywhere will be encouraged to expand their 
use of waste concrete recycling techniques. 

Recycled aggregates could potentially be involved into composite steel columns, which has 
considerable potential for reducing the environmental effect of building operations. This 
is accomplished through lowering garbage that goes to landfills and the use of natural 
resources. Additionally, the use of recycled materials to concrete is showing a remarkable 
potential for improving its mechanical properties, including compressive and flexural 
strengths [1-3]. While increasing the total strength of large constructions, the combination 
of steel and concrete in building structures has shown a demonstrable potential for 
enhancing resistance to seismic occurrences [4-6]. In the field of construction and high-
rise design, where optimization of composite parts has developed into an essential precept, 
this concept becomes more and more significant. 

The outcomes of the research indicate the viability of recycling additional concrete and 
highlight the importance of recycled aggregate concrete (RAC) because of its advantageous 
characteristics, such as reduced thermal conductivity, improved ductility, and decreased 
specific gravity. Additionally, most of the Recycled Aggregate Concretes' (RACs) present 
applications are concentrated in non-structural areas such pavements and road 
embellishments. The potential for integrating RACs into structural frameworks, however, 
is yet largely unreached [7]. 

The utilization of recycled aggregates in place of natural aggregates in the creation of fresh 
concrete is at the basis of the current rise in interest in recycling waste concrete [8]. 
Utilizing their built-in seismic reliability, RACs show considerable potential for a variety of 
structural applications, prompting more study [9]. This type of recycled concrete, also 
known as recycled aggregate concrete (RAC), has its roots in early building techniques 
meant to protect rare natural aggregate supplies while resolving issues with waste storage. 
Through a series of operations that include crushing, washing, grading, and mixing crushed 
concrete particles in certain ratios, recycled aggregate is created by partially or entirely 
replacing recycled aggregate for natural aggregate [10-11]. The effects of aggregate 
particle size on mechanical characteristics are significant since bigger particles tend to 
increase compressive strength but may degrade flexural strength [12]. Therefore, it is still 
important to research how different aggregate sizes affect the flexibility of composite steel 
columns. 

Recycled Aggregate Concretes (RACs) are making themselves competitors in the field of 
environmentally friendly construction materials, seamlessly collaborating with initiatives 
to promote low-carbon and sustainable development practices. [13-15].  Since RACs 
replicate the energy absorption and ductility characteristics of Natural Aggregate 
Concretes (NACs), which are crucial for obtaining strong aseismic performance, this 
relevance is especially relevant to seismically active areas [16-20].  

The spacing of glass fiber-reinforced polymer (GFRP) spirals was reduced, which improved 
ductility and lateral confinement. The highest load-carrying capability was demonstrated 
by GFRP-reinforced recycled aggregate geopolymer concrete columns with eight 
longitudinal GFRP bars. Because of the greater confinement effect of thicker FRP on the 
recycled aggregate concrete-filled steel tube column, the specimen contained by a thicker 
fiber-reinforced polymer (FRP) has a higher axial strength and a larger ultimate strain. 
Failure mode, ultimate state, axial load-lateral deflection curves, load-strain curves, and 
dilation behavior are all factors to consider. Using the experimental database, a new ANN 
model for the load-carrying capacity of concrete-filled steel tube circular elements was also 
proposed [21-24]. 
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Ali Faghidian studies the residual stress for Thick-Walled Tubes. For reconstructing 
residual fields and eigenstrains from constrained strain measurements in axially 
symmetric tubes, the smoothed inverse eigenstrain approach is reexamined. The salient 
feature of the smoothed inverse eigenstrain method is its capacity to produce an inverse 
solution that satisfies the requirements of continuum mechanics, in addition to mitigating 
the disparity between measurements and model predictions. The fewer experimental 
measurements are required to reconstruct the residual fields in their entirety [25-27]. 

This research examines the axial compressive behavior of composite steel columns that 
use -recycled aggregates of varying sizes, including 12 mm, 16 mm, 22.4 mm, 25 mm, and 
30 mm. Composite steel column specimens will be subjected to various loading conditions 
to determine their ultimate compressive strength. This study's findings will be beneficial 
in understanding how well composite steel columns with recycled aggregates of various 
sizes perform. The results can be used to improve the design of composite steel columns 
made from recycled aggregates, resulting in more environmentally friendly and cost-
effective building techniques. The study also contributes to the growing body of knowledge 
on the use of recycled aggregates in the construction industry, which is crucial for creating 
a more sustainable built environment. 

The aim of this research is to investigate how the use of recycled aggregates of varying 
sizes affects the axial compressive behavior of composite steel columns. The results will 
inform the development of eco-friendly building techniques and provide valuable insights 
into the performance of composite steel columns. 

The potential integration of Recycled Aggregate Concretes (RACs) into structural 
frameworks remains largely unexplored, creating a significant knowledge gap in the field. 
Furthermore, while previous studies have acknowledged the positive mechanical 
properties of recycled materials, there is a lack of comprehensive research on how 
different aggregate sizes, particularly in the context of composite steel columns, affect 
flexibility. This study aims to fill this critical knowledge gap by investigating the axial 
compressive behavior of composite steel columns utilizing recycled aggregates of varying 
sizes (12 mm, 16 mm, 22.4 mm, 25 mm, and 30 mm). The research seeks to advance our 
understanding of the performance of such columns, contributing valuable insights to the 
design and implementation of more sustainable and cost-effective building techniques. 
Ultimately, the study strives to bridge the gap between existing knowledge and the 
potential applications of recycled aggregates in structural frameworks, enhancing the eco-
friendliness of construction practices.   

2. Materials and Methods 

The careful and thoroughly development of a detailed approach, combined with the 
creative integration of resources accurately chosen for their applicability, serve as the 
fundamental foundation of this inquiry. This methodical methodology is used to enable a 
thorough investigation into the many complications that underlying. 

Six RACSCC with a 100 x 100 mm cross section and 1000 mm length with different 
aggregate sizes were subjected to axial compressive loading and studied using the 
displacement control method. The parameters examined included the aggregate size range 
of 10 mm, 16 mm, 22.4 mm, 25 mm, and 30 mm, which was sieved from the demolished 
building. The investigation's primary objective was on the M20 grade of concrete that had 
been utilized in the Study. The results of the experimental study indicate that recycled 
aggregate concrete filling inner steel tubes results in an increase in the axial compressive 
strength and a slight decrease in the ultimate axial strain of concrete compared with 
conventional hollow steel tubes. It was observed that increasing the amount of recycled 
aggregate leads to a slight increase in the ultimate axial stress and strain of the RACSCC. 
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The 6 specimens are validated numerically using the Ansys Workbench simulation tool. 
The results are compared with the maximum load-carrying capacity and failure patterns. 

3. Methodology 

Six RACSCC specimens with a 100 x 100 mm cross section and 1000 mm length 
with different aggregate sizes were subjected to axial compressive loading and 
studied using the displacement control method. The parameters examined 
included the aggregate size range of 10mm, 16mm, 22.4mm, 25mm, and 30 mm, 
which was sieved from the demolished building. The grade of concrete was M20 
was used for the study. The results of the experimental study indicate that recycled 
aggregate concrete filling inner steel tubes results in an increase in the axial 
compressive strength and a slight decrease in the ultimate axial strain of concrete 
compared with conventional hollow steel tubes. It was observed that increasing 
the amount of recycled aggregate leads to a slight increase in the ultimate axial 
stress and strain of the RACSCC. The 6 specimens are validated 
numerically using the Ansys Workbench simulation tool. The results are 
compared with the maximum load-carrying capacity and failure patterns. The 
flowchart of the methodology is shown in Figure 1. 

 

Fig. 1. Flowchart of methodology 

3.1. Experimental Analysis 

In the experimental work, six composite columns were constructed using steel and 
concrete with varying sizes of recycled coarse aggregates. The dimensions of the columns 
were 100 x 100 mm for the cross section and 1000 mm for the length. The primary goal 
was to investigate how these columns behaved under compression loading until they 
experienced an axial displacement of 10 mm. The test included six composite column 
specimens (C1, C2, C3, C4, C5, and C6) along with the Hollow Steel Tube (H), and their 
descriptions were provided in table 1. 

The reference column, C1, had a nominal aggregate size, while the other composite 
columns had different aggregate sizes. To ensure consistent material qualities, each 
column underwent a complete curing and drying process. Progressive loads were applied 
to the columns using a compression test setup, and axial displacement measuring devices 
(LVDT) were installed to precisely record deformations. 
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The loading continued until the desired displacement was reached for each column. During 
the tests, maximum load capacities and deformation characteristics were recorded, while 
closely monitoring any signs of distress or failure. The failure mode was analyzed, and the 
impact of recycled coarse aggregate size on the behavior of the composite columns under 
compression forces was studied. 

This part serves as a gateway to the experimental component of the study, providing a 
broad overview of the experiments that were performed out together with an in-depth 
description of their results and implications. 

3.1.1. Experimental Test Setup 

The compression testing equipment that was used as the starting point of the test setup 
for the composite column included a load frame and hydraulic actuators. Throughout the 
testing procedure, this specialized equipment performed an important role of 
systematically and methodically applying incremental loads to the columns. The steel and 
recycled aggregate concrete composite columns, featuring dimensions of 100 x 100 mm 
for the cross section and 1000 mm for the length, were securely positioned within the 
compression testing machine. Each specimen underwent testing, including the hollow tube 
(H) and the specimens with various aggregate sizes (C1, C2, C3, C4, C5, and C6). Axial 
displacement measurement systems known as LVDTs (Linear Variable Differential 
Transformers) were installed to accurately measure the deformations during the test as 
shown in figure 2. These tools allowed for precise recording of how the columns deformed 
as the load was gradually applied. The specimens were subjected to compression loading 
until an axial displacement of 10 mm was obtained. During the loading process, the 
columns were carefully observed for any indications of distress or failure while their 
maximum load capacities and deformation characteristics were recorded. The 
comprehensive analysis of the column’s performance and the influence of recycled coarse 
aggregate size on their structural behavior under compression forces was analyzed. 

Table 1. Description of specimens 

 

This section illuminates the carefully regulated environmental circumstances to which... 
was subjected through a complex description of the specifics relevant to the experimental 

S. 
No. 

Specimen 
No. 

Description of Specimens 

1 H Hollow Steel Tube 

2 C1 
Steel tube filled with concrete, mixed with nominal size of recycled 

coarse aggregates ranges from 4.75 mm to 30 mm. 

3 C2 
Steel tube filled with concrete, mixed with recycled coarse aggregate 

size ranges from 30 mm to 25 mm. 

4 C3 
Steel tube filled with concrete, mixed with recycled coarse aggregate 

size ranges from 25 mm to 22.4 mm. 

5 C4 
Steel tube filled with concrete, mixed with recycled coarse aggregate 

size ranges from 22.4 mm to 20 mm. 

6 C5 
Steel tube filled with concrete, mixed with recycled coarse aggregate 

size ranges from 20 mm to 16 mm. 

7 C6 
Steel tube filled with concrete, mixed with recycled coarse aggregate 

size ranges from 16 mm to 10 mm. 
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analysis test setup. This diligent oversight ensures full research with the possibility for 
replication, acting as a cornerstone in achieving the goal of trustworthy and informative 
results. 

Table 1 below methodically presents the whole information about the specimens, 
including numerous characteristics and features. This table explores the detailed 
differences in recycled coarse aggregate sizes that were specifically chosen for the wide 
range of specimens under study. This is in addition to providing a thorough summary of 
the specimen data. 

 

Fig. 2. Axial compression testing machine setup 

3.2. Numerical Analysis 

The numerical analysis of the composite columns was conducted using ANSYS software. 
The modeling of composite column is done in ANSYS space claim. The implementation of 
ANSYS for Numerical Analysis makes it possible for an immersive exploration of the 
simulated environment, where precise simulations are performed to investigate the 
complex behavioral characteristics displayed by steel recycled aggregate concrete 
composite columns under a range of different conditions. This computational effort 
explores the core of the column's reaction and offers an in-depth understanding of how it 
responds to various influences and elements in the simulated environment.  

 

Fig. 3. Composite column modeling in ANSYS space claim 
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The specimens, labeled as C1, C2, C3, C4, C5, C6, and H (Hollow Steel Tube), were modeled 
and simulated to examine their response to axial compression. The dimensions of the 
columns, measuring 100 x 100 mm in cross-section and 1000 mm in length, were 
accurately represented in the numerical models shown in figure 3. The material properties, 
including steel and recycled aggregate concrete, were assigned based on their known 
characteristics and the results of concrete cube testing. In the numerical simulation, the 
columns were gradually subjected to increasing axial stresses until a displacement of 10 
mm was achieved. The analysis yielded valuable findings, such as the distributions of strain 
and stress within the columns. By performing the numerical analysis in the ANSYS 
software, a comprehensive understanding of the mechanical response of the composite 
columns under axial compression was obtained, complementing the results of the 
experimental tests. 

4. Results and Discussion 

4.1. Test Observation and Failure Modes 

This section presents a comprehensive narrative that intricately depicts the actual 
structural behavior exhibited by Steel Recycled Aggregate Concrete Composite Columns. 
The investigation delves deeply into the realm of test observations and failure 
mechanisms, offering a detailed tapestry of the columns' response to axial compressive 
behavior. The paper combines meticulous experimental exploration and advanced 
numerical analysis to provide insights into the ever-changing behavior of the columns. The 
understanding, derived from both experimental data and numerical insights, is extensive 
and multidimensional. 

All six test specimens of the steel recycled aggregate concrete composite columns 
underwent failure analysis during axial compressive loading, as depicted in Figure 3. The 
resulting failure patterns reveal compressive failure at the uppermost part of the column 
due to the impact of compressive force. Unequal load distribution, stemming from 
eccentricity caused by factors like stress distribution variations, cross-sectional area 
differences, or initial misalignment, leads to non-uniform compressive force distribution 
along the column's length. This eccentricity, influenced by stress concentration, uneven 
cross-sectional areas, or structural imperfections, particularly the column's original out-
of-straightness, results in greater compressive stress on the upper portion, leading to 
premature collapse. 

Table 2. Comparative analysis of experimental and numerical results for SRACC columns 

Column 
Specimen 

Experimental simulation Numerical simulation 

Axial load, 
kN (max) 

Axial 
displacement, 

mm (max) 

Lateral 
displacement, 

mm (max) 

Axial load, 
kN (max) 

Axial 
displacement, 

mm (max) 

Lateral 
displacement, 

mm (max) 

H (hollow 
tube) 

86.69372 10 2.68 100.744 10 2.773 

C1 610.28 10 5.44 596.341 10 5.1589 

C2 557.9329 10 5.73 597.924 10 5.829 

C3 567.1965 10 5.17 598.995 10 5.271 

C4 539.5923 10 5.08 598.552 10 5.203 

C5 544.81 10 5.6 599.239 10 5.6987 

C6 576.7239 10 5.2 610.285 10 5.663 
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The consistent failure pattern across all specimens, unaffected by the use of recycled 
coarse aggregate concrete in various size ranges, points to an initial flaw, such as a 
deviation in straightness, intensifying local stress concentration. This study not only sheds 
light on the behavior of steel recycled aggregate concrete composite columns under 
compressive loads but also underscores the critical significance of accurate design and 
detailing in averting premature failure. The findings emphasize the imperative role of 
meticulous design and additional information in preventing instances of early failure by 
gaining profound insights into the behavior of these composite columns under 
compressive pressures. 

 

Fig. 4. Failure mode in experimental investigation 

A detailed summary of the observed outcomes for each sample of SRACC columns, based 
on both experimental testing and numerical simulations, is shown in Table 2 below. The 
table is an invaluable resource that provides a concise, in-depth analysis that highlights the 
degree of agreement between numerical forecasts and experimental trial results. We 
compare these findings in order to verify that numerical simulations are a reliable means 
of forecasting the complex behavior of SRACC columns under different loading scenarios. 
Important parameters are included in this comparison study, which enables a thorough 
assessment of the model's dependability and correspondence with experimental data. 

  

Fig. 5. Total deformation schematic view 
in numerical analysis 

Fig. 6. Stress schematic view in numerical 
analysis 
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4.2. Axial Load–Axial Displacement Relationship 

The relationship between axial load and axial displacement revealed significant 
information regarding the structural response to varying compressive pressures. The 
distinctive patterns in the axial load-axial displacement curves highlighted the column's 
deformation characteristics as the load increased. The curve in Figure 8 and Figure 9 
illustrates the relationship between axial load and axial displacement for all specimens 
exposed to axial compressive stress for experimental analysis and numerical analysis, 
respectively. Each specimen was evaluated for a displacement of 10 mm, and both 
experimental analysis and numerical analysis were done on it.  

 

Fig. 7. Schematic view axial displacement in ANSYS 

The axial displacement curves for the columns, indicated by the characters C1, C2, C3, C4, 
C5, C6, and H (Hollow Steel Tube), were observed. Among the columns, C1 exhibited the 
highest load at the displacement of 10 mm. In the experimental analysis, column C1 
reached a maximum load of 610.28 kN, while in the numerical analysis, it achieved a 
maximum load of 596.72 kN. These values demonstrate the column's response to the 
applied axial stress. Three separate stages—elastic, yielding, and failure were seen on the 
curve. The graph shows linear displacement proportional to the increasing load during the 
elastic period. As soon as the yield point was reached, irreversible plastic deformation 
caused the yielding phase to behave nonlinearly. Additionally, it was found that the peak 
load rose as the size of the recycled coarse aggregate decreased, indicating changes in the 
compression behavior. 

 

Fig. 8. Axial load vs axial displacement experimental analysis result curve 
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Fig. 9. Axial load vs axial displacement numerical analysis result curve 

4.3. Axial Load–Lateral Displacement Relationship  

The curve in Figure 11 and Figure 12. illustrates the relationship between Axial Load–
lateral displacement relationship for all specimens exposed to axial compressive stress for 
experimental analysis and numerical analysis, respectively. The comparison between 
experimental and numerical data for the axial load-lateral displacement relationship 
allowed us to gain insight into the behavior of the composite columns. The numerical 
analysis yielded a slightly higher result of 5.829 mm compared to the experimental study, 
where a maximum lateral displacement value of 5.73 mm was observed.  

The reliability and accuracy of the numerical simulation are certainly highlighted by the 
strong concordance between these two different approaches. The exact same patterns in 
the curves of the axial load-lateral displacement connection were clearly shown by both 
the thoroughly experimental investigation and the complex numerical analysis. These 
curves were initially defined by a linear response, but when lateral displacement increased 
gradually, they gracefully crossed over into the domain of nonlinear behavior. 

 

Fig. 10. Simulation Result in ANSYS 

A more comprehensive understanding of the material's complex lateral response as it 
continuously interacts with increasing axial loads can be obtained through an in-depth 
investigation of the relationship between axial load and lateral displacement. This incisive 
analysis offers a lot of insightful information that is relevant to both theoretical and 
practical design and engineering considerations, as well as theoretical research. 
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Understanding how axial loading and lateral displacement interact allows for the 
development of effective and solid structural designs that take into consideration the 
behavior of the material under actual stress circumstances. 

This perfect learning of findings from the experimental and numerical worlds adds a lot to 
our understanding. We obtain insights by examining the unique characteristics of these 
behaviors under axial loads that not only enhance our understanding but also enable 
observation and improving of composite column designs, leading the way for improved 
efficiency and analysis. 

 

Fig. 11. Axial load vs lateral displacement experimental analysis result curve 

 

Fig. 12. Axial load vs lateral displacement numerical analysis result curve 

4.4. Axial Load–axial strain relationship  

The relationship between axial load and axial strain for all specimens exposed to axial 
compressive stress for experimental analysis and numerical analysis, respectively, is 
shown by the curve in Figure 14 and Figure 15 respectively. The columns' stress-strain 
curves, named C1, C2, C3, C4, C5, C6, and H (Hollow Steel Tube), were observed. The 
experimental analysis provided the following relationship graphs between axial load and 
axial strain: After being Displaced by 10 mm, the analyzed column's axial load and axial 
strain relationship curve showed a typical reaction. As the load increased, the curve 
transitioned from an initial linear elastic area into a plastic zone. It is noted that column C1 
showed a maximum strain in the numerical analysis of 0.004465 and an associated axial 
load value of 596.34 kN. According to the experimental study, column C3 experienced a 
maximum strain of 0.004442, on an axial load of 567.19 kN. 
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Fig. 13. Maximum principle stress simulation result 

A full understanding of the material's unpredictable response as it interacts with gradually 
increasing axial loads is provided by the complex relationship that exists between axial 
load and axial strain.  

 

Fig. 14. Axial load vs axial strain experimental analysis result curve 

 

Fig. 15. Axial load vs axial strain numerical analysis result curve 
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This thorough research offers essential information that go beyond the surface, exploring 
the material's stiffness, yielding behavior, and ultimate strength when subjected to various 
axial loading levels. This in-depth knowledge of the material's mechanical behavior, which 
represents every stage from early elasticity to the point of yielding and final structural 
capacity, serves as essential for well-informed design and engineering considerations. 

Considering the context of numerical analysis, the result of the numerical analysis, which 
described the relationship between axial load and axial strain in the column, showed a 
remarkable agreement with the experimental curve. This uniformity, a demonstration of 
the numerical model's accuracy, serves as a clear validation of its reliability. The 
simulation's capacity to accurately represent the structural integrity of the column in all of 
its details was demonstrated as its virtual environment consistently reflected the reality of 
the actual world. 

4.5. Axial Stress – Axial strain relationship  

The axial stress and axial strain relationship curve for the analyzed column, subjected to a 
10 mm displacement, was assessed through experimental and numerical analysis. The 
connection between stress and strain is shown in Figure 17 and Figure 18 providing 
insights into the column's behavior under load. The experimental curve displayed three 
phases: elastic, yielding, and failure. 

During the elastic phase, the curve exhibited a linear stress-strain relationship, indicating 
elastic deformation. As the load increased, the curve transitioned into the yielding phase, 
characterized by significant plastic deformation and a nonlinear stress-strain relationship. 
The maximum strain in column C3 was 0.004442 (experimental) and 0.004465 
(numerical), while in column C1, it was 0.004442 (experimental) and 0.004465 
(numerical). Peak stress values varied among columns based on the size of the recycled 
coarse materials, highlighting the impact of aggregate size on the column's response to 
axial stress. 

 

Fig. 16. Maximum principle strain simulation result 

As the experimental curve effectively coincided with the results obtained from detailed 
numerical analysis, its accuracy was certainly confirmed. This complete agreement 
strengthened our confidence in the experimental results and enhanced our understanding 
of the complex details guiding the column's complex behavior to the continuous force of 
axial stress. 
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Fig. 17. Axial stress vs axial strain experimental analysis result curve 

 

Fig. 18. Axial stress vs axial strain numerical analysis result curve 

5. Critical Review and Discussions 

The conclusions drawn from the experimental analysis and numerical simulations provide 
valuable insights into the performance of Steel Recycled Aggregate Concrete Composite 
(SRACC) columns. The axial compression tests on six specimens, featuring variations in the 
size of coarse aggregates, allowed for a comprehensive understanding of the effects of 
these modifications on stress, strain, ultimate strength, and load-bearing capacity. 

The study highlighted a noteworthy finding concerning the strength of recycled aggregate 
concrete, indicating a 5% decrease compared to concrete with natural aggregates. This 
decline is attributed to the complete substitution of natural aggregates with recycled 
resources for both coarse and fine aggregates. However, the inclusion of recycled fine 
aggregate, containing fine cementitious substances, demonstrated an improvement in the 
strength properties of recycled fine aggregate concrete. 

The experimental results showcased the superior compressive strength of the C6 column, 
while numerical analysis indicated a slightly lower strength. Discrepancies in strain values 
between experimental and numerical analyses for the C1 and C3 columns were observed, 
underscoring the need for precision in both methods. 
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The successful validation of experimental results by numerical analysis, with differences 
ranging from 2% to 5% across samples, substantiates the accuracy and dependability of 
the numerical simulation. However, the study identified a consistent compression failure 
in the uppermost portion of each specimen, suggesting irregular load distribution along 
their length. To address this, better load distribution methods are recommended for 
achieving a more uniform stress distribution. 

the study emphasized the superior performance of composite columns C2 and C3 in terms 
of load, stress, strain, and displacement. Both experimental and numerical analyses 
supported the recommendation to implement these columns in practical applications. The 
concrete mixture with recycled aggregates ranging from 20 mm to 22.4 mm for C2 and 22.4 
mm to 25 mm for C3 contributed to their enhanced performance characteristics. This 
practical recommendation aligns with the broader objective of promoting environmentally 
sustainable construction practices within the framework of a circular economy. 

For the future studies that will forward the study of composite steel columns made using 
recycled aggregates. First off, more research into the long-term robustness and structural 
integrity of composite columns using recycled aggregates in different sizes might prove to 
be beneficial. A thorough grasp of the sustainability of these composite columns would also 
benefit from evaluation of their life cycle analysis and environmental effect. Enhancing the 
mix proportions of recycled aggregates to improve mechanical characteristics and reduce 
environmental impact might be the subject of future study. It would also be beneficial to 
look at how these columns might work in various structural arrangements and real-world 
building situations. Finally, working together with industry stakeholders might make it 
easier to translate research findings into real construction procedures, encouraging the 
broad use of environmentally friendly building methods. 

6. Conclusions 

A detailed and in-depth investigation was carefully performed for the purpose of this deep 
research study. The primary objective of this study was to gain insight into the complex 
mechanics of axial load-carrying capacity and the complex behavior demonstrated by 
columns that represent the core characteristics of Axial Compressive behavior of Recycled 
Aggregate Concrete Steel Composite Columns (RACSCC).The results shown have emerged 
like a thoroughly made pattern, generated by the comprehensive evaluation of facts and 
information, and have been guided by the priceless knowledge gathered from real-world 
experiments and numerical simulation. The experimental investigation involved axial 
compression tests on six specimens of recycled aggregate concrete square steel columns, 
with designed variations in the size of coarse aggregates. The analysis of stress, strain, 
ultimate strength, and load-bearing capacity of the specimens revealed the effects of these 
modifications. The study demonstrated that the strength of recycled aggregate concrete 
was approximately 5% lower compared to concrete made with natural aggregates. This 
decrease can be attributed to the complete substitution of natural aggregates with recycled 
resources, both for coarse and fine aggregates. Additionally, it was observed that the 
inclusion of recycled fine aggregate, containing fine cementitious substances, in the 
concrete mixture improved the strength properties of recycled fine aggregate concrete. 

The experimental study revealed that the C6 column exhibited a significantly higher 
compressive strength of 610.28 kN, while the numerical analysis indicated a slightly lower 
strength of 576.72 kN. Furthermore, the numerical analysis showed that the C1 column 
had a higher strain value of 0.004465, whereas the experimental analysis showed a slightly 
higher strain of 0.0044424 for the C3 column. The numerical analysis using ANSYS 
software successfully validated the experimental analysis results, with a slight difference 
ranging from 2% to 5% across each of the samples. This confirms the accuracy and 
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dependability of the numerical simulation. The analysis of each specimen indicated that 
the uppermost portion consistently experienced compression failure, suggesting irregular 
load distribution along the length of the specimens. To achieve a more uniform stress 
distribution, better load distribution methods should be employed. In conclusion, the study 
found that composite columns C2 and C3 outperformed all other columns in terms of load, 
stress, strain, and displacement, as supported by both experimental and numerical 
analyses. The use of concrete mixed with recycled aggregates ranging from 20 mm to 22.4 
mm for C2 and 22.4 mm to 25 mm for C3 resulted in these superior performances. 
Consequently, it is recommended to implement composite columns C2 and C3 as the 
preferred choice for practical applications, considering their enhanced performance 
characteristics. 
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 The numerical modeling of a soil-structure interaction (SSI) system subjected to 
lateral loads depends mainly upon the interface behavior. The soil stiffness in 
relation to the structure is quite low, and the structure generally has a rough 
surface in contact with the soil. As a result of the slipping and rolling of soil grains 
caused by friction, a thin layer of shear zone forms in soil with the application of 
lateral loads. A thin layer interface is represented by the shear zone. As a result, 
the decision on the thickness requirement is critical for appropriate modeling of 
the thin layer interface, which is rarely documented by researchers. 
Furthermore, it has been reviewed in the literature that modeling the SSI system 
with a thin layer interface more accurately replicates the physical system than 
modeling it with a zero-thickness interface. The methodology for effective usage 
(in terms of proper interface thickness) of the thin-layer interface in SSI system 
using finite element (FE) modeling is proposed in this work. The thickness of the 
interface has also been determined via numerical modeling of a large direct 
shear test (DST). 
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1. Introduction 

The modeling of the SSI system with a thin layer interface has many advantages [1-3]. The 
performance and execution of numerical modeling considering thin layer interface mainly 
depends on the interface thickness [4]. This paper effectively deals with thin layer interface 
element as well as evaluation and execution of interface thickness for various normal 
stresses.  

According to the reviewed literature, it has been reported that the thin layer interface is 
appropriately representing the physical state of the SSI problem than that of the zero-
thickness interface [5-10]. Also, it has been noted that due to the bottom roughness of the 
footing, the soil particles slip as well as roll because of lateral loads as a result the thin layer 
interface has formed [11-13]. The interface acts differently than the rest of the soil [3, 14-
16]. If both footing and underlying material act as solid such as footing-rock interaction, 
then the representation of interface has considered as zero thickness [17]. Such interface 
has been modeled with appropriate constant normal stiffness values and meshing aspect 
ratio, to avoid the numerical ill-conditioning [18-19]. It is worth to mention that many 
researchers showcased the computational difficulties that occur in zero thickness 
interfaces [2, 4, 18, 20-23]. In contrast, the recent software is using zero thickness 
interfaces for SSI problems by adopting only interface reduction factor with a high value of 
normal stiffness [24-29]. Such analysis is based on certain assumptions or approximations 
which have considered the interface performance by selecting only interface reduction 
factor, which may not be suitable for every soil and footing/structure condition. So, 
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consideration of zero thickness interfaces in SSI problem is disadvantageous, whereas 
there are many advantages of using a thin layer interface. 

The implementation of a thin layer interface necessitates the use of an appropriate 
evaluation interface thickness. According to Desai et al. [1], Dalili et al. [7] and Dhadse G.D. 
et al. [23], the interface thickness should be 0.1 to 0.01 of the adjacent element size. If the 
adjacent mesh size fluctuates, the thickness value is inconsistent and altering regardless of 
soil type or structure surface roughness. According to the literature, the interface thickness 
should be five times the average soil grain size [6, 11, 13, 30-33]. Whereas Fang H. and 
Wang W. [34], Saberi et al. [35] and Gennaro et al. [36] proposed the interface thickness 
should be 5 to 10 times the average particle size. The criteria given with respect to average 
particle size is realistic and varies according to grain size. But the formation of a thin layer 
interface is due to roughness of footing surface [11] in contact with soil and depends upon 
soil type, particle size, normal stress etc. [13, 30, 37-39]. As a result, the criterion based 
solely on particle size appears insufficient for determining optimal interface thickness for 
every SSI analysis situation. 

The methodology for thickness evaluation and thin layer interface execution in FE 
modeling of the SSI system has been proposed in this study. The proposed methodology is 
inclusive of normal stress only, but the same methodology can be adopted by taking into 
consideration all interface thickness influencing parameters.  

2. Proposed Problem Statement 

Many scholars have claimed that employing a thin layer over zero thickness interfaces has 
advantages. The research into the decision on interface thickness requirement is 
insufficient and requires further analysis. Few researchers had proposed the criteria based 
on grain size for the determination of interface thickness. This criterion may not be 
effective for every SSI system as the thickness predominantly relates to contact roughness 
and indirectly relates to soil type, grain size, normal stress etc.  

The methodology for effective evaluation of interface thickness and execution of thin layer 
interface is proposed in the present study. The FE model of a large DST with a thin layer 
interface has been developed to validate the experimental results for various proposed 
thicknesses. The relation between normal stress and interface thickness has been 
established. The footing-soil interaction (FSI) problem considering zero thickness 
interfaces by Viladkar et al. [40] has been solved using the proposed thin layer thickness 
for the execution of the interface thickness. Non-linearity at the soil and interface has also 
been incorporated into FE formulations. 

3. Finite Element Modeling 

The footing and soil mass is modeled with 8 noded isoparametric plane strain element. 
Each node in the element has two degrees of freedom (DoF) i.e. translations in ξ and η 
directions in a local coordinate system. The elements geometry is shown in Fig. 1. The 
mathematical formulation of the element is referred from J. N. Reddy [41], Chandrupatla 
and Belegundu [42], S.S. Rao [43] and O.C. Zienkiewicz et al. [44]. This element is very well 
compatible with 6 noded thin layer interface element as well as the various constitutive 
models of soil. Also, the element is useful in the proper evaluation of stresses near junction 
points [45]. 
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Fig. 1. Geometrical details of elements used for footing, interface and soil 

3.1. Thin Layer Interface Element Formulation 

The 6 noded thin layer isoparametric interface element depicted in Fig. 2 serves as a 
continuum interface between soil and footing. The element's constitutive performance is 
thought to differ from that of adjacent solid elements, and it is mostly determined by the 
interface's normal and shear stiffness (as determined by the shear test). The element is 
compatible with adjacent soil and footing element. Earlier, this element has been used by 
Sharma and Desai [3], Zaman et al. [14] and Noorzaei et al. [9] to analyze various soil-
structure interaction systems. In the present study, the same element is executed for 
analyzing the SSI problem with proper thickness. The detailed element stiffness matrix 
formulation is given below. 

 

Fig. 2. Thin layer interface element representation in the global and local coordinate 
systems 

The six-noded thin layer interface element is depicted in Fig. 2 in both global and local 
coordinate systems. In general, the interface details are evaluated in a local coordinate 
system, therefore the orientation of the interface is an important criterion.  As a result, the 
formulation I generated in a local coordinate system and then transformed to the global 
system using the transformation matrix. It is also worth noting that as the interface 
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thickness approaches zero the in-plane stress and strain become minimal in compared to 
normal and shear stress and strain [3]. As a result, the contact response is approximate 
idealized by simply normal and shear stiffness. 

In the global X and Y systems, U and V represent nodal displacement. In the local coordinate 
and system, u and v are the nodal displacements. Equation 1 gives the shape functions ‘N’ 
in the local coordinates system at each node, 

 

(1) 

The element displacement matrix in the global system is (Equation 2), 

(2) 

 Therefore, the displacement at any point within an element is given by 
Equation 3; 
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The strain at any point within an element is given by strain displacement relationship as 
given in Equation 4, 
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where, yx  ,   and xy   are axial strain, normal strain and shear strain respectively in 

the global system. Whereas 'B' is the strain displacement relation matrix and 'δe' is the 
global element displacement matrix. 

It is discussed earlier that, interface properties are in a local coordinate system, hence 
stress-strain relation is written as shown in Equation 5, 

 (5) 

where, n   and    are normal and shear stress (Local coordinate system). knn and kss are 

normal and shear stiffness whereas ksn and kns are in-plane stiffness. vr and ur are relative 
displacements. As thickness is very small for the interface, the in-plane stresses are 
negligible, hence Equation 5 can be written as (Equation 6), 

 (6) 

As in-planes stresses are negligible, hence (Equation 7) 
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Thus equation 6 can be written as, (Equation 8) 
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Where, [De] is material matrix or relation matrix in the local coordinate system 

To transform the local coordinate system into the global coordinate system, use the 
transformation matrix [T] in Equation 9, 

 
(9) 

where, s = sinθ, c = cosθ and θ is the angle made by interface with X-axis. Therefore, the 
global stress-strain relation matrix is expressed as (Equation 10) 
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Thus, the element stiffness matrix [K] in global form can be written as, (Equation 11) 

 

(11) 

where, ve is the volume of the element. The MATLAB FE model for analyzing the SSI system 
with soil and interface non-linearity has been developed using the formulation of all the 
elements. 

3.2. Soil and Interface Constitutive Modeling 

Soil is a highly non-linear material. Many researchers have proposed various constitutive 
relations to predict the appropriate complex behavior of soil [46-47]. The choice of 
constitutive models amongst the available model depends on the type of soil as well as 
purpose and type of analysis [46]. Almost all the constitutive relations are compatible with 
FE formulation. Soil nonlinearity is typically integrated into FE formulation using an 
incremental iterative method. [48]. In the present analysis, the Hyperbolic Model proposed 
by Duncan-Chang [49-51] (based on associated flow rule [52]) is used to represent the 
response of the soil. In this model, the stiffness non-linearity and hardening are 
appropriately included whereas softening and dilatancy are not included [6]. It is amongst 
the commonly used model for SSI analysis due to its versatility. The tangent modulus ‘ET’ 
[45, 53] at every load step is evaluated using equation 12, 
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where, ‘Rf’ is failure ratio, 'φ' is the angle of friction, ‘σ1’ and ‘σ3’ are major and minor 
principal stresses, ‘C’ is cohesion, ‘K’ is Modulus number, ‘Pa’ is atmospheric pressure and 
'n' is the exponent. 

In addition to soil non-linearity, interface non-linearity has also been considered in the 
present research. The interface hyperbolic model developed by Clough and Duncan 1971 
[54] has been used in present investigation. The model is versatile as well as it solves the 
purpose of present study. The model is capable of dealing with cohesive soil-structure 
interface as well, because it is inclusive of interface adhesion. The hyperbolic relation is 
used to approximate the interface's stress-strain response [7, 40, 45] as given in equation 
13. During lateral loading, the shear zone has been formed due to slipping and rolling of 
soil particles over the rough foundation surface. As the analysis has been performed with 
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the Finite Element Method, the slipping and rolling of the particles have been idealized by 
tangential stiffness value as express in equation 13 and the shear zone has been idealized 
with thin layer interface element (with appropriate thickness) as discussed in Section 3.1. 
The tangential stiffness ‘Kss’ from equation 13 is evaluated at every load step whereas 
normal stiffness ‘Knn’ is approximately evaluated as ‘ET/t’ [3] (‘t’ is interface thickness). It 
is also reviewed from the literature that, due to a very thin interface, few problems may 
face computational difficulties as a result; arbitrary high value for normal stiffness is also 
considered [40, 45, 55]. 

 

(13) 

From equation 13, ‘kj’ is modulus number, ‘γw’ is the unit weight of water, ‘σn’ is normal 
stress, ‘Pa’ is atmospheric pressure, ‘Rf’ is failure ratio, ‘τ’ is shear stress, ‘Ca’ is adhesion at 
the interface, ‘φ’ angle of friction, 'n' is the exponent and ‘Ki’ is initial stiffness. 

4. Methodology 

The non-linear plane strain SSI-FE model consisting of footing, soil and interface element 
has been developed in MATLAB. The mixed incremental iterative algorithm [48, 56] is used 
to apply non-linearity in soil mass and interface. The model is versatile and realistic with 
the availability of various elements and the inclusion of interface thickness. It is also able 
to solve variable degree of freedom system with ease.  

In the current investigation, a 6 noded thin layer element has been selected for modeling 
the interface, together with an 8 noded plane strain isoparametric element for soil and 
footing. The developed FE model is validated using experimental findings from the large 
box shear test performed by Viladkar et al. [40] and also the same model has been checked 
for various interface thickness values. Further, the FSI problems with thin layer interface 
have been analyzed using the validated FE model. 

4.1. Proposed Procedure for Prediction and Execution of Interface Thickness 

According to reviewed literature as per section 1, it is reported that the interface thickness 
for any SSI problem should lie between 5-10 times the average particle size. The said 
criterion is purely dependent on particle size without considering parameters such as 
surface roughness, soil type, normal stress etc. But for physical cases, the site conditions 
are completely different and interface thickness mostly depends on every parameter as 
mentioned. Hence thickness criteria may vary according to these parameters. As a result, 
the current study proposes a systematic technique for predicting interface thickness based 
on normal stresses. 

In this study, for the large box shear test (details are given in section 5), only one type of 
sand and a single mild steel rough surface as a footing has been used. Thus particle size, 
sand type and surface roughness are kept constant whereas only normal stress keeps 
varying. It is decided to use four different interface thicknesses such as 3D50, 5D50, 10D50 
and 12D50 (D50 is the mean diameter of sand particle) for every normal stress. These 
proposed thicknesses cover the criteria given in the literature as well as some values are 
beyond literatures.  
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The large box shear FE model has been analyzed for maximum shear stress for given 
normal stress. The result for tangential displacements (for every thickness) has been 
compared to get a value that approximately matches with experimental data. Thus for 
every normal stress, the interface thickness has found out. The plot between interface 
thickness and normal stress gives the best fit prediction about interface thickness based 
on a variation of normal stress. The predicted equation further used for the execution of 
thin layer interface in soil-structure interaction problem. 

5. Validation of Large DST with Thin Layer Interface 

The plane strain idealization with boundary conditions of large DST in FE modeling [57-
58] is shown in Fig. 3. Each box is of dimension 300 x 300 x 75 mm. Shear stress acts on 
the side of the structure portion, whereas normal stress acts on the top of the upper box. 
The thin layer interface is located between two boxes as shown in Fig. 3. By maintaining 
normal stress constant, shear stress is applied with each load step, and tangential 
displacement is determined. Both boxes and interface has been discretized into 8 noded 
isoparametric and 6 noded thin layer isoparametric plane strain elements respectively. For 
the structure part, concrete or mild steel material is used (analyzed as linear elastic) with 
a rough bottom in contact with the soil whereas sand is used in the upper box.  

 

Fig. 3. Idealization of the large DST [57] 

    

(a): No. of Elements = 02  (b): No. of Elements = 08  (c): No. of Elements = 60 

   

(d): No. of Elements = 200  (e): No. of Elements = 300  (f): No. of Elements = 600 

Fig. 4. Mesh configurations for large DST 
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Desai et al.'s example was used to conduct the mesh convergence study [1]. The linear 
elastic analysis is checked with various meshes as shown in Fig. 4 for the materials used 
by Desai et al. [1].  The result for tangential displacement (Table 1) is compared with the 
literature result. 

The tangential displacement of large DST subjected to the normal stress of 0.955 N/mm2 
and shear stress of 0.5 N/mm2 for all meshes is plotted in Fig. 5. The interface thickness is 
considered as 3mm for all mesh configurations. From Fig. 5, it is observed that the mesh 
configuration with 200 elements has been found optimum. Thus in further analysis, the 
same configuration of elements has been used. Also, the result for tangential displacement 
(mesh = 200 elements) from Table 1 is appropriately matching with literature results. 

 

Fig. 5. Large box shear test mesh convergence analysis 

Table 1. Validation with Desai et al. 1984[1] 

Author Tangential displacement (mm) 

Desai et al.  0.34 

Present Study  0.3219 
% Variation 5.32 % 

5.1. Prediction of interface thickness 

The large box shear test performed on the soil-mild steel interface by Viladkar et al. [40] 
has been numerically modeled (section 5.0) in the present study to find out the interface 
thickness. The optimum mesh size as per Fig. 4(d) is used to discretize the soil, mild steel 
and interface. The experimental plot of tangential displacement against shear stresses for 
soil-mild steel interface shows non-linear nature. Thus, in addition to soil non-linearity; 
interface non-linearity has also been incorporated in the developed FE model. As the 
hyperbolic constitutive relation is used to represent soil and interface behavior as per 
section 3.2, the hardening and stiffness non-linearity can appropriately be included in the 
FE model. Hence, it is decided to analyze the system for maximum shear stress for given 
normal stress and the corresponding displacement is found out.  

Table 2. Material properties for structure (Mild steel) 

Sr. No. Component Elastic Modulus (N/mm2) Poisson’s Ratio 

1 Structure (Mild steel) 2.1 x 105 0.3 
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The structure part is modeled as mild steel (considered as linear elastic) with a rough side 
in contact with sand. The test had been carried by Viladkar et al. [40] for four normal stress 
conditions such as 40.8 kPa, 61.24 kPa, 81.65 kPa and 102.07 kPa as shown in Fig. 6. The 
mild steel, sand, and interface material properties are provided in Table 2, Table 3 and 
Table 4 respectively. 

Table 3. Material properties for sand 

Sr. No. Description Value 
1 Soil Type SP 
2 Unit weight 16.3 kN/m3 
3 Relative Density 84% 
4 Modulus Number ‘K’ 700 
5 Exponent ‘n’ 0.50 
6 Failure Ratio ‘Rf’ 0.90 
7 Cohesion ‘C’ 0 
8 The angle of Internal Friction ‘ɸ’ 410 
9 Poisson’s Ratio of sand 0.3 

10 Mean diameter of sand particle ‘D50’ 0.25 mm 

Table 4. Material properties for interface 

Sr. No. Description Value 
1 Modulus Number ‘kj’ 8625 
2 Exponent ‘n’ 0.662 
3 Failure Ratio ‘Rf’ 0.82 
4 Adhesion ‘Ca’ 0 
5 The angle of Internal Friction 'ɸ' 29.30 
6 Unit weight of water ‘γw’ 0.00001 N/mm3 
7 Atmospheric pressure ‘Pa’ 0.10132 N/mm2 

5.1.1 Result and Discussion 

The graph of shear stress vs shear displacement by Viladkar et al. [40] is shown in Fig. 6 for 
the various normal stress conditions. To determine the thickness of the interface, the FE 
model for large DST has been subjected to normal stress and maximum shear stress. 
Normal stress is kept constant throughout loading, while shear stress is applied in stages.  

 

Fig. 6. Large box shear test result for sand-footing interface [40] 
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Fig. 7. No. of iterations performed for each normal stress during interface shear test 

Fig. 8, Fig. 9, Fig. 10 and Fig. 11 show the results for tangential displacement (Experimental 
and FE model result) in interface shear test for each normal stress and maximum shear 
stress condition. (IT – Interface Thickness, σn – Normal stress and τ – Shear stress) 

The no. of iterations performed by the FE model for each load increment till convergence 
is shown in Fig. 7. For every normal stress, four different interface thicknesses (such as 
3D50, 5D50, 10D50 and 12D50) have been considered. The tangential displacement for 
maximum shear stress of every interface thickness has been compared and a value having 
good agreement with the experimental result is considered in further analysis. Hence 
interface thickness is found out for every normal stress. 

Results observed from Fig. 8, Fig. 9, Fig. 10 and Fig. 11 show consistent in nature i.e. as the 
interface thickness is increased, the corresponding tangential displacement is also 
increased. Because in the formulation of thin layer interface, the element stiffness is 
indirectly proportional to interface thickness, hence if the thickness is increased the 
corresponding tangential displacement also increased. For Fig. 8 and Fig. 9, interface 
thickness equal to 5D50 show good results with 9 % and 1.53% difference with 
experimental results. Whereas, Fig. 10 with interface thickness of 10D50 demonstrates 
good agreement with experimental results with a difference of 1.63%. In case of σn = 
102.07 kPa (Fig. 11), 12D50 interface thickness gives appropriate result (difference = 0.9 
%). Thus it can be said that considering common interface thickness for every normal 
stress is not suitable. The available criteria for interface thickness from literature seem 
insufficient, as for every normal stress the interface thickness is changing.  

The maximum average change in tangential displacement from 3D50 to 12D50 is about 13% 
to 15% from Fig. 8 to Fig. 11. In the present study only variation of normal stress has been 
considered for determination of interface thickness (to achieve the objective of the paper) 
whereas there are various parameters such as particle size, moisture content, density, 
interface adhesion, etc. are responsible for change in interface thickness as per the 
literatures. Hence due to change in interface thickness, the system’s response is very 
robust. 
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Fig. 8. Interface shear test - tangential displacement plot for σn = 40.8 kPa and                 
τ = 30 kPa 

 

Fig. 9. Interface shear test - tangential displacement plot for σn = 61.24 kPa and              
τ = 35 kPa 

 

Fig. 10. Interface shear test - tangential displacement plot for σn = 81.65 kPa and            
τ = 46.3 kPa 
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Fig. 11. Interface shear test - tangential displacement plot for σn = 102.07 kPa and         
τ = 57.9 kPa 

The interface thickness (thickness which validates with experimental values) observed 
from Fig. 8, Fig. 9, Fig. 10 and Fig. 11 have been plotted against corresponding normal 
stress values shown in Fig. 12. The graph is useful in predicting interface thickness for 
various normal stresses. 

It is observed from Fig. 12 that, the interface thickness is increasing as normal stress goes 
on increasing. The formation of a thin layer interface is because of rolling and slipping of 
the sand particle due to contact roughness. In the present investigation, normal stress is 
increasing in addition to contact roughness, thus additional sand particles may take part 
in the shearing action. Therefore, such condition leads to increase in the interface thickness 
with respect to increase in normal stress.  

 

Fig. 12. Variation of interface thickness against normal stress 

The graph shown in Fig. 12 has been fitted with a linear equation. The equation shows the 
prediction of interface thickness for various normal stress values. Present investigation is 
a proposed methodology for effective evaluation and execution of interface thickness 
hence the equation in Fig. 12 is limited for this particular study only.  If the interface 
thickness (according to equation in Fig. 12) is less than 5D50 then the minimum thickness 
of 5D50 can be consider for analysis. To execute the predicted equation from Fig. 12, the FSI 
problem subjected to inclined-eccentric load has been solved with the developed FE model. 

0
0,5

1
1,5

2
2,5

3
3,5

4
4,5

5
5,5

6
6,5

T
an

ge
n

ti
al

 D
is

p
la

ce
m

en
t 

(m
m

)

Experiment [33] IT = 3D50 IT = 5D50
IT = 10D50 IT = 12D50

y = 0,0318x - 0,2736
R² = 0,8893

0

0,5

1

1,5

2

2,5

3

3,5

0 20 40 60 80 100 120

In
te

rf
ac

e 
T

h
ic

k
n

es
s 

(m
m

)

Normal Stress (kPa)



Dhadse et al. / Research on Engineering Structures & Materials 10(3) (2024) 1173-1194 

 

1186 

6. Implementation of Interface Thickness for SSI Analysis 

The FSI problem experimented by Agrawal [59] and numerically modeled by Viladkar et 
al. [40] and Zedan [60] for zero thickness interface element has been considered in the 
present investigation for the execution of thin layer interface. The FE model has been 
developed as shown in Fig. 13. The settlement and horizontal displacement of the footing 
with a thin layer interface are compared and validated with an experimental and zero 
thickness FSI system. The thickness evaluation for the FSI problem has been carried out 
from the equation given in Fig. 12.  

FSI system has consisted of strip footing resting on sand and subjected to eccentric inclined 
loads. The FE model is developed as a plane strain problem. Considering the thin layer 
interface, 3 different cases are analyzed (Fig. 14), such as, 

Case I: Df/B = 0; e/B = 0.2 and angle of inclination for inclined load with vertical = 150  

Case II: Df/B = 0; e/B = 0.2 and angle of inclination for inclined load with vertical = 100 

Case III: Df/B = 0; e/B = 0.2 and angle of inclination for inclined load with vertical = 50 

where, ‘Df’ is depth of the footing, ‘B’ is width of the footing and ‘e’ is eccentricity of load. 

 

Fig. 13. FE model for FSI system 

The soil and footing are discretized with 8 noded isoparametric elements whereas the 
interface is discretized as 6 noded thin layer interface element. The constitutive relations 
as discussed in section 3.2 are used for soil and interface. The footing is considered to be 
made up of mild steel (thickness = 12mm) with the same roughness in contact with soil as 
that of large DST mild steel specimen. The materials used for carrying out FSI analysis are 
same as that of large DST as discuss in section 5.1. Table 2, Table 3 and Table 4 show the 
properties for footing, soil and interface.  
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(a)   Case I                                                                 

  
(b) Case II 

 
(c) Case III 

Fig. 14. Various cases considered for eccentric inclined loading in FSI problem 

The interface thickness for the case I, case II and case III are 1.25 mm, 1.71 mm and 2.35 
mm respectively. The thickness has been calculated based on the maximum normal stress 
acting on the footing from equation in Fig.12. 
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6.1. Result and Discussion 

The FSI system with a thin layer interface's non-linear analysis (Fig. 13) for various cases 
(Fig. 14) has been carried out with a mixed incremental iterative procedure. The plot 
between pressure-settlement and pressure-horizontal displacement at end B (Fig. 14) of 
the footing for various cases are shown in Fig. 15 (a), Fig. 15 (b), Fig. 16 (a), Fig. 16 (b), Fig. 
17 (a) and Fig. 17 (b). 

 

Fig. 15 (a). Pressure-Settlement plot for Case I 

 

Fig. 15 (b). Pressure-Horizontal displacement plot for Case I 

Fig. 15 (a) and Fig. 15 (b) shows the results for experimental analysis by Agrawal [59], 
numerical analysis (without interface and with zero thickness interface) by Viladkar et al. 
[40] and analysis considering thin layer interface as present investigation. For pressure-
settlement, the effect of the interface is negligible because of the full bond between soil and 
footing. Wherein, pressure-horizontal displacement plot shows the necessity of interface. 
It is also reported that the results for settlement and horizontal displacement considering 
thin layer interface shows very good agreement with the experimental result. 

0

1

2

3

4

5

6

7

8

9

10

0 5 10 15 20 25 30 35 40 45

Se
tt

le
m

en
t 

(m
m

)

Pressure (kPa)

Experiment Agrawal [51]

With zero thickness Viladkar et al.[33]

Without Joint Viladkar et al.[33]

Present Study Thin layer

0

1

2

3

4

5

6

7

0 5 10 15 20 25 30 35 40 45

D
is

p
la

ce
m

en
t 

(m
m

)

Pressure (kPa)

Experiment Agrawal [51]

With zero thickness Viladkar et al.[33]

Without Joint Viladkar et al.[33]

Present Study Thin layer



Dhadse et al. / Research on Engineering Structures & Materials 10(3) (2024) 1173-1194 

 

1189 

 

Fig. 16 (a). Pressure-Settlement plot for Case II 

 

Fig. 16 (b). Pressure-Horizontal displacement plot for Case II 

 

Fig. 17 (a). Pressure-Settlement plot for Case III 
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Fig. 17 (b). Pressure-Horizontal displacement plot for Case III 

It is observed from Fig. 16 (a) to Fig. 17 (b) that the settlement and horizontal displacement 
considering thin layer interface shows appropriately matching results with experimental 
analysis. It is also noted that the results considering thin layer interface are superior to 
zero thickness interface. It may be because of consideration of normal stiffness for thin 
layer interface as ‘ET/t’ and not a constant value. Thus, such value is giving more 
appropriate results than the constant value. Also by considering this normal stiffness, the 
interface nodes are not penetrating thus it satisfies the contact stiffness criteria. 

In addition to the above, due the roughness of footing in contact with the soil; the soil 
particles are rotate and slip during the application of lateral loads thus it is obvious to form 
the thin shear zone just beneath the footing which is called as thin layer interface. Hence 
the SSI model with thin layer interface is giving realistic results as compared to the zero 
thickness interfaces. 

There are some results such as Fig. 16 (a) and Fig. 17 (a), where the settlement by thin 
layer interface showing more than 10% difference with respect to experimental values. 
Such difference may due to consideration of only normal stress for deciding the interface 
thickness. Whereas there may be a few other parameters responsible for interface 
thickness, such as surface roughness, particle size, and soil type, which need to be 
investigated further. 

7. Conclusions 

There are numerous advantages of using a thin layer interface over a zero-thickness 
interface. The selection of interface thickness is important and must be deal with caution. 
The methodology for effective usage (in terms of interface thickness) of the thin-layer 
interface in FE modeling of the SSI system has been investigated in this work. The following 
findings are reached from the evaluation and execution of interface thickness, 

• The parameters which are responsible for interface thickness such as, surface 
roughness, particle size, normal stress and soil type are varying for every soil 
condition. Thus, the criterion for interface thickness based only on D50 looks 
insufficient. Hence there is a need to propose a methodology consisting of these 
parameters for predicting appropriate interface thickness. 

• The proposed methodology, which was used to evaluate interface thickness while 
taking normal stress into account, is also applicable to other contributing 
parameters. 

0

1

2

3

4

5

6

7

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

D
is

p
la

ce
m

en
t 

(m
m

)

Pressure (kPa)

Experiment Agrawal [51]

With zero thickness Zedan [52]

Present Study Thin layer



Dhadse et al. / Research on Engineering Structures & Materials 10(3) (2024) 1173-1194 

 

1191 

• The non-linear hyperbolic model is suitable for modeling large DST. Thus it is useful 
in the evaluation of interface thickness. 

• The relation between interface thickness and normal stress (derived from 
numerical validation of large DST) is useful in predicting interface thickness based 
on normal stress value. In general, such methodology can be adopted for various 
SSI systems for interface thickness prediction. 

• The pressure-settlement response in the FSI system is independent of interface 
effect whereas under lateral and eccentric-inclined loading condition for 
appropriate horizontal displacement, interface consideration is necessary. 

• The results for settlement and horizontal displacement in the FSI system 
considering thin layer interface have been improved in comparison to the zero-
thickness interface.  

• The proposed methodology for effectively utilizing thin layer interfaces in FE 
modeling of SSI problems has been successfully applied. 

In order to obtain the more realistic results of SSI system, the consideration of proper 
thickness of thin layer interface (considering all variations in soil and structure) and 
advanced constitutive model is necessary. 
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 BBR test is commonly used to assess the low-temperature performance grade 
(PG) of asphalt binders, with the flexural-creep stiffness being a critical 
parameter calculated through this test. However, it has notable limitations that 
demand attention. The significant amount of asphalt binder needed for test 
specimens increases costs and resource consumption. Additionally, the complex 
and time-consuming specimen preparation process hinders testing efficiency 
and introduces result variability, affecting the accuracy and reliability of PG 
determinations. In recent years, machine learning (ML) has emerged as a 
promising substitute for predicting various engineering values. In this study, the 
primary focus was on harnessing super learner (SL) techniques to predict the 
creep stiffness of asphalt binders. The SL approach combines multiple ML 
algorithms to enhance predictive accuracy and reduce individual model biases. 
Bagging, boosting, and stacking algorithms were employed in the construction of 
these prediction models. To conduct the investigation, data from 1350 samples 
sourced from the Long-Term Pavement Performance (LTPP) website were 
utilized to explore the influence of six crucial variables on the creep stiffness of 
asphalt binders. The proposed method demonstrated high accuracy, nearing 
90% in the coefficient of determination. The Stacking model achieved a low Mean 
Absolute Percentage Error of 2.86% and robust Prediction Accuracy of 97.14% 
for randomly selected data points. Furthermore, the sensitivity analysis 
highlighted the significance of distinct input variables in influencing the creep 
stiffness of asphalt binders. Notably, the test temperature emerged as the most 
influential factor affecting creep stiffness, according to the conducted study. 
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1. Introduction 

The asphalt pavements undergo significant impacts from climatic changes, which, in turn, 
profoundly impact the performance of asphalt mixtures and the characteristics of asphalt 
binder. As temperatures fluctuate, these materials experience significant transformations 
that directly influence their properties and response to external stresses. As temperatures 
decrease, the asphalt binder experiences a critical transition from a plastic state to a solid 
state. In colder conditions, the binder becomes much stiffer and exhibits a lower resistance 
to flow, resulting in increased viscosity. This change in viscosity affects the overall 
flexibility and resilience of the asphalt mixture, making it less capable of accommodating 
dynamic loads and stresses induced by traffic. The reduced flexibility and increased 
stiffness of the asphalt binder in colder climates can lead to several performance issues for 
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the asphalt pavement. It becomes more susceptible to cracking and fracture due to its 
limited ability to absorb the energy from vehicular loads. Additionally, the reduced 
flowability of the binder makes it challenging for the pavement to self-heal or recover from 
minor damages caused by traffic, further contributing to the overall deterioration of the 
pavement structure [1].   

When asphalt pavements experience elevated tensile stress surpassing the movement 
resistance of the asphalt binder, it results in the formation of cracks within the binder, 
which eventually spread across the pavement surface. This phenomenon is known as low-
temperature cracking, leading to significant functional and structural failures in the 
pavements [2]. To study and address these cracks that may occur during the asphalt 
pavement's design life, a specialized test is conducted on the asphalt binder material. This 
specific test is conducted to assess the creep stiffness value at low temperatures, serving 
as a crucial indicator of the asphalt binder's resistance to low-temperature cracking. The 
creep stiffness measurement provides valuable insights into how well the binder can 
withstand tensile stresses caused by low temperatures without undergoing excessive 
deformation or cracking. This property is crucial for ensuring the long-term performance 
and durability of asphalt pavements, especially in regions with colder climates or 
significant temperature variations [3]. To assess the asphalt binder's resistance to low-
temperature cracking, a specialized test is conducted using an asphalt binder prismatic 
beam. The beam possesses specific dimensions, measuring 125 mm in length, 6.25 mm in 
height, and 12.5 mm in width. In the test, the prismatic beam is horizontally positioned in 
a cold fluid bath, and a constant load of 980 mN is applied at the midpoint of the beam. The 
deflection of the specimen is measured, and the creep stiffness is calculated using the 
actual load and specimen dimensions. The test is performed at various constant 
temperatures within the low-temperature range. At a loading time of 60 seconds, the creep 
stiffness and the corresponding m-value are derived. The m-value represents the absolute 
value of the slope of the stiffness versus time curve on a double logarithmic scale [4]. 

BBR has become the predominant testing method for assessing the low-temperature 
characteristics of asphalt binders, particularly those subjected to prolonged aging before 
undergoing BBR testing. Despite its widespread use, several authors have highlighted 
significant drawbacks associated with BBR testing, particularly concerning specimen 
preparation and testing conditions. One of the main drawbacks is the complexity and 
labour-intensive nature of preparing BBR test specimens. The process requires meticulous 
attention to detail and precise measurements to ensure accurate results. This can be time-
consuming and may introduce variability in the test outcomes due to inconsistencies in 
specimen preparation. Additionally, the testing conditions in BBR may not always fully 
represent the real-world environmental conditions that the asphalt binders encounter in 
the field. For instance, the test temperatures in BBR may not accurately mimic the wide 
range of temperature fluctuations experienced by pavements in different geographic 
locations and climates. This limitation can impact the relevance and applicability of BBR 
results to actual pavement performance [5-7]. The direct grading process to determine the 
PG of asphalt pavements involves using devices like the Dynamic Shear Rheometer (DSR) 
and BBR to directly measure pavement performance. However, this approach requires a 
substantial budget, presenting challenges for researchers and pavement laboratories in 
certain countries. To address these limitations, researchers have explored alternative 
methods for indirectly assessing pavement performance, which are more accessible and 
cost-effective. One such indirect estimation method involves leveraging weather data, 
particularly the maximum and minimum air temperatures in construction regions, as a 
basis for assessing the PG grade. By utilizing weather data, researchers can infer the 
performance characteristics of the pavement under varying temperature conditions. 
Additionally, some researchers have proposed an indirect estimation of the PG grade based 
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on pavement characteristics under "real-world conditions" while adhering to the 
specifications of traditional grading systems used in developed countries. This approach 
aims to find a balance between cost-effectiveness and accuracy in assessing the PG grade 
[8]. During the Strategic Highway Research Program (SHRP), there was a consideration to 
use the DSR with parallel plate geometry for the low-temperature PG system. However, it 
was eventually not selected for this purpose due to a significant challenge. Researchers 
have acknowledged that DSR measurements at temperatures below approximately 5 °C led 
to compliance errors in dynamic responses, particularly evident when employing the 
standard thin film binder geometry. To overcome this limitation and accurately measure 
the low-temperature rheological properties of asphalt binder, SHRP developed the BBR. 
The BBR test was specifically designed to assess the stiffness and creep behaviour of 
asphalt binders under low-temperature conditions. By using the BBR, researchers were 
able to obtain more reliable and consistent data related to the performance of asphalt 
binders at lower temperatures [9]. Recognizing the challenges and limitations associated 
with the BBR for low-temperature binder evaluation, some researchers have sought an 
alternative approach. As a result, they have endeavored to shift from BBR-based testing to 
a method exclusively reliant on DSR. In this new approach, the DSR is utilized for these 
evaluations, three distinct geometries were employed: torsion bar, 8-mm Parallel Plate, 
and 4-mm Parallel Plate. However, it is important to highlight that testing asphalt binder 
at extremely low temperatures, such as -30°C, can only be accomplished using the 4-mm 
plate geometry. This limitation arises from the torque capacity constraints of motors in 
typical commercially available DSRs. The use of the 4-mm plate geometry allows 
researchers to accurately measure the rheological properties of asphalt binders under 
these extreme low-temperature conditions, enabling a more comprehensive assessment of 
their performance in challenging environments [10-12]. Recently, the approach to 
determining the BBR equivalent low performance grade has centered on converting the 
complex shear modulus (G*(ω)) to creep compliance (D(t)). This conversion involves 
transforming data acquired in the DSR frequency domain into the BBR time domain. 
Various interconversion methods have been employed in these studies, and they are 
grounded in linear viscoelastic theory. On the other hand, approximation-based methods 
offer simplified procedures to approximate the interconversion from DSR frequency 
domain to BBR time domain [13,14]. Indeed, while the approximation-based 
interconversion methods may not offer the same level of precision as rigorous methods in 
recent years, there has been a growing trend among researchers to explore the application 
of ML for evaluating the rheological parameters of asphalt binders.  

ML techniques, such as regression, neural networks, and ensemble methods, have shown 
great promise in various engineering applications due to their ability to handle complex 
datasets and identify patterns that might not be easily discernible through traditional 
methods. In a research study, artificial neural network and self-validated ensemble 
modeling techniques were used to predict low-temperature fracture energy of asphalt 
mixtures and both methods showed high prediction accuracy [15]. In another study, new 
predictive models were developed to estimate the dynamic modulus and phase angle of 
asphalt concrete accurately. The models considered temperature and loading frequency as 
key factors, and statistical analysis revealed their effectiveness in providing precise 
estimations for these properties [16]. In other study, the Extreme Learning Machine (ELM) 
algorithm, optimized by Genetic Algorithm (GA), was employed to rapidly predict the low-
temperature rheological properties of styrenic block copolymer modified asphalt based on 
the raw material properties. The GA-ELM model outperformed traditional models, 
reducing errors by 68.97-81.48% [17]. Another research introduced a data-driven 
Convolutional Neural Network (CNN) model to forecast the phase angle behavior of 
asphalt concrete mixtures. The proposed CNN model achieves an impressive R2 score of 
0.90, indicating high accuracy in its predictions [18]. 
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From the existing literature, it can be observed that ML methods have not been extensively 
used to predict the creep stiffness, considering various factors such as test temperature, 
penetration, kinematic viscosity, and absolute viscosity (dynamic) also the occurrence of 
physical hardening during the storage of BBR specimens at constant low temperatures has 
been observed in multiple studies [19-20]. Because physical hardening changes the 
rheological properties of asphalt binders the inclusion of the mentioned parameters 
contributes to the attainment of more precise predictions of creep stiffness prediction. 
Additionally, most of the mentioned algorithms in previous studies are individual learning 
algorithms, whereas new SL techniques, which are more accurate, powerful, and robust, 
are gaining popularity. The core concept of SL techniques involves training multiple weak 
learners with the training data and then combining them to create a strong learner. These 
weak learners are based on individual learning algorithms. As a result, group learning 
models (strong learners) significantly enhance prediction accuracy and model robustness. 
Three primary groups of algorithms for group learning are bagging, boosting, and stacking, 
and their distinctions can be found in a review article [21]. Great potential for improving 
the prediction accuracy and reliability of creep stiffness in asphalt binders is offered 
through the utilization of these advanced SL methods. This is attributed to the presence of 
non-linearities and interactions between various factors on asphalt binders. In high-
dimensional feature spaces, a preference for nonlinear models such as bagging and 
boosting may arise for feature selection, regularization, and prediction, while simpler 
models like linear regression may suffice for fewer features [22]. 

The primary aim of this research is to develop a predictive model capable of forecasting 
creep stiffness in BBR Experiments using data collected from the LTPP dataset. The 
proposed model incorporates various factors that influence the rheological properties of 
the asphalt binder, primarily related to test conditions and binder properties. These 
influential factors include test temperature, penetration, kinematic viscosity, absolute 
viscosity (dynamic viscosity) and specific gravity. The model is constructed by training SL 
techniques with the collected data, resulting in a strong learner that can accurately predict 
the value of creep stiffness. Additionally, the research investigates the impact of key factors 
in the best model approach, such as the amount of training data, sensitivity, and the 
number of input variables. This comprehensive approach seeks to enhance the accuracy 
and reliability of predicting creep stiffness, contributing to a better understanding of 
asphalt binder behavior, and facilitating the design of more durable and resilient asphalt 
pavements. 

2. Methods 

ML techniques have proven highly advantageous in civil engineering, providing rapid and 
precise outcomes with minimal error rates. These ML methods can be categorized into 
three main groups: supervised learning, unsupervised learning (including clustering 
algorithms and Principal Component Analysis), and reinforcement learning. Supervised 
learning involves feeding the algorithm substantial volumes of labeled data containing 
input and output variables. By identifying patterns and learning from observations, the 
algorithm generates predictions until the error reaches an acceptable level. This type of 
learning can be further divided into two categories: classification and regression [23-24]. 
The diverse range of ML methods empowers civil engineering researchers to enhance 
efficiency and accuracy in their analyses and decision-making processes. In the context of 
predicting creep stiffness, a model is constructed using SL techniques trained with the 
collected data. This results in a robust learner capable of accurately forecasting creep 
stiffness values. Additionally, the research explores the impact of key factors in the best 
model approach, such as the amount of training data, sensitivity, and the number of input 
variables. 
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In contrast to the less powerful regression models previously used, this research focuses 
on harnessing the predictive capabilities of the SL approach to forecast creep stiffness in 
the BBR test. By combining and optimizing different base learners, the SL models aim to 
improve the accuracy and reliability of predictions for this important rheological property 
of asphalt binders. In this study, SL models were developed based on several ensemble 
methods, including Random Forest, Gradient Boosting Machine (GBM), Adaptive Boosting 
(AdaBoost), Extreme Gradient Boosting (XGBoost), Categorical gradient Boosting 
(CatBoost), and stacking, to estimate the Creep stiffness. Through a process of hyper-
parameter optimization, the optimal conditions for each ensemble algorithm were 
obtained using a grid search method to achieve the best performance. The effectiveness of 
the SL models was built using datasets collected from the LTPP database. A comparison 
was made regarding the performance of all models. Lower, Mean Squared Error (MSE), 
Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and the higher R-squared 
(R2 score) indicated the superior performance of the SL models compared to other 
approaches, showcasing their robust predictive capabilities for estimating the Creep 
stiffness of asphalt binders. 

2.1. Super Learner Machine Learning Techniques 

The SL represents an ensemble machine learning algorithm that combines and utilizes 
various ensemble algorithms to achieve the best prediction model. Ensemble learning 
methods can be categorized into three distinct groups: bagging, boosting, and stacking, as 
depicted in Figure 1. All these methods were employed in our study. Initially, the bagging 
method, specifically the Random Forest algorithm, was employed. Subsequently, the 
boosting method, including GBM, AdaBoost, XGBoost, and Catboost, was incorporated. 
Ultimately, a stacking ensemble model was utilized to address any weaknesses and 
leverage the inherent strengths of each individual model. The objective was to combine 
predictions from the contributing methods through a meta-model. The implementation of 
these ensemble learning strategies aimed to bolster the precision and resilience of our 
predictive models. 

 

Fig. 1. Flowchart of ensemble methods 

2.1.1 Random Forest 

Random Forest represents an ensemble learning technique based on bagging. It serves 
purposes in both regression and classification tasks. Random Forest entails the creation of 
multiple individual binary decision trees, each incorporating an element of randomness. 
This stochastic element encourages the trees to produce independent estimates, despite 
being constructed using a deterministic algorithm and a training dataset [25].  
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        2.1.2 Gradient Boosting Machine (GBM) 

GBM utilizes the gradient descent technique to construct models, taking into account the 
negative partial derivatives of the loss function. The initial model is adapted to fit the 
original data more effectively and is subsequently refined to address residuals and 
overcome limitations of the preceding model. This iterative process continues until a 
convergence criterion is satisfied [26]. 

        2.1.3 Extreme Gradient Boosting (XGBoost) 

XGBoost, a prominent boosting technique, expands on the principles of GBM. It involves 
the sequential development of regression trees, with each successive tree trained on the 
residuals of the preceding one. This approach effectively mitigates overfitting and 
enhances computational efficiency. Employing a level-wise learning strategy, XGBoost 
prioritizes splits that result in the most significant reduction in loss at each leaf [27]. 

        2.1.4 Adaptive Boosting (AdaBoost) 

AdaBoost employs multiple decision tree regressors as weak learners, extracting insights 
from diverse attributes within the dataset. The core idea behind AdaBoost revolves around 
iteratively updating parameters linked to a specific set of functions. This incremental 
incorporation of new trees fosters the creation of a resilient learner with improved 
predictive abilities [28]. 

        2.1.5 Categorical Gradient Boosting (CatBoost) 

CatBoost utilizes the entire dataset for training and introduces random permutations to 
each example. It introduces a novel method for computing leaf values during the selection 
of tree structures, effectively tackling the biased gradient challenges commonly faced by 
traditional boosting algorithms. Through these enhancements, CatBoost notably enhances 
model performance and the capacity to generalize [29]. 

        2.1.5 Stacking 

In contrast to bagging and boosting, stacking combines several classifiers or regressors 
produced by different machine learning algorithms, functioning across various levels or 
layers. Given the potential for the stacking ensemble model to generate various 
permutations via different ML algorithms, this research prioritized the application of this 
SL method. Here, linear regression was utilized as the meta-learner to amalgamate 
different algorithms, with the aim of achieving heightened accuracy [30]. 

3. Data Collection and Processing 

The data utilized in this study were sourced from the LTPP website, a component of the 
Strategic Highway Research Program (SHRP). The chosen factors for investigation 
encompass test temperature, penetration, kinematic viscosity, absolute viscosity, and 
specific gravity. A comprehensive dataset consisting of 1350 data points was gathered, 
encompassing the specified input variables. To ensure the dataset's quality, missing data 
and outliers were filtered out, resulting in a final dataset of 1202 records of Creep stiffness 
values. The descriptive statistics of the influential parameters used for modelling are 
presented in Table 1. 
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Table 1. Statistical properties of dataset 

ID Data  Unit mean std min max 

1 Flexural Creep Stiffness  MPa 265.92 148.56 36.00 775.00 

2 M_Value  - 0.32 0.06 0.15 0.5 

3 BBR Test Temprature  °C -17.71 4.62 -30.00 -6.00 

4 PENETRATION_77F  mm 34 19 1.00 114.00 

5 PENETRATION_115F  mm 182 89.45 5.00 449.00 

6 ABSOLUTE_VISC_140F  cP 5.28 1.42 5.50 1.24e+06 

7 KINEMATIC_VISC_275F  cSt 1087.72 790.62 212.00 4553.00 

8 SPECIFIC_GRAVITY  g/cm3 1.04 0.01 1.00 1.09 

      

 

Fig. 2. Pair plot of some variable in dataset 

Data visualization is a powerful and essential tool for gaining insights into qualitative data. 
By utilizing visualization techniques, we can effectively extract valuable information from 
datasets and detect patterns, outliers, and other irregularities. pair plots were utilized to 
visualize the data distribution of the dataset in this paper. The data distribution was 
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visualized through these pair plots, as depicted in Figure 2, providing intriguing insights 
into the relationships between different variables and contributing to a deeper 
understanding of the data's structure. Informed decisions could be made and potential 
trends or anomalies that might influence the analysis and modeling process were 
identified through data visualization. A data splitting strategy was adopted to develop and 
assess our ML model. The dataset was divided into two segments: a training sample 
comprising 75 percent of the data and a test sample containing the remaining 25 percent. 
The training sample was used to construct and train the ML model using various SL 
techniques. These methods were utilized to uncover the underlying patterns and 
relationships between the input features, such as test temperature, m-value, penetration, 
kinematic viscosity, absolute viscosity, specific gravity, and the Creep stiffness. Once the 
model was trained, its performance was evaluated using the test sample, which had been 
withheld during the training phase. By the trained model, the ability to accurately predict 
the Creep stiffness based on the provided input data was assessed. Valuable insights into 
the model's generalization and its performance on previously unseen data were provided 
by this evaluation. This rigorous testing ensured that new data could be effectively handled 
by our model, enabling accurate predictions in real-world scenarios. 

4. Results and Discussion 

The main objective of this study was the development of accurate prediction models for 
estimating the Creep stiffness of BBR tests. To accomplish this, supervised ML algorithms 
were employed, with a specific emphasis on various ensemble models. Six ensemble 
models, including random forest, GBM, AdaBoost, XGBoost CatBoost and a stacking method 
combining elements of boosting and bagging, were implemented using the scikit-learn 
library in Python. The use of these SL models aimed to predict the Creep stiffness based on 
the rheological properties of various asphalt binders. By training each model with the 
labeled dataset, intricate relationships between the input features and their corresponding 
Creep stiffness values were learned. 

For the evaluation of the accuracy and effectiveness of these ML models, four widely used 
performance metrics, namely MSE, RMSE, MAE, and the R2 score, were employed. valuable 
insights into the models' performance in accurately predicting the Creep stiffness values 
and capturing the underlying patterns in the data were provided by these metrics. The MSE 
quantifies the average squared difference between the actual and predicted values, 
providing an overall measure of prediction accuracy. The RMSE, derived from MSE, 
represents the square root of the average squared error, offering a measure of prediction 
deviation relative to the actual values. The MAE calculates the average absolute difference 
between the actual and predicted values, providing a straightforward measure of the 
model's predictive errors. Furthermore, the R2 score statistic serves as a crucial indicator 
of how well the influence of an independent variable explains the variance in a dependent 
variable. It assists in determining the extent to which the variability in the Creep stiffness 
values can be attributed to the variations in the input features. 

In Figure 3, the visualization of the distribution of predicted results against actual results 
for all models presented and accompanied by the best fit line for the prediction 
distribution. Remarkably, R2 scores of 0.89, 0.886, and 0.885 were achieved by the 
Stacking, Random Forest, and GBM models, respectively, suggesting credible prediction 
outcomes. Deviation from the fit line was observed in some data points, notably in the 
calculations of AdaBoost and CatBoost. It is noteworthy that the dataset includes abrupt 
changes in specific values, negatively affecting the accuracy of sensitive algorithms such as 
AdaBoost and CatBoost. This resulted in lower R2 scores and higher MSE and RMSE for 
these models. In contrast, more accurate predictions on the test data were demonstrated 
by other algorithms, mainly due to their adeptness in capturing the nonlinear nature of the 
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dataset. Moreover, certain algorithms, especially those incorporating randomness (e.g., 
random forest), may yield slightly different results in each training iteration. This inherent 
variability can contribute to deviations. The reduced deviation observed in stacking can be 
attributed to its capacity to leverage the capabilities of a variety of well-performing models, 
resulting in predictions that surpass those of any single model in the ensemble. The non-
linear connection between Creep stiffness and other variables is indicated by this finding, 
considering the characteristics of the dataset and the intricate interplay of various factors. 

The metrics for all algorithms used in this study are presented in Table 2. The good 
performance of the stacking, Random Forest, and GBM models can be attributed to their 
adeptness in handling intricate and non-linear relationships between Creep stiffness and 
other variables. These models excel in addressing abrupt changes and nonlinearity within 
the dataset, resulting in more precise and accurate predictions. The lower MSE and RMSE 
values achieved by these two models further affirm their performance in capturing the 
intricate relationships between Creep stiffness and other variables. 

Table 2. SL models metrics 

Model MAE MSE RMSE R2 score 

Random forest 37.62 2795.42 52.87 0.886 

GBM 37.56 2829.75 53.19 0.885 

AdaBoost 47.07 3690.37 60.74 0.850 

XGBoost 42.13 3402.20 58.32 0.862 

CatBoost 39.10 2913.44 53.97 0.882 

Stacking 36.36 2479.14 49.79 0.899 

 

The accuracy results of all the models reinforce the notion that the transition from linear 
regression to ensemble models, specifically Boosting methods, enhances the capability to 
capture non-linear relationships present in the data. This, in turn, leads to significantly 
improved prediction accuracy for the targeted problem of estimating the Creep stiffness of 
asphalt binders. 

The lower R2 score of approximately 0.85 for the AdaBoost algorithm can be attributed to 
its sensitivity to outliers and noise in the data. AdaBoost, being an ensemble learning 
method, aims to sequentially fit weak learners to the data, with each subsequent model 
giving more weight to the misclassified points by the previous ones. This sensitivity to 
outliers and noise can lead to an overemphasis on capturing individual data points, causing 
the model to try fitting the noise in the data rather than generalizing the underlying 
patterns. As a result, the model may exhibit a lower R2 score, indicating that it does not 
explain as much of the variance in the dependent variable as desired. Robust preprocessing 
techniques, such as outlier removal or data cleaning, could potentially improve the 
performance of AdaBoost in scenarios where outliers and noise have a significant impact 
on the model's fitting process. 

A remarkable improvement is observed in all results obtained by the SL methods 
compared to the referencing work. The relationship between the predicted and actual 
values is closely aligned with the best fit line for the dataset in Figure 3. The radar plot 
depicted in Figure 4 provides a visual representation of the R2 score values attributed to 
each method. The shape exhibited in the radar plot notably demonstrates the closely 
clustered values of R2 score for each respective method, highlighting the similarity in their 
predictive performance. 
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Fig. 3. Predicted vs actual values of the flexural-creep stiffness for the different 
methods 

 

Fig .4. Radar plot of R2 score different methods 

In Figure 5, the feature importance of various factors selected for analysis was 
demonstrated. Given the best performance of GBM, it was selected to assess the feature 
importance of each factor. It is evident that the importance of the test temperature 
outweighs that of other factors, followed by penetration at 115°F, kinematic viscosity, and 
specific gravity, which exhibited higher significance in predicting the creep stiffness. 
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Fig. 5. Feature importance of GBM method 

Table 3. Random selected actual vs prediction values of flexural-creep stiffness (MPa) 

Actual Value Random Forest GBM AdaBoost XGBoost CatBoost Stacking 

189 216 202 235 191 218 192 

75.5 63 56 52 80 66 79 

76 72 63 61 79 66 73 

174 175 174 205 160 178 172 

249 262 224 245 203 233 235 

130 139 147 177 169 138 132 

199 221 201 214 230 202 202 

 

Table 3 presents the random display and comparison of the predicted values of the 
flexural-creep stiffness, obtained by various methods employed in this research, with the 
actual values from the test data. It is apparent that, in most cases, the prediction results are 
deemed acceptable; however, certain instances reveal that certain algorithms have 
generated values that are not considered satisfactory. This discrepancy could be attributed 
to the underfit of the algorithm for those specific values. The Stacking model achieved a 
low Mean Absolute Percentage Error (MAPE) of 2.86% and a high prediction accuracy of 
97.14%. The GBM model, while slightly less accurate, still demonstrated a respectable 
MAPE of 10.56% and a prediction accuracy of 89.44% for the selected data points. This 
performance is attributed to the intrinsic nature and characteristics of these algorithms, 
allowing them to converge towards the accurate prediction value through the creation of 
multiple sub-branches and hidden layers. 

5. Conclusions 

In this study, the application of various SL machine learning models for predicting the 
Creep stiffness of asphalt binders in BBR experiments was explored. The aim was to 
develop accurate and robust prediction models that could provide a better understanding 
of the rheological behavior of asphalt binders under low-temperature conditions. 
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Through an extensive analysis using a diverse dataset and various ensemble learning 
methods, including Random Forest, GBM, CatBoost, XGBoost, Adaboost, and Stacking, 
prediction models were successfully constructed that achieved high accuracy in predicting 
the Creep stiffness. Along with the best fit line for the prediction distribution. Notably, the 
Stacking, Random Forest, and GBM models achieved R2 scores of 0.89, 0.886, and 0.885, 
respectively, indicated the strong ability of these methods to capture complex and non-
linear relationships between the input variables and the target variable. 

The comparison of randomly selected actual vs. predicted values of flexural-creep stiffness 
across different methods reveals compelling performance metrics. The Stacking model 
stands out with a notably low Mean Absolute Percentage Error (MAPE) of 2.86% and an 
impressive prediction accuracy of 97.14%. on the other hand, the GBM model, while 
slightly less accurate, maintains a respectable performance, showcasing a MAPE of 10.56% 
and a prediction accuracy of 89.44% for the specific data points under consideration. 

The observed lower R2 score of approximately 0.85 in the AdaBoost algorithm can be 
ascribed to its susceptibility to outliers and noise within the dataset. This sensitivity to 
irregularities in the data poses a challenge, potentially leading to overemphasis on 
individual data points and thereby influencing the algorithm's overall performance 

Additionally, the importance of transitioning from conventional linear regression methods 
to ensemble learning techniques, particularly boosting methods, was emphasized in our 
research. These ensemble models were capable of handling non-linearity and abrupt 
changes within the dataset, resulting in improved prediction accuracy compared to 
traditional approaches like Linear Regression. The results of feature selection revealed 
that test temperature has an important effect on creep stiffness, leading to higher values. 

In conclusion, this research successfully applied ML techniques to predict the low-
temperature rheological properties of asphalt binders. The developed models showed 
promising results in accurately estimating the Creep stiffness, providing valuable insights 
for the design and engineering of more durable and resilient asphalt pavements. These 
findings contribute to the advancement of asphalt binder testing and characterization 
methods, paving the way for more efficient and sustainable infrastructure development in 
the field of civil engineering. Future studies can build upon this research by exploring 
additional factors and testing conditions to further enhance the predictive capabilities of 
ML models in asphalt binder evaluations. 
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 In the face of challenging environmental conditions encompassing seawater 
exposure and dynamic wave forces, the evaluation of concrete’s durability and 
structural integrity in coastal structures becomes imperative. The non-
destructive test using a rebound hammer device is still commonly used up to this 
day to assess concrete coastal structures. However, the reliability of this test is 
still in question since the rebound hammer still depends on the tested 
environment. Thus, this study aimed to appraise the reliability of the rebound 
hammer test in estimating the compressive strength of concrete under specific 
environmental conditions, namely seawater exposure and normal room 
conditions—utilizing a digital version of the rebound hammer. The exposure 
durations included one month, two months, and three months. Results showed 
that the average estimated strength derived from the rebound hammer test 
tended to overstate the actual compressive strength obtained through the direct 
compression test, attaining a maximum percent error of 72.7%. This suggests a 
notable influence of seawater exposure on rebound readings. Additionally, it was 
also found that concrete samples in the first, second, and third months of 
exposure to seawater environment had soluble chloride content values in ppm 
of 250, 220, and 235, and a capillary water absorption in g/(mm2*s0.5) of 0.0196, 
0.0151, and 0.0149, respectively. This showed that the properties of concrete 
used in this study could not influence the rebound reading results. Furthermore, 
the overestimation raises concern about the reliability of the rebound hammer 
test in accurately determining the actual compressive strength of concrete.  
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1. Introduction 

Concrete structures erected in marine conditions are always directly or indirectly exposed 
to seawater. Direct exposure occurs on offshore and coastal structures such as seawater 
contact, while indirect exposure is due to winds carrying seawater sprays that may affect 
nearby structures. Seawater chemically reacts with concrete which results in concrete 
deterioration. Exposure to saltwater may also cause abrasions due to the silt and sand in 
shallow parts of the sea, as well the effects of wave actions [1]. Many concrete structures 
are being continuously built in marine environments, despite the effects on the chemical 
and physical properties of concrete. When seawater and concrete interact, the concrete 
deteriorates due to the salinity content of seawater [2]. Sulfate attack, crystallization, and 
mechanical action of waves are some of the phenomena that can potentially deteriorate 
the concrete strength over a period of time [3]. 
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Geographically, the Philippines being an archipelago, makes the rise of concrete 
infrastructure built near marine environments unavoidable. For instance, the highly 
anticipated proposed project in the Samal Island-Davao City Connector (SIDC) bridge had 
its groundbreaking ceremony in late 2022 [4], and the Davao City Coastal Road, a 17-
kilometer road project, had the opening ceremony of its first section in Bago Aplaya in early 
2022 [5]; hence, these two major projects built in Davao City emphasized the importance 
of structural integrity, particularly in these environmental conditions. Thus, its most 
affected area is between the atmospheric zone and the submerged zone due to the wetting 
and drying cycles of seawater that continuously occur in this spot. Apart from the presence 
of seawater itself, the waves that contact the area cause saltwater particles to infiltrate the 
concrete pores. As the area dries, the water will crystallize into salt particles. This repeated 
cycle will result in the deterioration of the concrete structure [1]. Thus, one of the tests that 
can be done to assess the integrity of concrete is the compressive strength test. The 
determination of compressive strength is a primary criterion used to assess whether the 
concrete mix is suitable and able to fulfill the requirements of its specific application [6]. 

When determining the compressive strength for destructive testing, the process involves 
producing a concrete cube, curing it under ideal conditions, and then destroying the cube 
while measuring the force required to break it. Such a procedure is commonly done using 
a direct compression test machine [7]. This method has the highest accuracy but takes time 
and effort, which can be relieved using non-destructive testing (NDT) techniques that are 
considered portable, less expensive, and easy to use [8]. Recent studies showed that 
measuring some concrete qualities and linking the measured properties to the mechanical 
properties of concrete is one technique that could approximately assess the compressive 
strength of the existing concrete structures [9]. Hence, non-destructive testing methods 
are used to assess the strength of concrete properties without having to break the 
structure or sample into pieces. Some examples of NDTs include the wireless maturity 
sensors, ultrasonic pulse velocity, and the rebound hammer tests. However, the most used 
NDT is the rebound hammer test [10]. The device used in this test can quickly determine 
the hardness value on the device scale without requiring the measurement of the concrete 
surface [11]. 

The rebound hammer test is an indirect method that does not measure concrete strength 
directly. It is frequently employed as a non-destructive technique for the evaluation of the 
durability and strength of concrete, specifically on historic structures, to assess their 
structural soundness due to the susceptibility of the country to natural disasters. It 
measures other properties, particularly surface hardness, where the strength is correlated 
and derived using conversion models provided alongside the acquired device from the 
manufacturer. The surface hardness of concrete must consider factors including age of 
concrete, calibration of the rebound hammer, carbonation, moisture content, presence of 
aggregates, presence of air voids and steel reinforcement, and temperature [8]. The 
rebound hammer uses a spring release mechanism to activate a hammer that impacts a 
plunger to drive into the concrete surface. The device will give a value from 10 to 100, 
which is called a rebound number (RN). This measurement will be correlated to estimate 
the compressive strength of concrete [12]. However, it has limitations that lead to a 
research field that studies its reliability in estimating the concrete compressive strength. 
Most studies proved its reliability, while some concluded that it is not dependable. Thus, a 
unique model cannot be all represented as a condition of concrete [10]. 

In the past twenty years, several research have been conducted to evaluate the 
performance of the rebound hammer test [13]. In the study of Li et al. [14], the impact of 
seawater on the development and effects of concrete were investigated. They emphasized 
the need to recognize that the environmental conditions during tidal seawater curing were 
significantly more pronounced than those of the concrete itself. Moreover, Bjegović et al. 
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[15] assessed the level of damage the concrete was exposed to the seawater environment 
and determined different mechanisms and intensities that influence the concrete during 
its service life. They stated that erosion and cavitation due to wave action can cause a 
progressive mass loss on a concrete surface, and the splash zone, which was the most 
exposed zone of concrete, had a higher chloride content, which allowed the deterioration 
of the steel reinforcement in concrete. Furthermore, Cheng et al. [16] have stated that 
typical physical degradations of concrete, such as leaching, wave erosion, repeated drying, 
and wetting, usually lead to the dissolution of hydration, increased porosity, and surface 
cracks. On the other hand, the experimental results by Panedpojaman & Tonnayopas [17] 
stated that despite a robust dataset correlating rebound numbers with compressive 
strength, the test was considered unreliable for accurate strength determination. Results 
have shown that environmental exposure impacts the concrete compressive strength, and 
the manufactured rebound curve often overestimates the actual compressive strength 
[18]. An experimental study by Sanchez & Tarranza [8] determined the reliability of the 
rebound hammer test in concrete cubes exposed to brackish water. They concluded that 
the rebound hammer test was not accurate in predicting the actual compressive strength 
but was still reliable in predicting the increase in compressive strength as time varied due 
to its rebound curve underestimating the actual compressive strength. Lastly, in more 
recent research conducted by Celerinos et al. [9], they assessed the use of rebound hammer 
in estimating concrete compressive strength when cured in three (3) specific 
environmental conditions: seawater, seawater in a controlled area, and potable water in a 
normal room condition. Their tests revealed that the rebound hammer had repeatedly 
underestimated the actual concrete compressive strength for the samples cured in all three 
(3) environments. 

The abovementioned literature reviews have highlighted the importance of conducting 
more research and seeking further knowledge towards the specific environment on the 
compressive strength of concrete when using the rebound hammer test. Several 
researchers asserted the variables, including carbonation, concrete temperatures, 
maturity, surface texture, and water content may have possibly impacted the findings of 
performances, leading to a large data deviation [19]. Hence, a variety of rebound hammer 
devices are offered for sale in markets; however, their reliability is still in question. 
However, the studies of Li et al. [14], Bjegović et al. [15], and Cheng et al. [16] agreed that 
exposing concrete to fluctuating dry and wet conditions in seawater had severe effects on 
its properties, including heightened porosity, higher chloride content, and surface 
cracking. Hence, concrete structures exposed to the splash zone were the most susceptible 
to the effects of seawater on the characteristics and surface hardness of concrete. On top 
of that, Panedpojaman & Tonnayopas [17] revealed that rebound hammer test results 
relied on the age, carbonation, moisture content, surface smoothness, and temperature to 
measure the surface hardness of concrete. Yet, the device was still considered unreliable 
in estimating the actual compressive strength because of environmental factors and the 
overestimation of the manufactured rebound curves. This conclusion was consistent with 
the findings of Sanchez & Tarranza [8], such that the rebound hammer was not accurate in 
predicting the actual compressive strength, but it was reliable enough to predict the 
increase in compressive strength. Thus, the results obtained from using the rebound 
hammer test may have been affected by the conditions and factors to which the concrete 
was exposed to the splash zone of seawater. 

This study prompted the expansion of knowledge on the rebound hammer test, since only 
a few studies [8-9, 14-16] had explored exposure to seawater in splash zone. Therefore, 
the present study aimed to determine the reliability of the rebound hammer test in 
estimating the compressive strength of concrete by comparing it to the direct compressive 
strength test after exposure to a seawater environment and normal room condition. The 
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study also determined if the change in climate in the Philippines setting, from dry season 
to wet season, had any significant difference in the compressive strength of the concrete 
samples since the duration of experimentation was divided into three months. The three 
batches of concrete samples subjected to compressive strengths were done in the month 
of July, August, and September, respectively. Moreover, the study provided observations of 
any possible carbonation development that might have affected the rebound reading of the 
concrete samples. It also investigated the impact of prolonged exposure in seawater 
environment on the durability of concrete through capillary absorption and chloride 
content. Lastly, the study correlated the compressive strengths from the rebound hammer 
test and direct compression test results and compared the rebound number reading and 
actual compressive strength of the samples exposed to the splash zone of seawater and 
stored in normal room conditions. Hence, linear regression analysis was used to generate 
a model from acquired data and to correlate rebound number and actual compressive 
strength. 

2. Materials and Methods 

2.1. Concrete Cube Materials and Design Mixture 

In the context of this study, thirty (30) samples were produced for the experimentation. A 
150-mm cubic shape was used for the concrete samples [8], along with a 150-mm diameter 
and 305-mm height cylindrical shape samples. The cylinder concrete samples were used 
to derive a 150-mm diameter and 50-mm depth samples for the capillary absorption test 
under RILEM TC 116-PCD standard [20]. These samples were then divided into two (2) 
groups for seawater exposure and the normal room condition with three (3) cubes used 
for testing each month per group, respectively. This study prepared the requisite materials 
for the concrete mix, including Ordinary Portland Cement Type II, 3/4-inch (19 mm) 
diameter crushed coarse aggregates, washed fine aggregates, and concrete cube molds, all 
of which were locally outsourced. Notably, the experiment involved subjecting the 
concrete to seawater exposure, necessitating Type II cement under ASTM C150 standards. 
The properties of fine aggregates and coarse aggregates were gathered through a series of 
tests, shown in Table 1. These series of tests were conducted in the laboratory of the Civil 
Engineering Department at Ateneo de Davao University, Davao City, Philippines. 
Furthermore, strict adherence to a water-cement ratio of 0.6 was maintained [21]. Coarse 
and fine aggregates were thoroughly sieved, conforming to ASTM C33 standards [22]. 

Table 1. Properties of materials 

Materials Parameter Properties 

Fine Aggregates 

Specific Gravity 2.7 
Moisture Content (%) 15.72 

Absorption Values 8.26 

Coarse Aggregates 

Specific Gravity 2.39 
Moisture Content (%) 3.21 
Absorption Values (%) 1.4 

 
The same table exhibits the properties of the fine aggregates and coarse aggregates used 
in the mixture for making the concrete samples. For fine aggregates, washed sand was 
utilized, and was sourced from KEAN Solid Blocks & Aggregates Industries Corp. in Davao 
City, Philippines. The results of the laboratory tests revealed a specific gravity of 2.7, 
moisture content of 15.72, and absorption value of 8.26. On the other hand, coarse 
aggregates used in the samples were composed of 3/4-inch (19 mm) diameter gravel, and 
was also sourced from KEAN Solid Blocks & Aggregates Industries Corp. The results of the 
laboratory tests revealed a specific gravity of 2.39, moisture content of 3.21%, and an 
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absorption value of 1.4. In addition, Figure 1 illustrates the particle size distribution of fine 
and coarse aggregates used in the concrete samples. These aggregates were sieved 
following the ASTM C33 standards [22]. 

 

Fig. 1. Particle size analysis of fine and coarse aggregates 

2.2. Concrete Mixing, Sample Making, and Curing 

The concrete samples were prepared by employing the manual mixing method in 
accordance with the BS 1881-125:2013 standard [23]. Subsequently, the concrete mixture 
was integrated using clean water and was casted in a cubic mold using 3/4-inch-thick 
phenolic board to achieve a smooth finish concrete surface, adhering to the BS 1881-
108:1983 standard [24]. All concrete samples underwent a standardized 28th-day curing 
process in a controlled environmental condition, following the guidelines of the BS 1881-
111:1983 standard [25]. Regardless of the chosen method for maintaining moist air 
storage, a consistent temperature of 20.0 ± 5.0°C was meticulously upheld. Table 2 shows 
the quantities of the raw materials used for the making of concrete samples. 

 

Fig. 2. Concrete samples before curing stage 

This study prepared the materials for concrete mixing, including Ordinary Portland 
Cement Type II, crushed coarse aggregates, and washed fine aggregates. Given that the 
concrete was exposed to seawater, the required cement type for mixing was Type II in 
accordance with ASTM C150 [21]. In the same mentioned table, the volume is 0.118 m3 and 
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the water-cement ratio is 0.6, where 25.47 kg is water, and 42.46 kg is cement. The coarse 
aggregate is 0.118 m3, and the fine aggregate is 0.059 m3. This proportion was consistently 
used for casting concrete mixtures. Also, Figure 2 shows the concrete cube and cylinder 
samples for this study. All samples were cured for 28th days in the laboratory of the Civil 
Engineering Department at Ateneo de Davao University. 

Table 2. Quantities of ingredients 

Volume 
(m3) 

W/C 
Ratio 

Water 
(kg) 

Cement 
(kg) 

Coarse Agg. 
(m3) 

Fine Agg. 
(m3) 

0.118 0.6 25.47 42.46 0.118 0.059 

2.3. Exposure to Different Conditions 

2.3.1. Seawater Condition 

The concrete cube and cylinder samples were divided into two (2) groups and were 
exposed to the following different environmental conditions: 1) seawater condition, and 
2) normal room condition. The samples were exposed in the months of July, August, and 
September in the year 2023. The authors of this study had chosen those specific months 
since they were under the rainy seasons of the Philippines [26]; therefore, concrete 
samples under this condition underwent alternate cycles of drying and wetting. First, the 
exposure to seawater was located at Barangay San Jose, Samal, Davao del Norte, 
Philippines, specifically 7° 02’ 36” N 125° 43’ 16” E, as shown in Figure 3a. It is situated in 
a private beach property, with a small dock just a few meters from the seashore. The 
samples were structured to be exposed and undisturbed in the small dock. Second, the 
experimental setup involved exposing concrete cubes in a splash zone of seawater using a 
platform and fish net as a stabilizing medium, as shown in Figure 3b. 

 

(a) 

 

(b) 

Fig. 3. Seawater environment in: (a) topographic view [28] and (b) concrete samples in 
the splash zone condition 

Fifteen (15) concrete cubes and three (3) concrete cylinders were simultaneously exposed 
to the seawater for a specified duration. At monthly intervals, three (3) concrete cubes and 
one (1) concrete cylinder were taken for laboratory testing, continuing until the end of the 
third month. The authors conducted periodic visits to the site location to monitor and 
document any observable changes throughout the experiment. The specific location of the 
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seawater exposure in this experiment is the splash zone. It was identified as the region 
between air and sea, where tidal changes occurred; thus, waves hit the structure. This zone 
was considered an optimal environment for corrosion due to the intermittent wetting and 
drying of this area [27]. Conforming with the studies mentioned in the earlier section, this 
zone allowed the exposed concrete to be more susceptible to the influences of seawater, 
affecting its characteristics and surface hardness [14-16]. This current study emphasized 
the importance of concrete exposure to the splash zone, such that the effects of seawater 
on the compressive strength of concrete could be measured and analyzed. 

2.3.2. Normal Room Condition 

The concrete samples were stored under standard room conditions after a 28th-day curing 
period for a predetermined duration in the laboratory storage room of the Civil 
Engineering Department at Ateneo de Davao University, as shown in Figure 4. They were 
exposed in the months similar to those samples exposed to seawater. These samples 
served as the control group of the study. Having this group provided a baseline reference 
of comparison against the samples exposed in seawater. Initially, fifteen (15) concrete 
cubes were placed in the designated room and were left undisturbed under normal room 
temperature at 20.0 ± 5.0°C. At monthly intervals, three (3) concrete cubes were 
systematically retrieved for testing, continuing until the third month. The authors 
regularly assessed the samples under this condition to monitor and note any potential 
alterations that might transpire during the study. 

 

Fig. 4. Concrete samples in normal room condition after exposure 

2.4. Series of Tests 

After the concrete cubes were extracted from each environment during the first, second, 
and third months, the samples were then air-dried for forty-eight (48) hours before being 
weighed for its mass change, moisture content, and density. The concrete cube samples 
were then prepared to be subjected to the rebound hammer test adhering to the ASTM 
C805 standard [29]. Thereafter, the samples were systematically marked for ten (10) shots 
to obtain rebound readings, shown in Figure 5a. This study used a Digital Rebound 
Hammer Model TBT-TH225D from Nanjing T-Bota Scietech Instruments & Equipment Co., 
Ltd., shown in Figure 5b. To maintain the integrity of the results, precautions were taken 
to avoid striking areas of the concrete surface exhibiting voids and cracks. Furthermore, a 
minimum spacing of 50 mm between points hit by the hammer was maintained throughout 
the testing process. In the experimental setup, the hammer was carefully positioned at a 
downward angle of 90 degrees, ensuring a level ground surface supported the specimen 
[29-31]. 
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(a) 

 

(b) 

Fig. 5. Rebound hammer testing: (a) samples with marked zones, and (b) digital 
rebound hammer 

Following the completion of the rebound hammer test, the concrete samples underwent 
loading until failure using a direct compression machine, shown in Figure 6, which was 
executed at TERMS Concrete and Materials Testing Laboratory Inc. in Davao City, 
Philippines. This process was undertaken to ascertain the true compressive strength of 
concrete samples. 

 

Fig. 6. Direct compression machine 

Subsequently, each sample went through a surface carbonation testing using the 
phenolphthalein method [32]. This step aimed to confirm the presence and degree of 
carbonation, a factor that significantly impacts rebound readings. The procedure involved 
applying liquid drops of phenolphthalein immediately after breaking the samples. A visual 
inspection was conducted on a cracked portion of concrete samples and sprayed with the 
phenolphthalein pH indicator. This indicator turned pink color on the cracked area with a 
pore solution higher than approximately pH 9, while the cracked with a pH lower than 9 
retained a gray color [33]. The phenolphthalein used in this experiment has the following 
properties, as shown in Table 3. This chemical solution was purchased in Davao Mineral 
Laboratories, Inc. in Km. 6 Lanang, Barangay Buhangin, Davao City. 
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Table 3. Properties of phenolphthalein solution 

Molecular 
mass 

(g/mol) 

Purity 
(%) 

Solution in 
ethanol 

(%) 

Denatured 
(%) 

ph 
balance 

Density 
at 20°C 
(g/mL) 

Color 

318.328 98 1 90 8-10 0.059 Clear 
 
In addition to the carbonation test in the concrete samples, further tests to determine the 
influence of the internal properties of concrete to the rebound readings were conducted. 
First, concrete samples of 5-mm depth from the surface was taken from the concrete cubes 
after carbonation for chemical analysis of chloride testing and was sent to the WVN 
Research and Laboratory at Elpidio Quirino Avenue, Talomo, Davao City, Philippines. The 
samples were turned into concrete powder to determine the soluble chloride content of 
the concrete (ppm). Second, the durability properties using capillary absorption test in the 
splash zone area of the exposed concrete cylinders in seawater were also taken using the 
following procedures. Three (3) samples were extracted during the first, second, and third 
months for the capillary absorption test as per the RILEM TC 116-PCD standard [20]. The 
standard test sample, with 150-mm diameter and 50-mm thick, was taken from concrete 
cylinders. The absorption was calculated by dividing the change in mass by the product of 
the cross-sectional area of the test specimen and the density of water. In this test, the 
temperature dependence of the water density was disregarded, and a value of 0.001 
g/mm3 was utilized. Figure 7 shows the taken samples for the capillary absorption test. 
The capillary absorption test was conducted in the Civil Engineering Department 
Laboratory at Ateneo de Davao University, Davao City, Philippines. 

 

Fig. 7. Samples underwent in capillary absorption test 

2.5. Statistical Analysis 

The study utilized two statistical tools to comprehensively analyze and assess the gathered 
data. Specifically, the study employed Linear Regression Analysis and Two-tailed T-tests 
at a 95% confidence level (p<0.05). For the T-test, the average rebound numbers between 
the samples exposed to seawater and samples stored in normal room condition were 
compared, as well as their actual compressive strength. This analysis aimed to ascertain 
whether significant differences existed between samples subjected to these varying 
environments. Moreover, a paired sample T-test was also employed for the comparison 
between the actual concrete compressive strength versus average compressive strength 
derived from the rebound hammer test. Before conducting the T-test, a Shapiro-Wilk test 
was used to assess the normality of each group. This was done to ensure adherence to the 
assumption required for the T-test analysis. The regression analysis utilized a linear model 
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to examine the relationship between the rebound number and the actual compressive 
strength, which described the linear relationship between the response variable of actual 
compressive strength and the explanatory variable of the rebound number. The statistical 
analysis used the IBM® SPSS® statistics software version 22.0 [36] at the University 
Information Technology Office in Ateneo de Davao University, Davao City, Philippines. 

A total of four (4) null hypotheses were formulated in this study for T-test, and four (4) 
complementary alternative hypotheses were formulated in opposition to these null 
hypotheses. The null hypotheses were listed as: 

• H0: There is no significant difference in the actual compressive strength between 
the samples exposed to seawater and samples stored in normal room condition. 

• H0: There is no significant difference in the rebound number acquired from digital 
rebound hammer between the samples exposed to seawater and samples stored 
in normal room condition. 

• H0: There is no significant difference between the compressive strength of 
samples exposed to seawater acquired from direct compression test and digital 
rebound hammer test. 

• H0: There is no significant difference between the compressive strength of 
samples stored in normal room condition acquired from direct compression test 
and digital rebound hammer test. 

The alternative hypotheses were listed as: 

• H1: There is a significant difference in the actual compressive strength between 
the samples exposed to seawater and samples stored in normal room condition. 

• H1: There is a significant difference in the rebound number acquired from digital 
rebound hammer between the samples exposed to seawater and samples stored 
in normal room condition. 

• H1: There is a significant difference between the compressive strength of samples 
exposed to seawater acquired from direct compression test and digital rebound 
hammer test. 

• H1: There is a significant difference between the compressive strength of samples 
stored in normal room condition acquired from direct compression test and 
digital rebound hammer test. 

To ascertain the appropriate hypothesis based on the data, the p-value was compared 
against the significance level of 0.05. The null hypothesis is accepted if the p-value is 
greater than 0.05, while the alternative hypothesis is accepted if the p-value is less than 
0.05. The dataset encompassed samples of varying ages, specifically samples aged one, two, 
and three months. 

3. Results and Discussion 

3.1. Direct Compression Test versus Rebound Hammer Test 

The compressive strength values of the two sample variations, which were exposed in 
seawater environment and stored in normal room conditions, were obtained using 
rebound hammer and direct compression tests. Table 4 shows the results of the estimated 
average compressive strength from the rebound hammer test and the compressive 
strength from the direct compression test of concrete samples stored in a normal room 
condition. The compressive strength values from the rebound hammer test were in the 
range between 18 MPa to 19 MPa for the 1st month exposure, 19 MPa to 20 MPa for the 2nd 
month exposure, and 18 MPa to 21 MPa for the 3rd month exposure. On the other hand, the 
actual compressive strength values of the concrete samples were in the range between 14 
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MPa to 17 MPa for the 1st month exposure, 15 MPa to 19 MPa for the 2nd month exposure, 
and 15 MPa to 21 MPa for the 3rd month exposure. 

Table 4. Compressive strength results for the rebound hammer versus direct compression 
at 1st, 2nd, 3rd months stored in normal room condition 

Months 
Exposure 

Sample 
No. 

Estimated Average 
Compressive Strength from 

Rebound Hammer Test (MPa) 

Actual Compressive 
Strength from Direct 

Compression Test (MPa) 
%Error 

1st 
1 18 14 28.57% 
2 19 17 11.76% 
3 19 15 26.67% 

2nd 
4 19 19 0.00% 
5 20 18 11.11% 
6 19 15 26.67% 

3rd 
7 20 21 4.76% 
8 21 22 4.55% 
9 18 15 20.00% 

 
It can be observed that there were errors in the compressive strength results of the 
rebound hammer test for concrete samples for all months stored in normal room 
condition. The estimated average compressive strength from the rebound hammer test 
overestimated the compressive strength results of concrete samples stored in the normal 
room condition, as illustrated in Figure 8a. Conversely, the percentage error of 
compressive strength obtained by the rebound hammer test against the direct 
compressive test is plotted in Figure 8b. The minimum error has 0% on the 2nd month and 
the maximum error has 28.57% on the 3rd month. 

 

(a) 

 

(b) 

Fig. 8. Variations of concrete samples per storage period at normal room condition 
versus: (a) compressive strengths from the digital rebound hammer and direct 

compression, and (b) obtained %Error 

Likewise, Table 5 shows the results of comparison of the rebound hammer test and the 
compressive strength obtained from the direct compression test of concrete samples 
exposed to seawater environment. The compressive strength values were in the range 
between 21 MPa to 25 MPa for the 1st month exposure, 19 MPa to 29 MPa for the 2nd month 
exposure, and 26 MPa to 32 MPa for the 3rd month exposure. However, the actual 
compressive strength values of the concrete samples were in the range between 13 MPa to 
24 MPa for the 1st month exposure, 11 MPa to 24 MPa for the 2nd month exposure, and 18 
MPa to 33 MPa for the 3rd month exposure. 
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Table 5. Compressive strength results for rebound hammer versus direct compression at 
1st, 2nd, 3rd months exposed in seawater environment 

Months 
Exposure 

Sample 
No. 

Estimated Average 
Compressive Strength from 

Rebound Hammer Test (MPa) 

Actual Compressive 
Strength from Direct 

Compression Test (MPa) 
%Error 

1st 
 

1 22 13 69.23% 
2 25 24 4.17% 
3 21 16 31.25% 

2nd 
 

4 19 11 72.73% 
5 29 24 20.83% 
6 19 12 58.33% 

3rd 
 

7 32 32 0.00% 
8 27 33 18.18% 
9 26 18 44.44% 

 
Similar to the previous comparison, the rebound hammer test still overestimated the 
compressive strength results of the direct compression test for the samples exposed in 
seawater environment. Figure 9a and Figure 9b show the overestimated results and the 
obtained percentage error for each month of exposure. Hence, the minimum error 
recorded 0% on the 3rd month and the maximum error recorded 72.73% on the 2nd month. 
In comparison with the results from the study of Celerinos et al [9], they have recorded a 
minimum percent error of 15.22% for all their sample variations and a maximum error of 
59% that usually occurs in the latest curing period regardless of environmental condition. 
In this study, the minimum error obtained was 0% for both seawater environment and 
normal room condition. On the contrary, a maximum error of 72.73% occurred in concrete 
cubes exposed in the splash zone area of the seawater. The discrepancy might stem from 
the fact that, unlike the samples subjected to seawater exposure, the concrete samples kept 
in a standard room environment remained relatively stable and experienced fewer 
disturbances, potentially leading to a lower percentage of error. This could also be 
attributed to the dry-wetting cycles of the seawater waves during the duration of exposure 
that could led to an influence in the surface smoothness of the concrete cubes. 

 

(a) 

 

(b) 

Fig. 9. Variations of concrete samples at normal room condition versus: (a) average 
compressive strength from the digital rebound hammer test and compressive strength 

from the direct compression test, and (b) obtained %Error 

In addition, the average temperature in the site location was 31°C for the whole duration 
of the experiment with a weather described as mainly cloudy with precipitation. Therefore, 
the months wherein the samples were exposed was during a rainy season which may have 
further affected the surface properties of the concrete. The findings depicted in Figure 8a 
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and Figure 9a which show that the estimated average compressive strength through the 
digital rebound hammer device tended to overestimate nearly all results obtained from the 
direct compression test. This stands in contrast to the study of Celerinos et al [9], where a 
manual rebound hammer device consistently underestimated the values from the direct 
compression test. However, when compared to Co’s study [40], their results didn’t 
demonstrate a consistent trend of overestimation or underestimation. This inconsistency 
suggested varying degrees of accuracy in the rebound hammer test’s predictions when 
compared to direct compression test results. 

Moreover, Table 6 shows the comparison between the actual concrete compressive 
strength versus the estimated average compressive strength derived from the rebound 
hammer test. For both comparisons, it obtained a p-value of 0.036273 and 0.0007921 for 
samples exposed to seawater and samples stored in normal room condition, respectively. 
The T-test results revealed that there was a significant difference between the average 
compressive strength from rebound the hammer test and the actual compressive strength 
from the direct compression test, for the two sample variations. The results consistently 
presented an overestimation of the estimated average compressive strength of rebound 
hammer. The T-test results consistently rejected the null hypothesis, which indicated that 
the estimated compressive strength values significantly varied from the actual 
compressive strength. This discrepancy was quantified in the percentage errors as shown 
in Figure 8b and Figure 9b, wherein a maximum error of 72.73% was attained. This 
observation suggests a limitation for the rebound hammer test using a digital rebound 
hammer device when attempting to directly estimate the concrete’s compressive strength. 

Table 6. T-test results for comparison between rebound hammer and direct compression 
test 

Variations 
p-value versus level of 

significance, α 
Remarks 

Samples 
exposed to 
seawater 

p-value=0.036273 and α=0.05 
p-value < α 

Reject the null hypothesis in 
favor of the alternative 

hypothesis 

There is a significant difference 
between the compressive strength of 

samples exposed to seawater acquired 
from direct compression test and 

digital rebound hammer test. 

Samples 
stored in 
normal 
room 

condition 

p-value=0.0007921 and 
α=0.05 

p-value < α 
Reject the null hypothesis in 

favor of the alternative 
hypothesis 

There is a significant difference 
between the compressive strength of 

samples stored in normal room 
condition acquired from direct 

compression test and digital rebound 
hammer test. 

 

In addition, Figure 10 shows the rebound models generated for the concrete cubes exposed 
to seawater and normal room condition using the rebound number obtained from the 
digital version. The Multiple R for samples exposed to seawater and normal room condition 
were 0.80228 and 0.84028, which indicated a strong linear relationship between the 
estimated average rebound number and actual compressive strength. The acquired R2 
values are 0.6436 and 0.7061 for samples exposed to seawater and samples stored in 
normal room condition, also the mentioned figure showed a moderate level of goodness of 
fit for the generated model. 
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(a) 

 

(b) 

Fig. 10. Actual compressive strength versus rebound number: (a) stored in normal 
room condition, and (b) exposed to seawater environment 

Furthermore, an observation of a consistent pattern emerged wherein there was a 
tendency to overestimate the actual compressive strength consistently. This discrepancy 
stems from potential inaccuracies caused by insufficient device calibration and reliance on 
the manufacturer’s standardized graph. These outcomes underscore the critical necessity 
for developing a customized curve tailored to the specific characteristics of the sample 
being tested. This observation highlighted the significance of addressing calibration issues 
within the rebound hammer devices based on concrete exposed in specific environmental 
condition to enhance their accuracy in assessing compressive strength. Thus, this study 
emphasized the importance of creating individualized calibration curves that consider the 
unique properties of the concrete or material under examination. Developing such tailored 
approaches could significantly improve the precision and reliability of rebound hammer 
assessments in determining compressive strength, ensuring more accurate results in 
structural evaluations and construction quality control. 

3.2. Comparison of Results from Rebound Hammer Test and Actual Compressive 
Strength between Two Sample Exposed to Different Conditions 

Table 7 shows the comparison of estimated average compressive strength acquired from 
the rebound hammer test versus the actual compressive strength from the direct 
compression test for each pair of sample variations stored in normal room condition and 
exposed to seawater environment. The purpose of the comparison was to determine 
whether the rebound reading was affected by the type of environment where the samples 
were exposed to. The p-value of 0.3322 was attained for the first comparison, which 
indicated a greater value than the set confidence level considering the two-tailed T-test. 
Hence, this variation failed to reject the null hypothesis, indicating that there was no 
significant difference between the two groups of samples when compared to their actual 
compressive strength. This implies that the length of duration of exposure to seawater did 
not significantly affect the concrete, where its actual compressive strength remained 
relatively unchanged. 

The second comparison shows the results of average compressive strength acquired from 
the digital rebound hammer test for each pair of sample variations exposed to different 
conditions. The p-value of 0.16644 was obtained using the two-tailed T-test, which 
indicated that it was greater than the significance level. Thus, there was no significant 
difference between the estimated average rebound number obtained from a digital 
rebound hammer of concrete samples exposed to seawater and stored in normal room 
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condition. This meant that concrete cubes exposed to seawater rebound readings were 
partially similar compared to samples in normal room conditions. 

Table 7. T-test results for comparison of rebound number and actual compressive strength 
between seawater exposure and normal room condition 

Variations 
p-value versus level 

of significance, α 
Remarks 

Actual compressive strength 
of samples exposed to 

seawater versus stored in 
normal room condition 

p-value=0.3322 and 
α=0.05 

Actual compressive strength 
of samples exposed to 

seawater versus stored in 
normal room condition 

Digital Rebound Number of 
samples exposed to seawater 
versus stored in normal room 

condition 

p-value=0.1664 and 
α=0.05 

Digital Rebound Number of 
samples exposed to 

seawater versus stored in 
normal room condition 

 
The comparison of findings in the first comparison concerning the actual compressive 
strength of two different sample variations revealed no substantial differences in their 
values. The outcomes presented for the second comparison corroborated that observation. 
Despite the digital hammer lacked precision in predicting the actual strength, its 
consistency in detecting variations in strength after exposure still underscores its 
reliability as an indicator of change. This was similarly apparent in study of Sanchez & 
Tarranza [8], where their findings indicated that the rebound hammer successfully 
anticipated the changes of concrete’s strength over time. 

The varied outcome of the digital iterations of the rebound hammer may be linked to the 
necessity for precise calibration according to its tested environment, given that the digital 
rebound hammer was newly purchased and underwent recent calibration. Additionally, 
the alignment of the digital hammer’s plunger might have disrupted the concrete surface, 
potentially influencing the disparity in results. In the study of Celerinos et al. [9], the 
distributed nature of the applied plunger force was observed as the rebound hammer 
struck a larger zone area. Consequently, the recorded rebound readings indicated lower 
strength in the adjacent edges and higher strength in the central zone. 

3.3. Results for Carbonation Test in Two (2) Environmental Conditions 

Upon commencement of the direct compression test, visible cracks appeared in the 
concrete cube samples. Subsequently, a carbonation test was conducted using a 
phenolphthalein liquid solution. The cracked areas of the concrete cube were promptly 
treated with the liquid solution to assess the presence of carbonation during exposure to 
seawater and normal room conditions. As depicted in Figure 11, the interior of the tested 
cracked section turned pink in less than a second, signifying the absence of carbonation. In 
this study, a phenolphthalein test was employed to confirm the presence of carbonation in 
concrete cube samples. The results revealed the absence of carbon development in all 
concrete cube samples exposed to two (2) environmental conditions throughout their 
specified exposure duration. 

One of the factors that could affect the rebound readings is the existence of carbonation if 
the concrete surface [29]. In the investigation conducted by Celerinos et al. [9], consistent 
findings were observed as the cracked segments across all sample variations exhibited a 
pink coloration, suggesting the lack of carbonation in proximity to the concrete surface. 
This parallel outcome is also evident in the experimental study conducted by Sanchez & 
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Tarranza [8]. The tested sections of the samples, both within the cracked areas and on the 
surface, rapidly transitioned to a pink hue, signifying the absence of carbonation. 

 

Fig. 11. Concrete samples after phenolphthalein test 

3.4. Chloride Content Results 

Table 8 shows the results of the soluble chloride content for the concrete cube samples 
that were exposed in the seawater during the first, second, and third months, respectively. 
As per Bjegović [15], the zone with the highest exposure, the splashing zone, where waves 
and wind carry seawater, had an acceptable chloride content for unreinforced concrete of 
less than 0.15% by weight of concrete (1500 ppm). Generally, the greatest concentration 
of chloride ions was present in the splash zone, where wave and wind actions contributed 
to a significant accumulation of chloride ions in surface layers [37]. From the observation, 
samples from the first, second, and third month had values of 250 ppm, 220 ppm, and 235 
ppm, respectively. 

Table 8. Soluble chloride content results 

Month Soluble Chloride (ppm) 
1st 250 
2nd 220 
3rd 235 

 
Generally, according to Arya et al. [37], at the initiation of each wetting phase, the pores 
near the surface were initially empty, while those farther from the surface contained 
varying amounts of liquid. The outcomes for all concrete samples typically indicated that 
the greatest depth of penetration occurred during the initial wetting cycle, and this value 
diminished in subsequent cycles. This trend was logical and expected until the absorbed 
liquid’s volume equaled the volume lost during drying [15]. The results from Table 8 
indicated that these values of soluble chloride were within the acceptable limit before any 
form of corrosion could occur on the concrete structure due to exposure to seawater for 
three months. As a result, the influence of the chloride content within the concrete cubes 
can be disregarded as one of the reasons for the accuracy of the rebound hammer test that 
was conducted. 

3.5. Capillary Absorption Results 

Furthermore, Figure 12 visualizes the capillary water absorption of the concrete cylinders 
exposed in the seawater splash zone. It illustrates a graph depicting the relationship 
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between the water absorption rate and the time of absorption. The correlation between 
water absorption and the square root of time can be delineated into two distinct stages. 
Initially, during the first stage, there was a rapid linear increase in water absorption in 
tandem with the square root of time. Subsequently, as the concrete disc gradually reaches 
saturation, capillary water absorption diminishes, marking the onset of the second stage. 
In this stage, the water absorption curve exhibits a descending trajectory, reflecting a 
decrease in the water absorption rate. Therefore, it can be observed in Figures 12a, 12b, 
and 12c that the trendline between the three months were the same, indicating the same 
rate of change of absorption in the concrete cylinders during the entire duration of the 
experiment. It also showed the capillary water absorption coefficient of the concrete 
cylinders exposed in seawater in the first, second, and third month. The slope of the fitted 
equation during the initial stage was identified as the capillary absorption coefficient [39]. 
In this study, the linear fit of water absorption against the square root of time yielded a 
fitting correlation coefficient (R2) exceeding 0.9. 

 

(a) 

 

(b) 

 

(c) 

Fig. 12. Capillary water absorption results: (a) 1st month, (b) 2nd month, and (c) 3rd 
month 

Table 9 shows the calculated capillary water absorption coefficient of the concrete cylinder 
for each month. The concrete cylinder in the first month had the highest coefficient of 
0.0196 as the concrete was still not saturated due to its exposure to the seawater. 
Conversely, the second month, with a coefficient of 0.0151, and third month, with a 
coefficient of 0.0149, experienced lower capillary water absorption due to more prolonged 
exposure to the seawater. According to Balakrishna et al. [38], the absorptivity coefficient 
increases at initial time period due to an unsaturated pore structure, however as time goes 
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on the pore structure may reach a fully saturated condition that led to the decrease of the 
rate of absorption [38]. The close values, especially in the second and third months, 
indicate a stable rate of capillary water absorption within the concrete samples, which 
shows a weak influence of the seawater in the microstructure of the concrete specimens. 

Table 9. Capillary water absorption results 

Month Capillary water absorption coefficient [g/(mm2*s0.5)] 
1st 0.0196 
2nd 0.0151 
3rd 0.0149 

 
Also, as evident in Figures 12 that the absorption rate was consistently higher during the 
initial duration due to a differential gradient between the higher and lower concentration 
gradient sections. In this interval, there was a variation in the absorption rate until a 
specific time duration, followed by an increasing to decreasing pattern, indicating a smooth 
flow of the absorption rate. Upon reaching this pattern, the pore structure, cement paste, 
and concrete matrix became fully saturated, ultimately leading to the equilibrium state of 
the absorptivity coefficient [38]. In addition, according to Arya et al. [37], in all instances, 
with an increase in wetting-drying cycles, the net weight change decreased until it reached 
a constant level. At that point, the weight absorptivity value became constant. The distance 
absorptivity values were expected to stabilize when the value of effective porosity also 
reached a stable state. Therefore, from the results, the capillary water absorption has no 
influence in the accuracy of the rebound hammer test being conducted due to seawater 
exposure. 

4. Conclusion and Recommendations 

The compressive strength for the concrete cubes exposed to normal room showed a 
maximum error of 28.57% compared to the concrete cubes exposed to seawater with a 
maximum error of 72.73%. The results consistently overestimated the average 
compressive strength results using digital rebound hammer device from the actual 
compressive strength. The low accuracy of the percentage error between all months 
showed the inability of the rebound hammer to determine the actual compressive strength 
of the concrete samples.  

The study also revealed that the carbonation, capillary absorption, and total chloride 
content of the concrete cube samples showed little apparent changes after being exposed 
to the seawater condition. This implies that the properties of concrete were not able to 
significantly change within the whole duration of the experimentation and did not indicate 
any signs of deterioration. This was also reflected on the T-test results that there is no 
significant difference on the actual compressive strength of samples between those 
exposed to seawater and those under normal room condition. Thus, there was a significant 
difference in relation to the estimated average rebound numbers of the concrete cubes 
between the sample variations. 

The T-test results further showed that the estimated average compressive strength from 
the rebound hammer test significantly exceeded the actual compressive strength for all 
variations in sample groups. Hence, across both environmental exposures of the samples, 
the average compressive strength consistently indicated an overestimation compared to 
the actual compressive strength, implying potential inaccuracies in the rebound readings. 
However, the rebound hammer was able to show a similar trend with that of the actual 
compressive strength which means that the device can be relied upon in knowing the 
decrease or increase in compressive strength of the concrete due to the environment. 
Nonetheless, the digital rebound hammer was less sensitive to surface properties of 
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concrete leading to its capability to estimate the changes in the actual compressive 
strength of the concrete.  

Lastly, a strong linear relationship between the rebound number and actual compressive 
strength was evident for both sample variations as reflected on the correlation coefficient 
values acquired using the regression analysis. However, the coefficient of determination 
implies that the data has a high dispersion in both sample variations. This observation may 
be linked to the study’s restricted availability of cube samples for analysis, potentially 
impacting the observed trend in the data due to the small sample size. Nevertheless, it is 
possible to generate a rebound hammer curve, provided a sufficient number of concrete 
samples are tested in order to predict a closer value to the actual compressive strength. 
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 Renovation, refurbishment, restoration, and retrofitting of existing structures 
have grown more challenging issues for the construction profession. 
Construction buildings are susceptible to damage at the time of the earthquake 
and need strengthening to enhance their strength, stiffness, and ductility. Fabric-
reinforced cementitious matrix (FRCM) techniques have been recently 
introduced to the construction sector as a feasible solution for fiber-reinforced 
polymers (FRP) in strengthening application. FRCM composed of high strength 
fabric grids with cement-based material serve as a binder for FRCM matrices. 
The binder employed for FRCM composed of cement-based mortar along with 
polymers are added to improve the bond strength properties. The cementitious 
matrix utilized in FRCM has superior thermal resistance and better compatibility 
with the concrete surface. The utilization of FRCM matrix for upgrading and 
restoring the concrete members is gaining more prominence as a replacement to 
FRP. This work conducts a thorough analysis of the application of FRCM 
techniques to concrete structural members like beams, columns, slabs, and 
beam-column joints. This paper primarily aims to present the FRCM process on 
structural members and to discuss the flexural, shear, and load carrying FRCM 
materials that are used in the field. 
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1. Introduction 

In recent decades, the imperative to upgrade existing structures has gained significant 
prominence due to factors such as aging, deterioration, environmental degradation, 
inadequate maintenance, and the need to align with contemporary design standards 
[1][2][3] . To address these challenges, Fiber Reinforced Polymers (FRP) have emerged as 
a popular solution for externally reinforcing structurally compromised buildings [4][2][5]. 
Their remarkable attributes, including a high strength-to-weight ratio, resilience to 
corrosion, quick and straightforward application, and less impact on geometry, have made 
them a preferred choice [6][7]. However, the utilization of FRP strengthening comes with 
certain limitations, particularly linked to the use of epoxy resins [8]. Notable issues 
encompass elevated costs, inadequate performance in high-temperature environments, 
incapability to be applied on damp surfaces, and interference with underlying materials 
like concrete or masonry [9]. 

Various retrofitting techniques include section modification, external post-tensioning, 
bonded steel plates, NSM steel, and externally bonded FRP laminates [10][11]. Each 
method offers distinct pros and cons, reflecting considerations of labor, durability, 
corrosion, fire performance, and cost-effectiveness [4]. Section modification results in an 
increase in the cross section as a whole by adding more steel reinforcement with stirrups. 
This raises the additional load since more concrete and steel are added, exposing them to 
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higher levels of corrosion [10]. The steel plate bonded to the damaged member's surface 
in the steel plate bonding method serves as an addition to the existing reinforcement. The 
exterior steel plate reduces the possibility of cracks and deflection and increases load-
bearing capacity. Unfortunately, this method uses heavy-weight steel plates that are prone 
to corrosion, and installation costs are higher [4]. In the external post-
tensioning procedure, tendons are drawn and attached to anchor points using pre-
stressing rods or high-strength steel strands. Hence, this approach is ideal for retrofitting 
bridges [7].  In Near Surface Mounted (NSM) techniques, the FRP bar is glued to the 
existing concrete element by carving a groove in it and applying a suitable bonding agent. 
FRP is made of polymer that has been reinforced with fiber which provides it stiffness and 
strength and carries the load along the length of the fiber [5]. Despite the advantages of 
FRP, there are drawbacks related to resin properties and application challenges [12]. In 
response to these epoxy-related concerns, researchers have explored alternatives by 
advocating for the replacement of organic matrices (epoxy resins) with inorganic ones 
(mortar) [13]. This shift aims to overcome the challenges posed by epoxies and enhance 
the overall reinforcement technique [12][14]. However, the integration of fiber sheets into 
an inorganic matrix, such as mortar, has presented difficulties, primarily attributed to the 
granule size of the mortar [15]. Even finely textured mortar struggles to impregnate fiber 
bundles in the same manner as resins [16]. To surmount this hurdle, a breakthrough was 
achieved by substituting continuous fiber sheets with textiles, leading to improved 
bonding between fibers and the mortar-based matrix [8]. These novel composite materials 
were named as Fabric Reinforced Cementitious Matrix (FRCM) or Textile Reinforced 
Mortar (TRM) [17][18].The utilization of mortar rather than epoxy elevates heat and fire 
resistance while improving concrete substrate compatibility [19][20]. Fig. 1 represents the 
types of retrofitting techniques. 

 

Fig. 1. Types of retrofitting techniques 

FRCM combines with durable high-strength fibers in mesh configurations with inorganic 
matrices like cement or lime-based mortars [21]. This approach offers affordability, ease 
of use, fire resistance, and compatibility with concrete and masonry [22]. FRCM 
reinforcement comprises textile/Fabric mesh with oriented fiber roving for mechanical 
interlocking [23]. Externally bonded fabric-reinforced cementitious matrices exhibit a 
notable capability to augment the fatigue life of reinforced concrete members (RC) by 
redistributing stresses from internal steel reinforcement to the external composite fabric 
material [4]. Furthermore, the efficacy of fabric-reinforced cementitious matrices hinges 
upon the quality of the bond formed between the reinforced fabric and the concrete 
structural members [24]. Notably, these matrices demonstrate exceptional performance, 
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particularly at elevated temperatures, surpassing the conventional epoxy-treated 
(organic) retrofitting methods [25]. Moreover, fabric-reinforced cementitious matrices 
contribute minimally to the environmental impact of construction materials [26]. The 
application of polymer coatings into the nonmetallic textiles serves to enhance both the 
stability of the textile material and the mechanical connection between the textile and its 
matrix [1]. Nonetheless, this treatment renders the textiles less pliable, making their use 
on intricate shapes like U-shaped or fully wrapped structures challenging, much like steel 
fabrics [27]. The formulation of the mortar employed as the matrix within FRCM (Fabric 
Reinforced Cementitious Matrix)/ TRM (Textile-Reinforced Mortar) systems significantly 
influences its composite behavior [28]. Impregnating fibers with mortar holds paramount 
importance for establishing a robust bond between the fibers and the matrix [8]. An ideal 
mortar should encompass fine particles, possess plastic consistency, favorable workability, 
low viscosity, and ample shear strength (to prevent detachment from the substrate) [29]. 
As such, cement-based mortars are extensively utilized as the matrix in FRCM due to their 
suitability [30]. The mechanical attributes of the mortar, such as flexural strength and the 
bond with fiber roving, can be markedly enhanced through the incorporation of polymers 
[31]. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 2. FRCM strengthening steps: (a) Mortar application; (b) applying first layer of 
cement mortar; (c) FRP sheet embedded with first layer (d) finished with second layer 

of cement mortar [36] 

Different types of fabric reinforcement material possess different types of physical 
properties such as Carbon-FRCM employs carbon fibers as reinforcement, renowned for 
their impressive strength-to-weight ratio, making them ideal for applications requiring 
both lightweight construction and high strength, such as the reinforcement and retrofitting 
of concrete structures [32]. Glass FRCM, on the other hand, incorporates glass fibers as 
reinforcement, providing corrosion resistance that makes it a preferred choice for 
environments exposed to harsh conditions, notably marine structures [24][33]. Basalt 
FRCM offers a balanced solution, blending the robust strength characteristics of carbon 
FRCM with the corrosion resistance of glass FRCM, and it finds applications across a 
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spectrum of structural needs [34]. Additionally, polyparaphenylene benzobisoxazole 
(PBO) FRCM, utilizing PBO fibers like Zylon, offers exceptional strength and modulus 
within a cementitious matrix, catering to specialized high-performance requirements [35]. 
Fig. 2 shows the strengthening steps involved in FRCM techniques. 

The strengthening process through FRCM/TRM jacketing encompasses several steps. Step 
1 involves surface preparation to prepare the surface for bonding, it must be scrubbed, 
sandblasted, and cleaned. Step 2 entails mortar application on the concrete surface- A 
bonding primer is often applied to the prepared surface to improve the adhesion between 
the existing substrate and the FRCM/TRM system. Step 3 followed the placing of fabric 
sheet and step 4 involves applying a final layer of mortar on top of the fabric stratum. A 
specially formulated mortar mix, which often includes cement, aggregates, and additives, 
is applied over the reinforcement layer. This mortar encapsulates and bonds with the 
fibers, creating a composite material that enhances the strength and durability of the 
structure. The mortar layer is typically applied in multiple coats, with each coat allowed to 
cure before the next one is added [36]. Fig. 2 shows the strengthening steps involved in 
FRCM techniques. 

This review paper provides a thorough analysis on the applications of FRCM to strengthen 
the structural RC members. The insights presented herein are synthesized from a thorough 
examination of past studies and research endeavors. This paper aims to shed light on the 
remarkable potential and implications of FRCM in advancing the field of structural 
engineering.  

1.1. Significance of Research 

FRCM is extensively employed for strengthening and renovating the existing the concrete 
structures, such as buildings, dams, bridges, and other infrastructure. It is a useful 
technique for prolonging the lifespan and enhancing the performance of structures 
because it gives higher stiffness and load-bearing capability. Fig. 3 displays the research 
methodology adopted to review the paper.  

 

Fig. 3. Research methodology 

2. Mechanical Properties 

2.1. Properties of Fabric 

The Fiber Reinforced Cementitious Matrix (FRCM) approach utilizes composite materials 
in the form of grids, meshes [18], and fabrics reinforced with fibers, including basalt, 
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carbon, glass, steel and Polyparaphenylene Benzobisoxazole (PBO) [37][38][4][39]. These 
fibers exhibit varying densities, among these CFRP has high tensile strengths and also more 
stronger than steel [40]. The unit densities of CFRP vary between 1.5 to 1.6 g/cm3, whereas 
AFRP has 1.3 to 1.5 g/cm3 and GFRP has 1.2 to 2.1 g/cm3 [41].  Effective bonding in FRCM 
relies on a substantial contact area between the matrix and the surface, with the line of 
debonding determined by mortar properties, especially tensile strength, and the bond 
between reinforcement and mortar [42]. Fig. 4 represents the different types of fabric 
available in market.  

 

                                    (a)                                      (b)                                        (c) 

 

(d)                                   (e) 

Fig. 4. Fabric reinforcement (a) Carbon (b) Glass (c) Basalt (d) Polyphenylene 
benzobisoxazole and (e) Steel fiber [1] 

The strength of the composite mainly depends on the fibers. Table 1. represents the 
properties of fabric. FRCM are normally composed of one or multiple fabric with varying 
properties and its strength were mainly depends on the bond between the fabric and 
concrete substrate. When the bond has an adequate bonding strength, the capacity of the 
strengthened beam is examined by the quantity of fabric utilized. Trapko et al. reported 
that small scale concrete cylinder confined with PBO-FRCM increases while increasing the 
fabric layers [43]. The strengthening of concrete structures discussed in detail in section 
3. 
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Table 1. Properties of fibers 

Properties Basalt Carbon Glass PBO Steel 

Ultimate Tensile Strength [MPa] 3080 4320 2610 5800 3200 

Young’s Modulus [GPa] 95 240 90 270 206 

Ultimate Strain [%] 3.15 1.8 2.9 2.15 1.55 

Weight [g/m2] 200 168 225 88 600 

Width of tows/cords [mm] 5 4 3 5 0.9 

Equivalent Thickness [mm] 15 10 25 10 5.5 
 

2.1.1. Properties of Inorganic (Cement) Binders 

The properties of FRCM mortar, particularly its tensile strength influence the performance 
of FRCM by reducing the cracking in the composite matrix. Gopinath et al. showed that an 
organic (Epoxy) binder used as an adhesive for concrete cylinders and strengthened with 
AR-glass fiber grid was found to be similarly bound by inorganic binders which include 
cement, silica fume, and fly ash has a compressive strength of 56 MPa [44]. When basalt-
FRCM was used to strengthen RC beams against shear, it was shown that the polymer-
modified mortar matrix performed better than cement mortar, with an improvement of 
almost 10%. Salloum et al. found that the hardness and strength of polymer-modified 
mortar were superior to those of cement mortar. Garcia et al. found that cement mortar 
provides an increased strength than pozzolanic mortar. Using cement mortar and polymer-
modified mortar as binder, to strengthen RC beams with two layers of basalt fabric showed 
a maximum capacity of about 46% and 36%, respectively [45]. The beam strengthened 
with carbon and glass fabric showed an increases in flexural strength and also observed 
that use of an inorganic binder having a compressive strength of 20Mpa resulted in 
debonding failure during loading [46]. Enhancing cement mortar performance involves 
adding silica fume and polymers as binders [47]. Wu et al. observed that using cement 
mortar with PVA fibers, the strength of the RC beam improved [48]. The mechanical 
properties of inorganic binders retrofitted with concrete elements using fabric was 
collected and found that investigation is required to develop a new inorganic binder. 
Ameer Baiee et al. examined the influence of cement mortar with densified silica fume, un-
densified silica fume, Ground Granulated Blast Furnace Slag, and Fly ash. The test result 
shows that binary replacement consisting of 15% ground granulated blast furnace slag and 
15% undefined Silica fume provides the optimum results [49]. 

3.  Strengthening of Concrete Members with FRCM 

3.1. Strengthening of RC Beams with FRCM 

The performance of FRCM strengthened reinforced concrete (RC) beams is influenced by 
numbers of factors [21]. These factors include internal shear reinforcement quantity, 
fabric orientation, geometric configuration, bond scheme, end anchorage presence, 
application method (externally bonded, near surface embedded, or hybrid), strength of the 
substrate concrete, and composite stiffness [21][50][51]. Understanding these factors and 
their interplay is crucial in determining the shear capacity and failure modes of FRCM-
strengthened beams [21]. Rizwan Azama et al. investigated on shear strengthening of RC 
deep beams with cement-based composites and these authors revealed that cement-based 
composites significantly improved the load-carrying capacity, with a 23% increase in 
ultimate load for CFRCM-strengthened beams [52]. Cement-based systems outperformed 
epoxy-based ones, attributed to bi-directional fabric providing better control of diagonal 
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shear cracking and improved bond performance. CFRP grids embedded in mortar 
exhibited the highest shear strengthening efficiency due to enhanced bond [52]. Tadesse 
et al. examined the three different types of failure modes for RC beams strengthened in 
shear. These authors observed the failure mode of strengthened beam as detachment of 
the FRCM laminates from the concrete substrate, particularly in the case of side bonded 
and U-jacketing. For fully wrapped FRCM system, observed the fabric  rupture failure in 
the strengthened beams [21]. Maaddawy et al. investigated on strengthened corroded T-
beams using FRCM. These authors found that corrosion caused significant strength 
reduction with a 22% loss in tensile steel which leads to 28% decrease in load carrying 
capacity of un-strengthened beams. The combination of externally bonded and internally 
embedded carbon FRCM layers proved more effective in increasing the flexural response 
[25]. Wang et al. investigates the residual bond behavior of different CFRP reinforcements 
in notched concrete beams exposed to elevated temperatures. Their findings show that the 
failure modes and load-displacement curves of the strengthened beams vary with 
temperature. The strength of cement-bonded CFRP grids outperforms epoxy-bonded CFRP 
sheets under high-temperature conditions, making the former system more fire-resistant 
[26]. Christian Escrig et al. done an experimental comparison of reinforced concrete beams 
strengthened against bending using various types of cementitious-matrix composite 
materials and found that there is a clear relationship between the strengthening materials 
and the development of crack patterns in the tested beams. While, examining the load-
bearing capacity, it's observed that all the strengthening materials contribute to an 
increase in flexural displacement at the onset of the first crack and the yielding flexural 
displacement compared to an unmodified beam. This enhancement ranges from 
approximately 35% to 27%, depending on the specific material used. And also, when 
considering FRCM as reinforcement, it's noted that they have the effect of reducing the 
ductility of reinforced concrete beams while increasing their capacity by about 135% 
compared to beams without strengthening [32]. Fig. 5 shows the failure modes of 
strengthened RC beams.  

Imran Rafiq et al. show that cementitious interfaces can control the debonding of FRCM to 
reduce the failure mode of strengthened beams. In addition, it concludes that the use of 
FRCM in the strengthening of RC beams increases ultimate load and cracking [53]. The 
TRM-based strengthening technique's lifetime and endurance were reported by Baiee et 
al. The findings showed that a corrosion degree of more over 10% can cause the cover to 
separate, losing its strengthening efficiency. For this reason, it is important to remove the 
cover before reinforcing RC beams [54]. 

The factors that control the failure mode of the strengthened beam are fabric type, matrix 
composition, arrangement and orientation of fabric layers, surface preparation, and 
environmental conditions. Different fabrics exhibit different behaviors due to their varying 
tensile strength, elastic modulus, and interaction with the cementitious matrix. The 
properties of matrix which includes cement types and additives affect the bond between 
the fabric and matrix. The fabric arrangement and orientation play an essential role to 
determine the failure mode. Poor surface preparation may lead to debonding failure. The 
durability of the FRCM system may be affected by variation in temperature and moisture 
conditions. The use of FRCM for strengthening the beam in flexural changed the failure 
mode from debonding to flexural failure and increased the ultimate load to 93% [55]. 

Mandor et al. explored the flexural performance of RC continuous beams enhanced with 
PBO-FRCM systems. The beams strengthened with one or two FRCM layers often failed due 
to fabric slippage or delamination. End anchors played a significant role in preventing 
fabric delamination [56]. FRCM strengthening improved the flexural stiffness in sagging, 
with increased layer count enhancing yielding and ultimate capacities [56][57].Several 
factors have an impact on the fatigue performance of RC beams strengthened with FRCM, 
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including parameters such as reinforcement ratio, strengthening method, degree of 
damage, and the presence of sustained load-induced corrosion [58]. Their investigation 
involves the analysis of various aspects, including failure modes, crack progression, fatigue 
lifespan, mid-span deflection, and behavior at the interface between materials. They assess 
the efficacy of both U-shaped and single-sided strengthening techniques and highlights the 
influence of textile and reinforcement ratios on fatigue endurance. The combined influence 
of corrosion and sustained loading on fatigue life is explored, including the identification 
of different stages in mid-span deflection evolution. Additionally, the study underscores 
the impact of corrosion on the bonding of the FRCM layer and provides a formula for 
evaluating fatigue stiffness to assess the safety of strengthened beams subjected to fatigue 
loads [58]. Wang et al. investigated the beam strengthened with CFRP grid using polymer 
cement mortar at the varying temperature up to 600°C. They found that bi-directional 
fabric utilized in cement-based strengthening techniques has a better bond to the concrete 
substrate than unidirectional sheets deployed in epoxy-based strengthening techniques. 
And also, they identify that load carrying capacity increase of about 23%. Ombres et al. 
studied the flexural analysis of reinforced concrete beams strengthened with a PBO-FRCM. 
The strengthened beam significantly increases the flexural capacity about 44% than the 
un-strengthened beams [31].  

 

Fig. 5. Failure mode of Strengthened RC beam [1] 

3.1.1. Theoretical study of RC beam strengthened with FRCM 

The modeling of FRCM in finite element analysis (FEA) software involves defining 
materials, selecting suitable elements, and implementing interface modeling into practice 
to simulate the interaction among the various components. Define the parameters of the 
concrete material using appropriate model to response under loading conditions. The 
fabric reinforcement is modeled using shell element to define the behaviour of fabric and 
assigned the non-linear elastic material properties to define the fabric performance. By 
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utilizing the solid element to model the cementitious matrix and define the three-
dimensional performance od the matrix. Fig. 6 represent the modeling of fabric, matrix, 
polypropylene and composite matrix. Fig. 7 shows the failure mode of hemp, sisal and glass 
fabric.  

 

Fig. 6. Modeling (a) Fabric (b) Fabric (c) Polypropylene (d) Composite matrix [59] 

Mercedes et al. studied the bending response of composite panels using different fabric. 
These authors compared the experimental results with the numerical simulation. The 
displacement for panels with hemp fabric attained the variation between 10 to 41% and 
for sisal and glass fabric attained the variation of about 1 to 14% [59]. A numerical study 
was conducted by Kalyani et al. to examine the flexural strengthened RC beams made of 
glass, Aramid, and hybrid FRP sheets. The study's findings demonstrate that utilizing 
hybrid FRP increases loading capacity of about 202.63% [60]. Ombres et al. studied that 
the beam strengthened with PBO-FRCM significantly increases the flexural capacity of 
about 44% than the un-strengthened beams [61]. Table 2. shows the summary of literature 
review of strengthened concrete beams. 

 

Fig. 7. Failure modes (a) Hemp fibers(b) Sisal Fibers (c) Glass Fiber [59] 
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Table 2. Summary of literature review of strengthened concrete beams 

Ref. Beam ID 
Bonding 

Agent 

Compressive 
strength of 

bonding 
agent  (MPa) 

Fabric 
Type 

Tensile 
strength 
of Fabric 

(MPa) 

No. of 
layers 

σC

(MPa)

σy    
(MPa) 

Strengt. 
Method 

Cont. 
Beam,   

Pc  
(kN) 

Yield 
Load,  

Py  
(kN) 

Ult. 
Load,  

Pu  
(kN) 

(Pu/Pc
) 

Failure 
modes 

(23) 

M1-B3 

Cement-
based with 
polymers 

25.37 

Basalt 1540 
3 

33.1 662 Strip 56.7 

59 66.8 1.18 IS 

M1-B6 6 60.2 73.7 1.3 IS 

M1-G3 
Glass 1375 

3 58.9 68.2 1.2 FR 

M1-G6 6 62.3 77.9 1.37 IS 

M2-B3 

Cement 
Mortar 

20.09 

Basalt 1540 
3 58.1 61.6 1.09 D 

M2-B6 6 29.5 60.9 1.07 D 

M2-G3 
Glass 1375 

3 57.2 68.4 1.21 FR 

M2-G6 6 61.6 66.2 1.17 D 

(50) 

S0-CGM 

Cement 
Mortar 

58 Carbon 0.325 1 61 494 U-wrap 
1173.6  
1310.1 

- 

1407.5 1.07 FR 

S250-CGM 1412.7 1.08 FR 

S0-CM 1446.6 1.1 FR 

S250-CM 1522.7 1.16 FR 

S0-CP 1322.3 1.01 FR 

S250-CP 1429.2 1.09 FR 

(56) 
S1-T1-P1-

1 
Cement 
Mortar 

29 PBO 5800 1 
22.7

7 
515.44  
521.89 

Strip 74.85 80.1 87.42 1.17 CC 
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S1-T1-P1-
2 

2 80.04 87.6 1.17 CC & D 

S2-T1-P1 
1 

23.0
2 

525.9   
535.6 

49.65 

45.03 54.24 1.09 CC 

S2-T1-P2-
1 

50.4 64.06 1.29 D 

S2-T1-P2-
2 

2 50.01 66 1.33 D 

S2-T1-P3-
1 

1 52.74 71.39 1.44 D 

S2-T1-P3-
2 

2 46.1 61.44 1.24 D 

S2-T2-P2 2 22.3
9 

525.9   
535.6 

43.02 
44.94 52.86 1.23 D 

S2-T2-P3 3 49.77 55.71 1.29 D 

(44) 

BS2 

Cement 
Mortar 

23.9 

Basalt 623 

2 

20 684 U-wrap 60.8 

- 82.66 1.36 SF 

BS3 - 83.51 1.37 SF 

BS4 
4 

- 88.74 1.46 SF 

BS5 - 92.53 1.52 SF 

BS6 

PMM 56.4 

2 
- 83.38 1.37 SF 

BS7 - 83.38 1.37 SF 

BS8 
4 

-– 96.26 1.58 SF 

BS9 - 114.1 1.876  SF 

(57) 

S0-FRCM1 

Cement 
mortar 

74 Carbon 3800 

1 

45 520 U-wrap 

80.4 

- 169.1 2.1 IS 

S0-FRCM2 2 - 196.7 2.45 IS 

S0-FRP-1 
1 

184.1 2.29 IS 

S1-FRCM1 

143.5 

- 234.7 1.64 IS 

S1-FRCM2 2 - 239.6 1.67 IS 

S1-FRP-1 1 239.8 1.67 IS 

S2-FRCM1 1 177.7 - 267.9 1.51 IS 
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S2-FRCM2 2 275.8 1.55 IS 

S2-FRP-1 1 281.4 1.58 IS 

(35) 

SB-GT 

Cement 
mortar 

58 

Glass 100 

1 

35 480 

side-
bonded 

123.5 

- 146.3 1.18 DT 

UW-GT U-wrap - 180.2 1.46 DT 

SB-CT1 

Carbon 135 

side-
bonded 

- 155.5 1.26 DT 

UW-CT1 U-wrap - 151.8 1.23 DT 

SB-CT2 
2 

side-
bonded 

- 254.4 2.06 SF-D 

UW-CT2 U-wrap - 253.4 2.05 SF-D 

(51) 

SH1 

Cement 
mortar 

43.9 PBO 5800 

1 49.7 

U-Wrap 

272 

261 279 1.03 FS 

SH2 2 49.4 266 289 1.06 D & FS 

SH4 4 47.8 263 306 1.13 CC 

SS1 1 48.5 

206 

176 226 1.09 FS 

SS2 2 48.8 184 249 1.21 FS 

SS4 4 49.7 213 267 1.29 FS 

(52) 

HP2 

Cement 
mortar 

43.9 

PBO 5800 
2 

43.9 890 U-Wrap 272 

266 285 1.05 FS-D 

HP4 4 263 302 1.11 FS 

HC2 Carbon 4300 2 257 286 1.05 FR 

SP2 
PBO 5800 

2 184 249 0.92 FS-D 

SP4 4 213 267 0.98 FS 

SC2 Carbon 4300 2 264 280 1.03 FR 

(58) 

B-A-S-Ao 
Alkali-

Activated 
Slag (AAS) 

53.5 

carbon 

2300 

- 

42.5 1800 Strip 65.5 

61.7 72.1 1.1 FS-FR 

B-A-L-Ao carbon - 63.4 75.9 1.16 FS-FR 

B-A-L-
1.5Ao 

carbon - 67.8 82.8 1.26 FS-FR 
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where, SF- Shear failure; IS- Interlaminar shearing; D- Debonding; SS-Splitting of strut; CC-concrete crushing, FS- Fabric slippage, FR- Fabric rupture. 

B-A-L-2Ao carbon - 66.8 74.4 1.14 
FS-FR-

D 

(20) 

BL-C 

Cement 
Mortar 

20 Carbon 4800 

2 39.5 
595   
627 

U-wrap 39.9 

- 83.3 2.09 FS 

BL-P 30 PBO 5800 - 82.7 2.07 FS 

BL-G 40 Glass 2600 - 58.2 1.46 D 

BH-C 20 Carbon 4800 - 144 3.61 FR 

BH-P 30 PBO 5800 - 136 3.41 FS 

BH-C 40 Glass 2600 - 124 3.11 D 

(59) 

BS1-01 

Cement 
Mortar 

- 

Carbon 834 
1 

834 wrap 239 

- 239 1 D &SF 

BS2-01 Glass 460 50 212 132 0.55 D &SF 

BS2-01 Carbon 834 
2 

- 113 0.47 D &SF 

BS2-02 Glass 460 - 166 0.69 D &SF 
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3.1.2.  Summary 

The efficiency of the strengthening system can vary greatly based on a variety of factors, 
including the number of layers, the material's characteristics, and the specifics of the 
reinforcement of the RC member. The flexural and shear capacity increase with the 
increases of externally applied fabric reinforcement and also the failure mode changes, 
while increasing the fabric layers. The use of fabric with multiple layers prevents the fibers 
from slippage failures. The mode of failure was shifted to interlaminar shearing, debonding 
at the matrix/concrete interface, and debonding with slippage of the concrete cover. The 
uses of polymer modified mortar shows better performance for FRCM. 

3.2. Strengthening of RC Column using FRCM 

Strengthening of reinforced concrete (RC) columns with FRCM is an effective technique to 
improve the structural performance and load-carrying capacity of existing columns. 
Strengthening of RC columns with FRCM offers a many advantages like improved the load-
carrying capacity, increases the durability, and enhanced the fire resistance capabilities 
[62][63].The resistance to axial loads and serviceability of columns can be considerably 
improved by the subsequent application of a TRC layer [62]. FRCM allows to increase the 
strength of eccentrically loaded reinforced concrete columns; with respect to the un-
confined specimen [64]. This technique is a versatile and cost-effective solution for 
enhancing the structural performance of existing columns and also minimizing the 
disruption to the building or structure [65]. However, the effectiveness of FRCM 
strengthening depends on proper design, material selection, and installation, and it should 
be carried out by experienced professionals following industry guidelines and standards. 
Fig. 8 shows the schematic diagram for RC column strengthened with FRCM. Jinlin et al. 
reported that by adding three textile layers, the ultimate load was increased to 44%. They 
also noticed that transverse cracks that originate on the tension side of the structure 
extend towards the compression side and are accompanied by significant concrete 
crushing [66]. Liu et al. investigated the axial behavior of fire-damaged reinforced concrete 
(RC) columns strengthened with a textile reinforced externally bonded reinforcement 
system. This study reveals that TRE-strengthened specimens exhibited a failure mode 
characterized by tensile rupture of fiber rovings and increased the load carrying capacity 
and ultimate displacement by 18% to 107% and 36% to 146% [26]. 

 

Fig. 8 Schematic diagram for RC Column strengthened with FRCM 
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Guo et al. investigated the seismic behavior of RC columns retrofitted with textile-
reinforced mortar. These researchers revealed that the TRM jacket substantially enhanced 
shear capacity of about 54.3% to 55.2% and also noticed that displacement increases from 
40.34% to 78.62%. By increasing the reinforcement ratio of carbon textiles, capacity of 
energy-dissipation increases with deformation. And also, it was observed that with an 
increase in axial load ratios, shear resistance exhibited a slight uptick, and also 
accompanied by a decrease in ductility as well as the energy-dissipation ability [29]. 
Alhoubi et al.  studied the performance of reinforced concrete columns strengthened with 
PBO-FRCM systems was rigorously examined under pre-damage conditions. Their findings 
highlight the number of FRCM layers played a pivotal role in the failure mechanisms. The 
columns strengthened with two layers experienced internal delamination, while those 
with four layers suffered fabric rupture. [67]. Fig. 9 represents the mode of failure of FRCM-
confined concrete members.  

Zhang et al. investigates the effectiveness of Carbon Textile-Reinforced Concrete 
confinement (CTRC) in improving the performance of square concrete columns using 
uniaxial compression tests [17]. These scientists reported that substantial increases in 
load-carrying capacity and ductility, especially when utilizing four layers of textile. And 
also, they observed that adding short glass fibers with mortar mixer improved the 
performance of the strengthened beam [68]. The compressive strength of FRCM-confined 
concrete elements is significantly influenced by cross-sectional size, corner radius, scale 
effect, type of fiber mesh, and the number of FRCM layers [69] while, the fabric has less of 
an impact on the mortar stiffness. [70]. Alhoubi et al. assess the performance of RC columns 
strengthened with PBO-FRCM systems under two pre-damage conditions and they found 
that columns strengthened with two layers failed due to internal delamination, while those 
with four layers failed due to fabric rupture [71]. 

 

Fig. 9. Failure modes of FRCM-confined concrete members (a) Debonding (b) Rupture 
of the fabric [1] 

Tello et al. studied the concentrically loaded columns strengthened with varying numbers 
of PBO-FRCM layers and reported that circular columns with two and four PBO-FRCM 
layers have higher capacity than the square columns [67]. Faleschini et al. examined the 
RC columns strengthened with CFRCM and observed the wide crack pattern in the 
specimens. As increasing the fabric layers the compressive strength of confined column 
increases as well as increases the ductility [72]. Napoli et al. examined the compressive 
strength of concrete externally confined with FRCM systems and they reveals that glass 
and carbon fabric systems exhibit the lowest strength than PBO as well as Steel [73].    Fig. 
10 shows the crack pattern for strengthened RC column. Toska et al. studied the 
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effectiveness of RC column strengthened with FRCM through confinement and observed 
that  the strengthened specimen enhanced the concrete strength ranging from 1.4 to 2.18 
than the control specimen [74]. Chen et al. examined that textile-reinforced ECC-confined 
columns performed better in terms of strength and ductility than TRM-confined 
columns.[75]. 

 

Fig. 10. Crack pattern for Strengthened RC Column [77] 

According to Mohammad et al. study of FRCM-reinforced concrete columns using a 
probabilistic approach increased the axial load carrying capability of the strengthened 
beams. These authors also investigated the load-carrying capacity of FRCM-strengthened 
with FEM, Artificial neural network, and Monte Carlo simulation. The failure of concrete 
columns was simulated in the FEM using Concrete Damage Plasticity Modeling. The results 
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indicated failure on the column’s tensile face, particularly tensile cracking. As a result, the 
experimental test and damage pattern were appropriately changed, increasing the CDPM 
stability in numerical calculations. It was found that column performance can be affected 
by changing the configurations instead of increasing the fabric layers [76].  

Table 3. displays the summary of literature review of strengthened concrete columns. 
Glass fabric reinforced cementitious matrix was examined by Quyen et al. as a confinement 
material for RC column which meet the slenderness ratio. The authors report that for both 
single and double layers of FRCM, the Strengthening column increased by 22.1% and 
55.5%, respectively. [77]. Reducing the fabric spacing, decreasing the core strength of 
concrete, and thickening the Engineered Cementitious Composites helps to improve the 
compressive response of pre-damaged columns [78]. Nguyen et al. reported that the non-
linear computation of G-FRCM predicted more results than experimental results [69]. 
Ludovico et al. noticed that confinement made of basalt fibers that were bonded using 
cement mortar performed better than epoxy-based laminates [79][80]. The confined 
concrete column strengthened with FRCM shows good ductility property and increased 
the strength up to 20% [81], whereas using basalt as strengthening fabric, the load carrying 
capacity increased to 34% [82]. The column confined with CFRCM exhibited a considerable 
increase in compression strength, energy absorption, and deformability [83][84][85]. 
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Table 3. Summary of literature review of strengthened concrete columns 

Ref. Column ID 
Bonding 

Type 

Compressive 
strength of 

Bonding agent 
(MPa) 

Fabric   
Type  

Tensile 
strength 
of fabric 

(MPa) 

No. of 
Fabric 
Layers 

Compressive 
Strength of  

FRCM 
Confined 

Concrete, fcc  
(MPa) 

Peak 
strength on 
unconfined 
specimens, 

fco  
(MPa) 

Average 
of     (Fcc / 

Fco) 

Average 
of (Ɛccu 

/Ɛcu) 

Failure 
Mode 

(77) 

S3 

Cement  
Mortar 

30 Glass 1814 

2 22.35 15.52 1.12 1.34 

RF 

S10 

1 

18.01 

17.83 

1.37 1.58 

S11 20.15 1.37 1.58 

S12 21.93 1.37 1.58 

S13 2 23 1.12 1.34 

(78) 

C-S2-D0 

Cement  
Mortar 

22.9 

Carbon 1487 2 

19.2 

36.8 

1.09 0.83 

D 

C-S3-D0 22.4 1.33 3.33 

C-S4-D0 20 1.18 2.53 

C-S5-D0 21.9 1.25 1.9 

C-S6-D0 23.5 1.31 1.55 

G-S3-D0 

Glass 586 2 

19.3 1.15 2.25 

G-S4-D0 18.6 1.1 1.34 

G-S5-D0 18.9 1.08 1.77 

G-S6-D0 18.6 1.04 1.29 

(79) 

G1-GRO3-Y-A,B 

Grout 

Glass 
1 

36.81 

34.62 

1.06 - 

D 

G1-GRO3-Y-A,B 42.31 1.22 - 

G2-GRO3-Y-A,B 2 50.12 1.44 - 

C1-GRO2-Y-A,B 
Carbon 1 

43.82 1.26 - 

C1-GRO3-Y-A,B 43.04 1.24 - 
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C2-GRO3-Y-A,B 2 57.6 1.66 - 

(80) 

M1-1 

Pozzolanic 
Mortar 

22.4 

Basalt 894 

1 

25.51 

21.8 

1.17 1.24 

DF 

M1-2 25.94 1.19 1.35 

M1-3 27.47 1.26 1.28 

M1-4 27.03 1.24 1.34 

M1-5 24.42 1.12 1.33 

M1-6 

2 

26.81 1.23 1.49 

M2-1 29.21 1.34 1.44 

M2-2 27.9 1.28 1.38 

M2-3 26.38 1.21 1.52 

M2-4 24.85 1.14 1.21 

M2-5 27.25 1.25 1.38 

M2-6 27.69 1.27 1.39 

C1-1 

Cement  
Mortar 

31.5 

1 

29.21 1.34 - 

C1-2 27.69 1.27 - 

C1-3 29.87 1.37 - 

C1-4 28.56 1.31 - 

C1-5 28.99 1.33 - 

C1-6 27.69 1.27 - 

C2-1 

2 

28.34 1.3 - 

C2-2 27.47 1.26 - 

C2-3 27.25 1.25 - 

C2-4 30.08 1.38 - 

C2-5 28.78 1.32 - 
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C2-6 30.74 1.41 - 

(81) 

CF2M-A 

Pozzolanic 
Mortar 

Carbon 

2 
20.83 16.8 1.24 3.81 

RF 
CF2M-B 20.58 16.08 1.28 4.4 

CF3M-A 
3 

23.69 16.8 1.41 3.41 

CF3M-B 23.96 16.08 1.49 2.79 

(84) 

LDG-A-1 

Cement  
Mortar 

31.1 

Glass 

3240    
4840 

1 29.4 

20.4 

1.44 3.88 

RF 

LDG-A-2 2 24.3 1.19 3.5 

LDG-H-1 1 30 1.47 3.4 

LDG-H-2 2 30 1.47 3.07 

HDG-A-1 1 25.1 1.23 2.71 

HDG-A-2 2 23.9 1.17 8.38 

HDG-H-1 Portland 
Cement  
Mortar 

2.49 
1 31.9 1.56 1.69 

HDG-H-2 2 28.1 1.38 4.51 

BGP-A-1 Cement  
Mortar 

31.1 
Glass,  
Basalt 

1 28.5 1.4 - 

BGP-A-2 2 29.1 1.43 1.12 

BGP-H-1 Portland 
Cement  
Mortar 

2.49 
1 32.9 1.61 3.13 

BGP-H-2 2 30.7 1.5 2.47 

(83) 

M15_CF_1 

Cement  
Mortar 

17 

Carbon 240 1 13.32 

11.4 

1.2 1.63 

DF 

M15_CF_2 
270 

2 13.98 1.23 1.53 

M45_PBO_1 PBO 1 18.14 1.64 3.23 

M45_PBO_2 

240 

2 17.27 1.51 2.96 

M45_CF_1 Carbon 1 13.85 1.25 1.41 

M45_CF_2 2 13.46 1.18 1.34 

(70) C20-1 31.9 Carbon 1487 1 23 21.2 1.08 1.82 RF 
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where, D- Debonding, RF- Rupture Failure, DF – Ductile failure, CC- Concrete Crushing, SY-Steel Yielding. 

C20-2 

Cement  
Mortar 

2 26.2 1.23 1.68 

S20-1 1 20.3 0.95 1.97 

S20-2 2 21.2 1 1.88 

C33-1 1 19.8 0.93 1.49 

C33-2 2 21.9 1.03 1.67 

S33-1 1 17.1 0.8 2.43 

S33-2 2 20.9 0.98 1.31 

(72) 

C20_D0_C2 

Cement 
Mortar 

28.2 PBO 1487 

1 17.63 13.15 1.34 1.276 

CC 

S20_D0_C2 2 14.34 14.2 1.01 1.222 

S33_D0_C2 3 21.09 16.58 1.27 1.2 

C20_D1_C2 17.62 13.15 1.34 0.655 

S20_D1_C2 14.67 14.2 1.03 0.777 

S33_D0_C2 14.98 16.58 0.9 1.1 
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The compressive strength and strain of the confined concrete improved with an increase 
in the number of applied FRCM layers. As the number of layers increases, the effectiveness 
generally decreases and the increase is typically non-proportional to the number of 
reinforcement. The efficiency of TRM jackets in enhancing the axial load-carrying capacity 
of confined concrete is largely dependent on the strength of the unconfined concrete; the 
jackets are more effective for lower unconfined concrete strength values. 

3.3. Strengthening of RC Slab using FRCM 

The RC slabs are stressed bi-axially and have a larger bottom surface area than RC beam, 
therefore adopting bi-directional fabric is more appropriate for strengthening the slabs. A 
study on the flexural behavior of two-way RC slabs reinforced with FRCM was carried out 
by Koutas et al. Their findings revealed that the stiffness and cracking stress of the slab 
were significantly enhanced by adding more layers [86]. Utilizing polymer-
modified cement mortar as the binder, Bing L et al. investigated the strengthened slab's 
performance under fire exposure and found that the strengthening layer could withstand 
the fire for about 30 minutes [87]. Fig. 11 illustrate the strengthening method of RC slabs.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 11. Strengthening of RC slabs (a) surface preparation (b) Placing 1st mortar (c) 
Placing Fabric reinforcement (d) Finishing with 2nd layer of mortar [88] 
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Zhang et al. studied the flexural behaviour of RC slab using Geopolymer mortar as binder 
and found that strengthened slab delays the development of cracks, improves the post-
cracking stiffness, and flexural capacity [89]. A study conducted by Kadhim et al. employed 
Carbon-FRCM to analyze two-way slabs strengthened in flexure. They observed that 
raising the FRCM reinforcement's width from 0 to 0.25 enhanced the final strength by 84%. 
Moreover, significant gains in strength of about 19% were observed when the width-to-
span ratio increased from 0.25% to 1% [90].  Yoel et al. investigated the flexural 
strengthening of concrete slab with textile reinforced concrete and found that ultimate 
flexural capacity and stiffness of the strengthened slabs were increased to 165% and 
112%, respectively than unstrengthened slab [88]. The researchers Sabbaghian et al. 
studied the flexural behavior of reinforced concrete (RC) slabs strengthened with thin 
laminates of High-Performance Fiber-Reinforced Cementitious Composite (HPFRCC). The 
laminates contain varying percentages of steel fibers (1% and 2%) and are applied with 
different binding methods (epoxy or mechanical anchorage), with or without internal bars 
(steel or GFRP). Experimental results show the enhancements in the load-bearing capacity 
and reduced the development of cracks and increased the ductility [91]. 

3.3.1. Summary 

The RC slab capacity increases with FRCM techniques. By adding a greater number of 
layers to an RC slab greatly increased the slab’s stiffness and cracking stress. And, also the 
strengthened slab delays the cracks development post-cracking stiffness, and increases the 
ductility. 

3.4.  Strengthening of Beam-Colum Joint using FRCM 

When a structure experiences a lateral cyclic load caused by an earthquake, the bending of 
adjacent members results in large magnitude stresses that can be directed in various 
directions, which leads to the failure of a beam-column connection. The beam-column joint 
is one of the most important structural parts. Its failure is viewed as undesirable since it 
can drastically reduce stiffness and strength, eventually causing the building to collapse as 
a whole. Exterior beam-column joints are restricted by surrounding beams in four 
directions, are more susceptible to failure during an earthquake than interior joints. The 
majority of the joints that failed in the most recent earthquake all over the world, to 
strengthen the beam-column joint of older and newly constructed building is required to 
prevent the gradual collapse of structures.  

 

                            (a)                                                   (b)                                                 (c) 

Fig. 12. Strengthening of beam-column joint (a) Applying the first layer of binder (b) 
Applying the fabric (c) Applying the second layer of binder [93] 

An experimental study was carried out by Faleschin et al. to study the cyclic behavior RC 
exterior joints that were strengthened with FRP and FRCM composites. It was found that 
while FRP and FRCM composites were not able to restore the joint specimens capacity, 
FRCM composites were better than FRP at increasing the load capacity [92]. Yang et al. 
increased the shear strength of RC beams by employing basalt-FRCM and carbon-FRCM 
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with polymer-modified mortar and ECC [42]. Fig. 12 represents the strengthening of beam-
column joint using FRCM 

FRCM composites were applied by El-Maaddawy et al. to strengthen the corroded RC T-
beams with basalt and carbon FRCM. They observed that the flexural capacity of the beam 
was found to be totally restored by the embedded carbon FRCM system, but not by the 
basalt FRCM [25]. Lim et al. study the beam-column joint strengthened by CFRP grid with 
ECC using high strength mortar. Their findings indicate that failure mechanism of the 
specimens may be changed by transferring the load joint to beam and the specimen’s 
strength performance increases. Furthermore, the specimen exhibits enhanced ductility, 
enabling them to delay the failure [94]. Zuhair Murad et al. carried out an experimental 
study of the cyclic behaviour of retrofitted beam-column joints using FRCM by adopting U-
shaped and X-shaped configuration. The specimens drift ratio, ductility, and stiffness were 
all greatly increased by the strengthened specimen up to 166%, 66%, and 11%, 
respectively. And, also U-shaped techniques performed better than X-shaped configuration 
[93]. 

3.4.1. Summary 

The load capacity of the beam-column joint was greatly increased by the FRCM 
strengthening approach. The failure modes modify from changing the load from joint to 
beam and increase the strength of the specimens. Additionally, the strengthened beam-
column joint enhances its ductility, drift ratio, and stiffness of the strengthened specimen. 

4. Conclusion  

The application of FRCM presents unprecedented prospects for structural renovation and 
repair. The ensuing conclusions are distilled from a thorough analysis of the previously 
conducted studies. This summary covers the RC beam, column, slab, and beam-column 
joint strengthened with FRCM are briefly discussed.  

The strengthening of RC beams with FRCM is found to be effective method for increasing 
the ultimate flexural and shear strength of the strengthened members. The strength gain 
increases non-proportionally as the number of FRCM layers increases.  

The failure modes of flexural and shear strengthened concrete members are fabric roving, 
fabric rupture, debonding at the fabric-matrix interface, and concrete cover separation. 
Flexural strengthened beam elements exhibit more debonding at the fabric-matrix 
interface than shear strengthened beam.  

The main effects of concrete confinement increased the compressive strength with greater 
axial deformation capacity. The strength gain in concrete columns strengthened by FRCM 
is reduced by eccentric loading.  

The mode of failure for column is usually ductile failure due to rupture failure develops in 
the fabric. The mode of failure tends to be ductile because the rupture failure gradually 
spread towards the other fabric inside the reinforcement through the limited number of 
fibers. Debonding failures occurs at the end of the FRCM systems. Additionally, observed 
the fabric slippages, concrete crushing without causing damage to the fabric. Therefore, 
FRCM provide a versatile and cost-effective solution for upgrading the existing structures. 

The fabric used for strengthening the structural members plays a vital role. The selection 
of fabric type varies on the application of FRCM. The carbon and PBO have high tensile 
strength, therefore for heavy damaged structural members’ carbon and PBO fabric can be 
adopted to improve their performance. 
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The FRCM mortar that is used as a binder needs to be selected with carefully. The silica 
fume and fly ash used with cement mortar showed a higher compressive strength. As a 
result, cement containing silica fume and fly ash can be employed as binder for FRCM. 

It is possible to prevent debonding failure modes by properly preparing the surface, 
selecting the right fabric and mortar, and proper implementation of FRCM techniques. 

The RC slab capacity increases with FRCM techniques. By adding a greater number of 
layers to an RC slab greatly increased the slab’s stiffness and cracking stress. And, also the 
strengthened slab delays the cracks development post-cracking stiffness, and increases the 
ductility. 

The load capacity of the beam-column joint was greatly increased by the FRCM 
strengthening approach. The failure modes modify from changing the load from joint to 
beam and increase the strength of the specimens. Additionally, the strengthened beam-
column joint enhances its ductility, drift ratio, and stiffness of the strengthened specimen. 

According to the authors, using fabric-reinforced cementitious matrix composites to 
strengthen the concrete structures is a very promising method that is gaining interest from 
the worldwide scientific society. Future studies in this area should focus on the enhancing 
the fabric strengthening, studying the durability of the strengthening techniques with 
elevated temperature and developing design guidelines within the framework of existing 
design formulations. It is essential to investigate the behaviour of FRCM in different 
conditions, such as fire, gas blasting, extreme loading conditions, etc. It is necessary to 
conduct extensive research on the impact of FRCM under fire by experimentally with slow 
and quick heating rates which causes damages in strengthened members. 

Abbreviations 

FRCM-Fabric Reinforced Cementitious Matrix; TRM – Textile Reinforced Mortar; FRP –
Fiber Reinforced Polymer; FEM-Finite Element Modeling; RC –Reinforced concrete; NSM –
Near Surface Mounted; GFRP-Glass Fabric Reinforced Polymer; CFRP-Carbon Fabric 
Reinforced Polymer; AFRP – Aramid Fabric Reinforced Polymer. 
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 Calcined clay, a widely studied supplementary cementitious material, has shown 
positive impacts on concrete's microstructural properties, strength 
development, and durability. The variation in raw clay mineral concentration 
across different locations influences the optimal calcination temperature needed 
to activate its pozzolanic reactivity. This investigation focuses on studying the 
effects of calcination temperature on the characterization and pozzolanic 
reactivity of Nigerian Kaolinite clay. The clay was calcined at temperatures 
ranging from 600˚C to 900˚C for 2 hours. Characterization involved X-ray 
Diffraction (XRD), X-ray Fluorescence (XRF), and Scanning Electron Microscope 
(SEM) analyses. Blended mixtures, incorporating 10%, 20%, 30%, and 40% 
metakaolin as cement replacement, were assessed for workability, strength, and 
durability properties at 7, 14, 28, and 56 days to determine the clay's pozzolanic 
reactivity. XRF categorized the metakaolin as a class N pozzolan, while XRD 
indicated that 800˚C for 2 hours was necessary for complete dihydroxylation. 
Compressive, tensile, and sulfate resistance tests confirmed that treating the clay 
at 800˚C for 2 hours optimized its performance. The mix with 10% metakaolin 
outperformed the control by 6.4%, 14.7%, and 14.1% in compressive strength at 
14th, 28th, and 56th days, respectively. While the best performance was at 10% 
replacement, levels up to 30% also demonstrated satisfactory results compared 
to the control, showing potential for achieving desired strengths. Linear 
regression models were also developed to establish the relationship between 
compressive and split tensile strengths across curing periods. The resulting 
equations demonstrate excellent predictive performance with correlation 
coefficients ranging from 0.928 to 0.991. 
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1. Introduction 

All over the world, concrete is the most widely used construction material and its demand 
is expected to increase because of the rapid urbanization and infrastructural developments 
across the globe [1], [2]. Cement remains the most important composition in concrete as it 
is used as the binder but its production causes proliferation of CO2 due to disintegration of 
limestone [3]. Cement accounts for up to 5% of the global anthropogenic CO2 emission [4], 
[5]. CO2 has been identified as one of the greenhouse gases and its reduction is required to 
reduce the impact of global warming. Besides, it requires large amount of heat energy 
(1450˚C) to produce cement from its clinker [5]. Therefore, the main concern of the 
industry is to reduce the carbon footprint, achieve cost efficient construction materials for 
a sustainable environment.  
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Partial replacement of cement with supplementary cementitious materials (SCMs) from 
industrial by-products is another means of reducing consumption of ordinary Portland 
cement. Some of these SCMs are fly ash, silica fume, coffee silver skin, ground granulated 
blast furnace slag and agricultural wastes such as rice husk ash (RHA), and palm oil fuel 
ash. Utilization of SCMs enhanced strength and durability of concrete materials and this 
also serves as an indirect method of reducing CO2 emissions in to the atmosphere [6]. The 
limited availability of most of the aforementioned SCMs in Nigeria due to the low level of 
industrialization hinders their application in concrete production in the country.  

Materials such as calcined clays are also pozzolanic and requires lower energy input 
compared to cement [7]. Its availability in commercial quantities in most parts of the world 
also makes it preferred to other industrial by-product pozzolan. Internationally, many 
studies have investigated the use of calcined clay in concrete in the form of kaolinite, 
smectite, muscovite, illite and montmorillonite as a partial replacement for cement. They 
are reported to impact positively on the microstructure development, workability and 
strength properties, resistance to carbonation and chloride penetration, as well as reduced 
heat of hydration [6], [8], [9].  The kaolinite content of the calcined clay is the most 
important factor influencing the mechanical performance of calcined clay of the blended 
cement [8].  

Kaolinite is one of the clay minerals that is found in claystone. Other clay minerals include 
illite, smectite, chlorite, vermiculite and montmorillonite. Kaolinite is a sheet silicate 
mineral formed by the alteration (chemical weathering) of rocks rich in feldspar through 
the process of hydrolysis [10]. A claystone with high percentage of kaolinite as the clay 
mineral is commonly termed kaolinite clay [11]. Kaolinite clay is found in large quantities 
in various parts of the country including Adamawa, Borno, Abia, Delta, Ekiti, Kaduna, 
Katsina, Kogi, Ogun, Ondo, Oyo, Plateau and Kwara State.  The estimated kaolin mineral 
deposit reserve in the country is about 2 billion metric tons [12].  

Metakaolin (MK) is a product of calcination (thermal treatment) of Kaolinite clay at a 
temperature range of 600 to 900˚C [5], [13]. It is the amorphous alumino-silicate 
(Al2O3.2SiO2) obtained when water is expelled from kaolinite clay (Al2Si2O5(HO)2) at high 
temperature [7], [14]. The process is known as dihydroxylation. The dihydroxylation 
process significantly influences the pozzolanic reactivity of the MK [7]. Various 
investigations have shown that the calcination temperature, heating duration and rate, 
cooling rate, and ambient conditions affect the composition and the reactivity of the 
resulting MK [13]. Studies such as those by Boakye et al. and others [15] have highlighted 
that the calcination temperature significantly impacts the pozzolanic activity index (PAI) 
of metakaolin. Calcination temperatures greater than 900˚C often lead to increased 
crystallinity and reduced amorphous content, affecting the reactivity of metakaolin when 
blended with cementitious systems. Furthermore, investigations by Khaled et al. [16] 
emphasized that different calcination temperatures yield metakaolin with varying particle 
sizes and surface areas, influencing the pozzolanic reactivity and the microstructure of the 
resulting concrete. Research by Abiodun et al. [17] also indicated that metakaolin obtained 
at temperatures from 500˚C to 800˚C for 1hr duration exhibited enhanced mechanical 
properties in concrete, attributed to its amorphous phase content. In another study, Moodi 
et al. [14] investigated the effect of degree and duration of heating on the pozzolanic 
properties and reactivity of metakaolin obtained from Iranian kaolinite clay. The outcome 
of their study revealed that thermal treatment of 750˚C to 850˚C for 1hr was sufficient for 
the activation of the kaolin. It is worthy to emphasize that the concentration of the clay 
minerals as well as other impurities in a particular clay source varies for different locations 
as it depends on the parent rock and the degree of weathering. Therefore, the ideal 
temperature for calcination necessary to stimulate the pozzolanic reactivity within a 
specific clay source differs, contingent upon the mineralogical composition of the clay [13]. 
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2. Research Significance 

Despite the growing interest in supplementary cementitious materials (SCMs) for 
sustainable concrete production, a comprehensive exploration of the influence of 
treatment temperature on the performance of locally available kaolinite, especially in the 
context of Nigeria's construction industry, is not well addressed. 

Nigeria, characterized by its rich reservoirs of kaolinite, presents a unique opportunity to 
investigate the practical viability of utilizing indigenous resources in concrete production. 
Despite this, the lack of comprehensive studies assessing the metamorphic effects of 
different calcination temperatures on Nigerian kaolinite and the subsequent performance 
of derived metakaolin in concrete production represents a gap in the current research 
landscape. 

Addressing this gap is pivotal for several reasons. Firstly, it allows for a more profound 
understanding of the influence of indigenous metakaolin on concrete properties, 
encompassing its impact on workability, mechanical strength, durability, and resistance to 
environmental factors. Secondly, such investigation holds promise for developing tailored 
concrete mixtures that align with the specific climatic and environmental conditions 
prevalent in Nigeria, ensuring sustainable construction practices that resonate with the 
local context. Furthermore, a detailed exploration of locally sourced metakaolin offers a 
strategic pathway toward reducing dependency on imported SCMs, fostering economic 
sustainability within the construction sector. By providing empirical evidence on the 
feasibility and efficacy of utilizing Nigerian kaolinite-derived metakaolin, this research 
strives to offer pragmatic insights that could revolutionize concrete production practices 
in regions constrained by limited access to conventional SCMs. 

Therefore, an in-depth investigation into the influence of treatment temperatures on 
Nigerian kaolinite, and subsequently, the performance of derived metakaolin in concrete 
formulations, stands as an indispensable step toward unlocking the full potential of 
indigenous materials in sustainable construction. 

3. Materials and Methods 

3.1 Materials 

Cement: Portland limestone cement of grade 42.5 (Dangote 42.5R brand) obtained from a 
local supplier in Ilorin, Kwara state, Nigeria with its oxides composition and physical 
properties as presented in Table 1. 

Aggregates: Naturally occurring river sand passing through BS sieve with aperture 2.36 
mm was used as fine aggregates while coarse aggregates were angular-shaped granite 
chippings with maximum size of 12.5 mm.  The granite chippings was purchased from a 
local vender while the sharp sand was sourced from Oyun River in Ilorin, Kwara State, 
Nigeria. 

 Kaolin: The kaolinite clay deposit was sourced from Lakiri village (Ogun State, Nigeria) 
located at latitude 719’25” N and longitude 328’44” E. The clay was first dried under 
natural atmospheric condition for some days and then grinded into powder and then 
sieved before being calcined at different temperature to produce metakaolin. Since there 
is no universally agreed optimal calcination temperature for metakaolin, the grinded clay 
samples were converted to metakaolin by applying heat treatment: Calcination at 600, 700, 
800 and 900˚ C for 2 hrs. The resulting metakaolin samples passing through sieve BS 212-
micron were characterized using X-Ray Fluorescence (XRF) spectrometer, X-ray 
Diffraction (XRD) and Scanning Electron Microscope (SEM) analysis. This is necessary to 
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determine the compounds, bond characteristics and morphology of the metakaolin, 
respectively.  

3.2 Experimental Design and Mix Proportioning 

In other to assess the impact of calcination temperature on the pozzolanic performance of 
metakaolin, a total of eight mixes, containing metakaolin prepared at different 
temperatures (600-900˚C for 2 hrs), were investigated in this research as given in Table 1. 
The control mix was designed following the guideline given in COREN Concrete Mix design 
manual [18]. The percentage metakaolin varied as 10, 20, 30 and 40% in partial 
replacement of Portland Limestone Cement (PLC). Several tests were conducted on the 
fresh and hardened samples, and these include, setting time, workability, compressive 
strength, tensile strength, and sulfate resistance.  

Table 1. Concrete Mix Design (kg/m3) 

S/N Mix Code Percent CEM I MK F. A C.A 
SP 

(liter/100kg 
of cement) 

w/c 

1 0MK000 0 470 0 595 1100 -- 0.5 

2 10MK600 10 423 47 595 1100 -- 0.5 

3 10MK700 10 423 47 595 1100 -- 0.5 

4 10MK800 10 423 47 595 1100 -- 0.5 

5 10MK900 10 423 47 595 1100 -- 0.5 

6 20MK800 20 376 94 595 1100 -- 0.5 

7 30MK800 30 329 141 595 1100 1.5 0.5 

8 40MK800 40 282 188 595 1100 1.5 0.5 
 

3.3 Test Methods 

3.3.1 Characterization Tests 

The elemental composition in oxide form, phase transition and morphological 
characteristics of the calcined clay samples were determined using XRF, XRD and SEM 
analyses. The chemical compositions of the representative samples of the calcined clay 
were obtained using thermo Scientific ARL QUANT'X EDXRF Spectrometer at Umaru Musa 
Yar’adua University, Katsina. The output of XRF along with the provision of ASTM C618-
17a [19], was used to determine either particles of Metakaolin are pozzolanic or not. X-Ray 
diffraction (XRD) measurements were carried out on randomly selected powdered 
samples of calcined clay using an Empyrean diffractometer with a cupper anode material 
at the laboratory of the Nigeria Geological Survey Agency in Zaria, Kaduna state, Nigeria. 
The goniometer which forms the central part of the Empyrean diffraction system has a 
radius of 240 mm. The sample was analyzed using a 2-theta angle range of 5-80 deg C with 
a step of 0.026261 at 30 seconds per step. The morphology of the calcined clay samples 
was analyzed by SEM using a JOEL-JSM 7600F analyzer at the Rolab research and 
diagnostic laboratory, Ibadan, Nigeria.  

3.3.2 Fresh Property Tests 

The normal consistency test was measured on a vicat apparatus in line with ASTM C187-
98 [20]. The initial and final setting times of the blended cement paste samples were also 
measured according to ASTM C403/C403M-16 [21]. The workability properties of the 



Akinpelu et al. / Research on Engineering Structures & Materials 10(3) (2024) 1261-1279 

 

1265 

concrete mixes adopted in the study as reported in Table 1 were also determined through 
slump test as per BS 12350-2 [22]. 

3.3.3 Hardened Properties Tests 

The compressive strength of each of the concrete mix codes were tested on 100 mm cube 
specimens after 7, 14, 28 and 56 days using a compression testing machine with load rate 
of 0.9 kN/s capacity. The cube preparation and compressive strength testing followed the 
procedure given in BS EN 12390-3 [23]. The freshly prepared concrete samples were filled 
up in three layers and each layer received 25 equally distributed strokes in the moulds. 
The concrete samples were demolded after 24 hours of casting and cured in water for 7, 
14, 28 and 56 days before crushing. The reported compressive strengths were the average 
of three tested specimens at various curing days.   

The tensile strength was tested on a cylindrical specimen of 100 mm diameter by 200 mm 
height as per the provision of BS EN 12390-6 [24]. The cylindrical moulds were filled with 
freshly prepared concrete samples in three layers with each layer receiving 25 equally 
distributed strokes. The samples were demolded after 24hrs and cured for 7, 14, 28 and 
56-days prior to determination of the split tensile strength. The reported tensile strengths 
also represent the average of three tested specimens at various curing days. 

3.3.4 Sulfate Resistance 

Some concrete structures, such as storage tanks and wastewater sewers for industrial 
effluents, are exposed to aggressive environments including sulfuric acid solution. 
Degradation of concrete material occurs as it is exposed to such severe condition. The 
sulfate ions in the sulfuric acid solution react with portlandite to produce gypsum. The 
produced gypsum reacts with calcium aluminate hydrate to produce ettringite. The by-
product, ettringite causes expansion of the concrete which eventually affects its strength. 
In this study, the resistance of the concrete mix to sulfate attack was determined in term 
of strength loss when the sample was cured in 5mol/dm3 of sulfuric acid solution for 7, 14, 
28 and 56 days respectively.  

4. Results and Discussion 

4.1 Effect of Treatment Temperature on The Characterization of Metakaolin 

4.1.1Effect of Treatment Temperature on Chemical Composition of Metakaolin 

The effect of calcination temperature on the chemical composition of the calcined clay 
samples, as determined by X-ray Fluorescence (XRF) analysis, is presented in Table 2. 
Metakaolin (MK), an aluminosilicate material, undergoes dehydroxylation during 
calcination, resulting in an increased Si/Al ratio and Al/OH ratios in the samples compared 
to those present in the kaolinite group [Si4]Al4O10(OH)8.4H2O. Additionally, the thermally 
treated clay, as depicted in Table 2, contains traces of ferric oxide (Fe2O3) and magnesia 
(MgO), suggesting the presence of illite and smectite, albeit in minimal quantities. 

Table 3 shows oxide compositions in the MK such that the SiO2+Al2O3+Fe2O3 should not be 
< 70% while Sulfur trioxide (SO3) is limited to 4% maximum, such that it can be classified 
as a class N pozzolan according to ASTM C618 [19].   The moisture content (mc) percentage 
is also limited to 3%. The results in Table 3 show that all the calcined clay samples meet 
the requirements for the oxides compositions of class N pozzolan. Based on these criteria, 
only MK700, MK800 and MK900 samples satisfied the requirements of class N pozzolan 
according to ASTM C618 [19] specification.  

 
 



Akinpelu et al. / Research on Engineering Structures & Materials 10(3) (2024) 1261-1279 

 

1266 

Table 2. Oxides composition and physical properties of the materials 

 CEM I MK600 MK700 MK800 MK900 FA CA 

Al2O3 5.35 41.26 41.14 45.00 46.23   

SiO2 20.62 35.41 35.86 37.14 38.32   

Fe2O3 3.07 0.56 0.57 0.55 0.57   

CaO 61.79 0.03 0.03 0.02 0.02   

MgO 1.93 3.00 3.01 3.35 4.12  

K2O  0.12 0.13 0.1 0.1   

TiO2 0.12 1.62 1.64 1.74 1.78   

MnO 0.06 0.01 0.01 0.01 0.01   

SO3  0.13 0.09 0.11 0.08   

P2O5  0.16 0.13 0.15 0.14   

Specific gravity 2.83 2.29 2.14 2.11 2.04 2.44 2.03 

Water absorption 
(%) 

- - -  - 2.92% 0.40% 

Fineness Modulus - - -  - 2.2 2.65 

Moisture Content % - 6.5 2.36 2.56 1.42   

Fineness (%) 0.79% - - - - -  

Salman et al. [1]* 

Table 3. Comparison of oxides to composition 

Sample SiO2+Al2O3 + Fe2O3 (%) SO3 (%) MC (%) 

MK600 77.23 0.13 6.5 

MK700 77.57 0.09 2.56 

MK800 82.69 0.11 2.36 

MK900 85.12 0.08 1.42 

ASTM C618 ≥ 70 ≤ 4 ≤ 3 
 

4.1.2 Effect of Heat Treatment on Phases of Metakaolin 

The calcination temperature (600°C, 700°C, 800°C, and 900°C) influences the phase 
transition of the calcined clay samples, as can be seen in Fig. 1. At 600C calcination 
temperature, noticeable peaks include that of Kaolinite (K) and Quartz (Q). Calcining 
kaolinite before or at temperature of 600C, the kaolin clay present in clay has not 
undergone complete transformation. Quartz is a crystal mineral of silica oxides abundantly 
available in the earth’s surface. At 700C, the noticeable peaks include that of Kaolinite (K) 
and Anatase (A). Incomplete transformation of kaolin clay could only be the reason where 
kaolinite minerals could still be present in the calcined clay. The anatase is a crystalline 
mineral of titanium oxides and one of the major impurities found in kaolin clay [1]. 
Majority of the kaolinite and other materials present in the clay calcined at 600C and 
700C calcination temperatures had been transformed to amorphous materials at the 
800C as indicated by the presence of fewer anatase peaks and presence of humps at points 
between when 2thetha is 20 and 30. At 900C, the only noticeable peaks here are that of 
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anatase which are known for its titanium oxides origin. Several peaks of Kaolinite (K), 
Anatase (S) and Quartz (Q) shown in clay calcined at 600 and 700C show that calcined 
clay at 600 and 700C are majorly in crystal forms. Little broad humps noticed at 600 and 
700C may demonstrate presence of fewer amorphous materials.  Presence of broad 
humps at between when 2thetha is at between 20 and 30 in the diffractograms at 
calcination temperature of 800 and 900C indicated the amorphousness of the materials. 
Peaks represented anatase shown presence of crystal materials at both phases. As shown 
in Fig. 1, clay calcined at 800C has fewer anatase peaks in comparison to calcined clay at 
900C. The broad areas in calcined clay at 800C is slightly bigger compared to that of 
900C, all of these indicated the degree of amorphousness in 800C as compared to that 
900C. Presence of many anatase peaks in clay calcined at 900C could be a sign indicating 
beginning of transformation from amorphous materials to crystal materials [25], [26]. 

 

Fig. 1. XRD of the metakaolin at different calcination temperature 

4.1.3 Effect of Heat Treatment on the Microstructural Properties of Metakaolin 

Kaolinite consists of alternating plate of silica and alumina connected by a strong bond. 
The micrographs of the calcined clay samples are presented in Fig. 2.  At calcination 
temperature of 600C, the calcined clay materials that are produced are closely packed 
together with some forms of voids indicating presence of microspores. They are arranged 
in regular pattern and their shape are majorly spherical. Also noticeable in calcined clay 
formed at 600C are particles of different sizes indicating incomplete calcination of kaolin 
particles. At 700C, the calcined clay formed are of different shapes; while some are 
irregular cuboid, others are flaky, and long cylindrical shapes. There are also noticeable 
micropores in the SEM micrographs of calcined clay formed at 700C. Calcined clay formed 



Akinpelu et al. / Research on Engineering Structures & Materials 10(3) (2024) 1261-1279 

 

1268 

at 800C have regular shapes with regularly arranged and packed particles. The noticeable 
micropores are smaller as compared to micropores found in calcined clay produced at the 
calcination temperature of 600 and 700C. The arrangement of calcined clay formed at 
900C shows that the particles are not arranged in regular pattern, sizes and shape seems 
to be different greatly. The particles appeared at point as if they are cob wires and are in 
layers. The presence of micropores all around calcined clay particles. This may be a sign of 
transformation to crystalline particles.  

  

  

Fig. 2. SEM image of the metakaolin produced at different calcination 

4.2 Effect of Metakaolin on Fresh Properties of Concrete 

4.2.1 Initial and Final Setting Time 

Table 4 presents the findings regarding the initial and final setting time of the cement paste 
blended with MK. The results revealed that replacement of cement with 10% metakaolin 
reduced both the final and initial setting time compared to the control group irrespective 
of the treatment temperature. Although, it was also observed that the setting time 
increased with increment in the treatment temperatures. This can be attributed to MK's 
ability to decrease the fluidity of cement, resulting in a reduction in free water content. As 
the setting time of cement primarily depends on the water-to-cement ratio, the addition of 
MK to the cement paste could effectively reduce the setting time. Similar observations have 
been reported by Khamchin et al. [27]. 

Contrarily, a study by Li et al. [28] reported that incorporating 5% to 20% metakaolin in 
cement increased both the final and initial setting time. It is important to mention that Li 
et al. (2022) used varying dosages of superplasticizer in their mix designs, which were 
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proportional to the quantities of MK. It is widely known that superplasticizers can 
influence the setting time of cement paste and concrete [29]. 

Moreover, as the percentage of MK replacement increased, the final and initial setting 
times of the cement paste also increased. This can be attributed to the fact that higher 
amounts of MK required more water to achieve the standard consistency of the cement 
paste. Consequently, the increased water-to-cement ratio delayed the rate of cement 
setting, resulting in a longer setting time. Thus, beyond a 20% replacement (specifically at 
30% and 40%), the setting time of the cement paste exceeded that of the control, as 
indicated in Table 4. 

Table 4. Initial and final setting time results 

Setting time (mins) CEM I 10MK600 10MK700 10Mk800 10MK900 20MK800 30MK800 40MK800 

Initial 103 77 83 88 94 97 103 109 

Final 349 309 316 323 332 348 351 358 

 

4.2.2 Workability of Concrete 

The impact of metakaolin on the slump values of mixtures is illustrated in Fig. 3. The 
findings demonstrate that the workability of concrete mixtures is adversely affected by the 
inclusion of metakaolin. Fig. 3a reveals that as the treatment temperature of metakaolin 
increased from 600°C to 900°C, the slump values of the concrete mixtures decreased. The 
flow characteristics of concrete are significantly influenced by the morphological features 
of metakaolin, including its size, shape, and surface area. The SEM image of MK600 in Fig. 
2 reveals particles that could hinder the flow of the concrete mixture, potentially impacting 
its flowability. Moreover, the presence of flaky and elongated cylindrical particles in the 
sample treated at 700°C (Fig. 2) might further restrict flow and adversely affect the 
concrete's workability. The SEM micrographs also highlight the substantial surface area of 
well-arranged and densely packed MK800 particles, influencing water demand and the 
pace of pozzolanic reactions in the concrete mix. These increased surface areas offer more 
reactive sites for chemical interactions with calcium hydroxide, enhancing strength and 
durability. Nonetheless, it is important to note that excessively high surface areas can 
increase water demand and reduce workability due to heightened water absorption by the 
metakaolin particles. 

 
(a) 

 
(b) 

Fig. 3. Effect metakaolin on slump values 

The effect of high-volume replacements is depicted in Fig. 3b. The results indicate that 
increasing the percentage replacement from 10% to 40% at 10% intervals significantly 
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decreases the slump flow and, consequently, the workability of the concrete. Among the 
mixes, the one containing 30% metakaolin treated at 800°C achieved a slump value of 20 
mm, which is slightly higher than the other mixtures. It is important to note that this 
particular mix included superplasticizer, thus the improved workability can be attributed 
to the addition of superplasticizer. On the other hand, the mix incorporating 40% 
metakaolin as a cement replacement recorded zero slump. This further confirms that 
calcined clay has an adverse effect on concrete workability. Similar observations have been 
reported by Salau and Osemeke [30] and Salman et al. [1].  

4.3 Effect of Metakaolin on the Strength Properties of Concrete 

4.3.1 Compressive Strength 

The effect of partial replacement of cement with metakaolin (MK) obtained at different 
treatment temperatures on the compressive strength of concrete is depicted in Fig. 4. The 
results presented in Fig. 4a indicate that the inclusion of 10% MK by weight of cement 
reduced the 7-day strength of the concrete, except for samples containing MK obtained at 
600˚C, which exhibited a strength greater than that of the control by 2.7%. The reduction 
in early-age strength could be linked to several factors. As a pozzolanic material, its slower 
reaction compared to cement during early hydration stages delays strength development. 
Moreover, the particles of metakaolin fill spaces between cement grains, potentially 
altering the water-to-cementitious material ratio and causing a dilution effect that impacts 
early strength. Additionally, while metakaolin reacts with calcium hydroxide to form C-S-
H gel, crucial for long-term strength, this process might not sufficiently compensate for 
reduced early strength due to its slower activation during the initial stages of concrete 
setting and curing. These combined effects contribute to the observed reduction in early 
strength when metakaolin is used as a replacement for cement.  

At the 14th day, all samples containing 10% MK exhibited compressive strength slightly 
exceeding that of the control, regardless of the calcination temperature. This suggests a 
faster rate of strength development in samples containing 10% MK between 7 and 14 days. 
The strength gain continued beyond the 28-day of curing, signifying the significant 
influence of the later-age pozzolanic effect of MK. The best performance in terms of 28-day 
and 56-day compressive strength was recorded in concrete samples containing 10% MK 
obtained at 800˚C for 2 hours. The compressive strength of the mix (10MK800) was higher 
than that of the control by 14.72% and 14.12% at 28 days and 56 days, respectively. The 
observed increase in strength at 28 days and 56 days, resulting from the partial 
replacement of cement with metakaolin, could be attributed to several factors. The results 
of XRF presented in Table 3 and XRD depicted in Fig. 1 confirm the pozzolanic nature of 
metakaolin, hence its gradual reaction extending beyond the initial stages of concrete 
formation. This prolonged pozzolanic activity continually forms additional calcium silicate 
hydrate (C-S-H) gel, a key factor enhancing concrete strength over time. Furthermore, this 
pozzolanic activity enhances the formation of finer, more reactive particles, contributing 
to a denser and more homogeneous concrete microstructure, ultimately bolstering long-
term strength. Additionally, the interaction between metakaolin and the cementitious 
matrix, notably in the presence of calcium hydroxide from cement hydration, generates a 
synergistic effect. This interaction further amplifies the formation of C-S-H gel, 
strengthening the concrete during the extended curing period. These intricate interactions, 
derived from metakaolin's pozzolanic properties and its significant influence on the 
concrete's microstructure and prolonged curing, collectively explain the observed increase 
in strength observed at 28 days and 56 days when metakaolin replaces cement in concrete 
formulations. 

To examine the impact of higher volume replacement of cement with MK on concrete 
strength properties, samples containing 20%, 30%, and 40% of MK calcined at 800˚C 
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(MK800) were tested at 7, 14, 28, and 56 days of curing, as reported in Fig. 4b. The mixes 
containing 10%, 30%, and 40% of MK800 exhibited lower strengths compared to the 
control at the 7-day curing period. Although the samples containing 20% MK800 showed 
strength higher than that of the control at 7 days, this result does not align with the other 
findings and is therefore considered an outlier. At the 14-day of curing, samples containing 
10% and 20% MK800 exhibited compressive strength higher than the control by 6.4% and 
6.9%, respectively, while mixes incorporating 30% and 40% MK800 exhibited lower 
strength than the control, with 40MK800 recording the lowest strength. At the 28-day of 
curing, only samples from the 40MK800 mix exhibited strength lower than the control by 
41.6%, whereas the specimens from 10MK800, 20MK800, and 30MK800 mixes achieved 
strengths greater than the control by 14.71%, 8.82%, and 3.3%, respectively. At the 56-day 
mark, however, only the 10MK800 mixes showed an improvement in strength of 14.11% 
compared to the control. Consequently, it can be concluded that a 10% replacement of 
cement with MK demonstrated optimal performance in terms of 14-day, 28-day, and 56-
day compressive strength. This aligns with the conclusions of Busari et al. [11]  and Tawfiq 
et al. [31]. However, mixes containing up to 20% and 30% MK800 could still achieve 
108.80% and 103.4% of the designed strength at 28 days and, 93% and 88% of the control 
strength at 56 days, respectively. Therefore, a replacement level of up to 30% may still be 
adopted to achieve the desired design strength but with adequate quality control checks. 

 
(a) 

 
(b) 

Fig. 4. Compressive strength of concrete containing metakaolin 
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4.3.2 Split Tensile Strength 

Split tensile test is an indirect method of measuring tensile strength of concrete. The split 
tensile strength of the samples measured at 7, 14, 28 and 56-days is shown in Fig. 5. As 
expected, the result followed similar trend with that of compressive strength since the 
tensile strength is dependent on the compressive strength [32]. As shown in Fig. 5a, 
blending of cement with 10% MK negatively influenced the 7th day split tensile strength. 
The reduction in strength also increased with increase in calcination temperature. At 14th, 
28th and 56th day, the tensile strengths of specimens incorporating 10% MK generally 
exceed that of the control irrespective of the calcination temperature with the calcined clay 
obtained at 800˚C for 2hrs giving the best performance. The impact of higher volume 
replacements is indicated in Fig. 5b. Replacement of cement with 10%, 20% and 30% 
metakaolin led to increment in split tensile strength by 38.05%, 38.05% and 26.54% 
respectively at 14th day; 48.78%, 29.27%, and 24.34% respectively at 28th day; 26.14%, 
9.45% and 8.17% respectively at 56-day. Just as in the case of compressive strength, the 
samples containing 20% MK800 showed strength higher than that of the control at 7 days, 
this result does not align with the other findings and is therefore considered an outlier. 
Although replacement of cement with 10% metakaolin gave the best performance as per 
split tensile strength for all the curing days, replacement level of up 30 % still 
outperformed the control after 56 days of curing.  

 
(a) 

 

(b) 

Fig. 5. Split tensile strength of concrete containing metakaolin 
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4.4 Correlation Matrix 

The correlation coefficient, a statistical indicator measuring the linear relationship 
between variables, was utilized in this study. Specifically, the relationship between the 
strength attributes of blended mixes integrating metakaolin treated at varied 
temperatures (ranging from 600 to 900˚C for 2 hours) and control samples were evaluated. 
Tables 5A and 5B show results indicating strong positive correlations between the control 
samples and blended mixes. Notably, within the blended concrete mixtures, samples 
containing metakaolin calcined at 800˚C exhibited the highest correlation values, reaching 
approximately 95% for compressive strength and 60% for split tensile strength, 
respectively. This is in line with Guilford’s rule of thumb with the following statistical 
ranges r<20%, 20%<r<40%, 40%<r<70%, 70%<r<90%, and r>90%, corresponding to an 
almost negligible correlation, low correlation, moderate correlation, high correlation, and 
very high correlation, respectively [33], [34]. 

Table 5a. Correlations matrix for compressive strength 

 

Thus, further investigation was conducted using the linear regression model (LRM) to 
establish the correlation between the compressive strength of concrete samples—
incorporating varied percentages (0, 10, 20, 30, and 40%) of metakaolin obtained at an 
optimum temperature of 800˚C—and their corresponding split tensile strength for each of 
the curing periods: 7 days, 14 days, 28 days, and 56 days. This follows that using this set of 
equations, either of the two parameters can be predicted if the other parameter is 
available. Four different linear equations were modeled; one per curing period. There were 
fifteen (15) samples per curing period, and these were divided into two parts. Part A 
consists of ten (10) data while Part B consists of the remaining five (5) data. Parts A and B 

 CTRL 10MK600 10MK700 10MK800 10MK900 

CTRL 
r 1     

p-value      

10MK600 
r 0.853** 1    

p-value 0.000     

10MK700 
r 0.907** 0.896** 1   

p-value 0.000 0.000    

10MK800 
r 0.949** 0.855** 0.887** 1  

p-value 0.000 0.000 0.000   

100MK900 
r 0.904** 0.779** 0.873** 0.891** 1 

p-value 0.000 0.003 0.000 0.000  

**. Correlation is significant at the 0.05 level.  

Table 5b. Correlations matrix for tensile strength 

 CTRL 10MK600 10MK700 10MK800 10MK900 

CTRL 
r 1     

p-value      

10MK600 
r 0.504 1    

p-value 0.094     

10MK700 
r 0.525 0.813** 1   

p-value 0.080 0.001    

10MK800 
r 0.593 0.759** 0.978** 1  

p-value 0.006 0.004 0.000   

10MK900 
r 0.562 0.865** 0.969** 0.954** 1 

p-value 0.057 0.000 0.000 0.000  

**. Correlation is significant at the 0.05 level (2-tailed) 
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were used for model development and model validation respectively. The results of the 
model development and validation are shown in Tables 6-8. 

As shown in Table 2, the R2 values at the different curing periods range from 53% to 77%. 
This R2 value shows how the independent variables were able to explain the dependent 
variables. 

Table 6. Regression statistics 

 

The p-values in all four cases, as seen in table 7, show that the independent variable (split 
tensile strength) is a good predictor of the dependent variable (compressive strength) as 
these values are less than 0.05 at a confidence interval of 95%. The null hypothesis is, 
therefore, rejected. Thus, the resulting linear simple regression equations are expressed in 
Equations 1-4. 

Table 7. Linear regression model parameters 

 

Model validation was done by using Equations 1-4 to predict the compressive strengths 
(fcu) at 7 days, 14 days, 28 days, and 56 days curing periods respectively using their 
corresponding split tensile strength (ft) values. The performances of these equations were 
evaluated by computing the Mean Errors (MEs) [33], [34], Correlation coefficient (r), 
Coefficient of Determination (r2) [35], and Nash Sutcliff Efficiency (NSE) [34] using 
Equations 5-8, respectively. The results are presented in Table 8.  

Parameter/Curing Periods 7days 14days 28days 56days 

Multiple R 0.88 0.73 0.87 0.87 

R2 0.77 0.53 0.75 0.76 

Adj. R2 0.74 0.47 0.72 0.73 

S.E. (n=10) 2.84 4.84 3.27 3.13 

Variables Coefficients SE P-value 

fcu4 
c4 13.52 4.64  

ft4 7.18 1.41 0.0009 

fcu3 
c3 9.85 4.65  

ft3 7.67 1.56 0.0012 

fcu2 
c2 7.16 6.82  

ft2 7.42 2.47 0.0170 

fcu1 
c1 -0.85 4.14  

ft1 10.84 2.08 0.0008 

fcu1 = -0.85 + 10.84ft1 (1)  

fcu2 = 7.16 + 7.42ft2 (2) 

fcu3 = 9.85 + 7.67ft3 (3) 

fcu4 = 13.52 + 7.18ft4 (4) 

𝑀𝐸 = 
𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒 −   𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒

𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒
∗ 100 (5) 
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Table 8. Model Performance Evaluation Results 

4.5 Effect of Metakaolin on Resistance to Sulfuric Acid Attack 

Fig. 6 shows the result of strength loss in the samples at various curing days. From Fig. 6a, 
it is clear that 10MK800 and 10MK900 mixes exhibited better resistance to strength loss 
across all the curing ages when compared to the control although 10MK800 performs 
better at 14, 28 and 56-days. This agrees with the report of Khatib et al. [7].  The percentage 
loss in strength was also observed to increases with the curing days. Fig. 6b shows that 
increasing the MK800 beyond 20% reduces the effectives of the concrete mix against acid 
attack after 56-days of curing. This further validates the previously presented XRD result, 
which showed that best pozzolanic property is obtained when the kaolinite clay is exposed 
to heat treatment for 2 hours. Other studies including the work of [3, 5, 36] have also 
reported that inclusion of MK in concrete mix alters the acid resistance property.  Masood 
et al. [37] linked the improved durability performance to reduction in the portlandite 
produced in the blended mix since it contains lower quantity of cement. 

 
(a) 

𝑟2 =

(

 
∑ (𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒 − 𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅𝑛
𝑖=1 ) ∗ (𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 − 𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )   

√∑ (𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒 − 𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅𝑛
𝑖=1 )^2 ∗ (𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 − 𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )^2     

)

 

2

 (6) 

𝑟 =

(

 
∑ (𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒 − 𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅𝑛
𝑖=1 ) ∗ (𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 − 𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )   

√∑ (𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒 − 𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅𝑛
𝑖=1 )^2 ∗ (𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 − 𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )^2     

)

  

 

(7) 

𝑁𝑆𝐸 =  1 − ( 
[(∑ (𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒 − 𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒𝑛

𝑖=1 )2]

[∑ (𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒 − 𝐸𝑥𝑝. 𝑉𝑎𝑙𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅𝑛
𝑖=1 )

2
]

) 

 

(8) 

fcu Equations A.M.E. Corr. (r) r2 N.S.E. Remark 

fcu1 -0.85 + 10.84ft1 0.07 0.991 0.981 0.912 Excellent 

fcu2 7.16 + 7.42ft2 0.15 0.967 0.935 0.798 Excellent 

fcu3 9.85 + 7.67ft3 0.04 0.928 0.861 0.851 Excellent 

fcu4 13.52 + 7.18ft4  -0.03 0.961 0.923 0.903 Excellent 
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(b) 

Fig. 6. Percentage strength loss in concrete containing MK when cured in H2SO4 

It was also opined that MK particles could react with free portlandite in pozzolanic reaction 
to produce more C-S-H. Furthermore, Metakaolin's pozzolanic reaction leads to a denser 
concrete microstructure by filling voids and refining the pore structure. This densification 
reduces the pathways for sulfuric acid penetration, thereby minimizing the concrete's 
susceptibility to acid attack. 

 5. Conclusions 

From the results of the experimental analysis on the impact of calcination temperature on 
pozzolanic reactivity of metakaolin conducted in this research, the followings are 
concluded: 

• Blending of cement with 10 to 20 % of metakaolin reduced both the initial and final 
setting time of cement paste when compared to the control.  Beyond 20% 
replacement, however, the setting time of the cement paste was higher than that of 
the control. 

• The inclusion of metakaolin in the concrete mix negatively impacted its workability, 
regardless of the treatment temperature. This decline in workability could be 
attributed to the fine particle size and large surface area of the metakaolin particles 
leading to an increased water demand. 

• This decline in workability could be attributed to the improved pozzolanic reaction 
within the concrete mix, resulting from the large surface area of metakaolin 
particles and subsequently leading to an increased water demand. 

• The partial replacement of cement with metakaolin negatively impacted the 7th-
day strength of concrete due to a delayed pozzolanic reaction of metakaolin, as a 
result of the dilution effect of metakaolin on cement. 

•  The mix incorporating 10% metakaolin as replacement for cement outperformed 
the control mix by 6.4%, 14.7% and 14.11% as per 14th, 28th and 56th day 
compressive strength respectively. However, mixes containing 20% and 30% 
metakaolin are still favorable, achieving 108.80% and 103.4% of the control 
strength at 28days, and 93% and 88% of the control strength at 56days 
respectively. Metakaolin reacts with calcium hydroxide formed in cement 
hydration, producing extra cementitious compounds such as calcium silicate 
hydrate (C-S-H) gel, which later enhances the overall strength of the concrete. 



Akinpelu et al. / Research on Engineering Structures & Materials 10(3) (2024) 1261-1279 

 

1277 

• Also, the optimum performance as per 14, 28 and 56 days split tensile strength was 
recorded in samples incorporating 10 % metakaolin thermal treated at 800 ˚C for 2 
hrs. The tensile strength was improved by 38.0 %, 48.7 % and 26.1 % at 14th, 28th 
and 56th day respectively. However, it is worthy to note that mix containing 20% 
and 30% are still desirable as per tensile strength since they achieve strength 
higher than the control at after 14, 28 and 56 days of curing. 

• With regards to resistance to acid attack, blending of cement with up to 20% 
metakaolin obtained at 800˚ C for 2 hrs showed better resistance to acid attack 
across all the curing ages when compared to the control and other mixes. This is 
due to the fact that metakaolin's pozzolanic reaction leads to a denser concrete 
microstructure by filling voids thereby reduces the pathways for sulfuric acid 
penetration. 

• The correlation analysis also indicated strong positive associations between the 
compressive and tensile strength properties of concrete incorporating metakaolin. 
Specifically, the mix containing metakaolin treated at 800˚C demonstrated the 
highest correlation, reaching 95% for compressive strength and 60% for split 
tensile strength. 

• Based on these results, the optimum calcination temperature for the clay source 
considered in this study is 800˚C for 2 hrs. The optimum performance in term of 
compressive strength, tensile strength and durability properties was recorded at 
10% replacement, although replacement level of up to 30% could still be utilized to 
achieve the desired strength.   

Acknowledgement 

The authors acknowledge that this study is supported by the Federal Government of 
Nigeria through the TETFUND Institution-Based Research (IBR) allocation: 
KWASUIBR/CSP/090320/VOL7/TETF2019/0092. 

References 

[1] Salman AM, Akinpelu MA, Yahaya IT, Salami HM. Workability and strengths of ternary 
cementitious concrete incorporating calcined clay and limestone powder. In: Materials 
Today: Proceedings. Elsevier Ltd; 2023. https://doi.org/10.1016/j.matpr.2023.02.249   

[2] Kumar P, Pasla D, Saravanan TJ. Self-compacting lightweight aggregate concrete and its 
properties : A review. Constr Build Mater. 2023;375:1-40. 
https://doi.org/10.1016/j.conbuildmat.2023.130861  

[3] Trümer A, Ludwig H, Schellhorn M, Diedel R. Effect of a calcined Westerwald bentonite 
as supplementary cementitious material on the long-term performance of concrete. 
Appl Clay Sci. 2019;168:36-42. D https://doi.org/10.1016/j.clay.2018.10.015  

[4] Ismail AH, Kusbiantoro A, Chin SC, Muthusamy K, Islam M, Tee KF. Pozzolanic reactivity 
and strength activity index of mortar containing palm oil clinker pretreated with 
hydrochloric acid. J Clean Prod. 2020;242:1-10. 
https://doi.org/10.1016/j.jclepro.2019.118565  

[5] Shi Z, Ferreiro S, Lothenbach B, Geiker MR, Kunther W. Sulfate resistance of calcined 
clay - Limestone - Portland cements. Cem Concr Res. 2019;116:238-251. 
https://doi.org/10.1016/j.cemconres.2018.11.003  

[6] Laidani ZE, Benabed B, Abousnina R, Gueddouda MK, Kadri E. Experimental 
investigation on effects of calcined bentonite on fresh , strength and durability 
properties of sustainable self-compacting concrete. Constr Build Mater. 
2020;230:117062. https://doi.org/10.1016/j.conbuildmat.2019.117062   

https://doi.org/10.1016/j.matpr.2023.02.249
https://doi.org/10.1016/j.conbuildmat.2023.130861
https://doi.org/10.1016/j.clay.2018.10.015
https://doi.org/10.1016/j.jclepro.2019.118565
https://doi.org/10.1016/j.cemconres.2018.11.003
https://doi.org/10.1016/j.conbuildmat.2019.117062


Akinpelu et al. / Research on Engineering Structures & Materials 10(3) (2024) 1261-1279 

 

1278 

[7] Khatib JM, Baalbaki O, Elkordi AA. Metakaolin. In: Waste and Supplementary 
Cementitious Materials in Concrete. Elsevier Ltd; 2018:493-511. 
https://doi.org/10.1016/B978-0-08-102156-9.00015-8  

[8] Dhandapani Y, Sakthivel T, Santhanam M, Gettu R, Pillai RG. Mechanical properties and 
durability performance of concretes with Limestone Calcined Clay Cement ( LC 3 ). Cem 
Concr Res. 2018;107(July 2017):136-151. 
https://doi.org/10.1016/j.cemconres.2018.02.005  

[9] Sabir BB, Wild S, Bai J. Metakaolin and calcined clays as pozzolans for concrete : a 
review. 2001;23. https://doi.org/10.1016/S0958-9465(00)00092-5  

[10] Haruna A, Kasham VA. X-Ray Florescence Analysis ( XRF ) of Kaolin in the South 
Eastern Nigeria. J Basic Appl Res. 2016;2(2):160-165. 

[11] Busari A, Dahunsi B, Akinmusuru J. Sustainable concrete for rigid pavement 
construction using de-hydroxylated Kaolinitic clay : Mechanical and microstructural 
properties. Constr Build Mater. 2019;211:408-415. 
https://doi.org/10.1016/j.conbuildmat.2019.03.170  

[12] Teme SC. Geotechnical characteristics of some clays from south-western Nigeria : 
implications for industrial utilization. Eng Geol. 1991;30:305-324. 
https://doi.org/10.1016/0013-7952(91)90065-S  

[13] Bernal SA, Juenger MCG, Ke X, et al. Characterization of supplementary cementitious 
materials by thermal analysis. Mater Struct. 2017;50(1):1-13. 
https://doi.org/10.1617/s11527-016-0909-2  

[14] Moodi F, Ramezanianpour AA, Safavizadeh AS. Evaluation of the optimal process of 
thermal activation of kaolins. Sci Iran. 2011;18(4):906-912. 
https://doi.org/10.1016/j.scient.2011.07.011  

[15] Boakye K, Khorami M, Ganjian E, Saidani M. A review of the Effect of Calcination 
Temperature on the Properties of Calcined Clay Concrete A review of the Effect of 
Calcination Temperature on the Properties of Calcined Clay Concrete. Int J Eng Tech Inf. 
2021;2(3):72-74. https://doi.org/10.51626/ijeti.2021.02.00016  

 [16] Khaled Z, Mohsen A, Soltan A, Kohail M. Optimization of kaolin into Metakaolin : 
Calcination Conditions , mix design and curing temperature to develop alkali activated 
binder. Ain Shams Eng J. 2023;14(6):1-14. 
https://doi.org/10.1016/j.asej.2023.102142  

[17] Abiodun YO, Orisaleye JI, Adeosun SO. Effect of Calcination Temperatures of Kaolin on 
Compressive and Flexural Strengths of Metakaolin- Concrete. Niger J Technol Dev. 
2023;20(1):33-43. https://doi.org/10.4314/njtd.v20i1.1390  

[18] Council for the Regulation of Engineering in Nigeria (COREN). Concrete Mix Design 
Manual, SPECIAL PUBLICATION NO. COREN/2017/016/RC. 1st ed.; 2017. 

[19] ASTM C618-17a. Standard Specification for Coal Fly Ash and Raw or Calcined Natural 
Pozzolan for Use in Concrete.; 2017. 

[20] 20. ASTM C187-98. Standard Test Method for Normal Consistency of Hydraulic 
Cement. ASTM Int 100 Barr Harb Drive, PO Box C700, West Conshohocken, PA 19428-
2959 United States. Published online 2017. 

[21] ASTM C403/C403M-16. Standard Test Method for Time of Setting of Concrete 
Mixtures by Penetration Resistance. ASTM Int 100 Barr Harb Drive, PO Box C700, West 
Conshohocken, PA 19428-2959 United States. Published online 2016. 
doi:10.1520/C0403_C0403M-16 https://doi.org/10.1520/C0403_C0403M-16 

[22] BS EN 12350-2. Testing Fresh Concrete : Slump Test.; 2010. 
[23] BS EN 12390-3. Testing Hardened Concrete : Compressive Strength of Test.; 2019. 
[24] BS EN 12390-6. Testing Hardened Concrete : Split Tensile Strength.; 2010. 
[25] Kouamo HT, Elimbi A, Mbey JA, Sabouang CJN, Njopwouo D. The effect of adding 

alumina-oxide to metakaolin and volcanic ash on geopolymer products : A comparative 
study. Constr Build Mater. 2012;35:960-969. 
https://doi.org/10.1016/j.conbuildmat.2012.04.023  

https://doi.org/10.1016/B978-0-08-102156-9.00015-8
https://doi.org/10.1016/j.cemconres.2018.02.005
https://doi.org/10.1016/S0958-9465(00)00092-5
https://doi.org/10.1016/j.conbuildmat.2019.03.170
https://doi.org/10.1016/0013-7952(91)90065-S
https://doi.org/10.1617/s11527-016-0909-2
https://doi.org/10.1016/j.scient.2011.07.011
https://doi.org/10.51626/ijeti.2021.02.00016
https://doi.org/10.1016/j.asej.2023.102142
https://doi.org/10.4314/njtd.v20i1.1390
https://doi.org/10.1016/j.conbuildmat.2012.04.023


Akinpelu et al. / Research on Engineering Structures & Materials 10(3) (2024) 1261-1279 

 

1279 

[26] Wang Y, Shui Z, Sun T, Huang Y, Wang G. Effect of Fly Ash, Sinking Beads and 
Metakaolin on the Workability, Strength, Free Shrinkage and Chloride Resistance of 
Concretes: A Comparative Study. Arab J Sci Eng. 2018;43(10):5243-5254. 
https://doi.org/10.1007/s13369-018-3068-7  

[27] Khamchin F, Rasiah S, Sirivivatnanon V. Properties of Metakaolin Concrete - A Review. 
2015;(October). 

[28] Li W, Hua L, Shi Y, et al. Influence of metakaolin on the hydration and microstructure 
evolution of cement paste during the early stage. Appl Clay Sci. 2022;229:1-11. 
https://doi.org/10.1016/j.clay.2022.106674  

[29] Yan R, Yin S, Zhang H, Wang L, Chen D. Effect of superplasticizer on the setting 
behaviors and mechanical properties of tailings-waste rock cemented paste backfills. 
Case Stud Constr Mater. 2023;18(November 2022):1-13. 
https://doi.org/10.1016/j.cscm.2022.e01714  

[30] Salau MA, Osemeke OJ. Effects of Temperature on the Pozzolanic Characteristics of 
Metakaolin-Concrete. 2015;6(3):131-143. https://doi.org/10.9734/PSIJ/2015/13146 

[31] Tawfiq AT, Metwally AK, Zaki W, Faried AS. Hybrid effect of nanosilica and metakaolin 
on mechanical properties of cement mortar. Int J Eng Res Technol. 2019;8(3):211e215. 

[32] Akinpelu MA, Odeyemi SO, Olafusi OS, Muhammed FZ. Evaluation of splitting tensile 
and compressive strength relationship of self-compacting concrete. J King Saud Univ - 
Eng Sci. Published online 2017. 

[33] Solihu H, Olakunle S. Availability , coverage , and access to the potable water supply in 
Oyo State Nigeria. Environ Challenges. 2021;5(October):100335. 
https://doi.org/10.1016/j.envc.2021.100335  

[34] Adegoke HA, Solihu H, Bilewu SO. Analysis of sanitation and waterborne disease 
occurrence in Ondo State, Nigeria. Env Dev Sustain. 2023;25:11885-11903. 
https://doi.org/10.1007/s10668-022-02558-2  

[35] Solihu H, Kidanewold BB, Abdulkadir A. Flood risk and flow variability assessment at 
the railway drainage structures: A case of the Ethio-Djibouti Railway Line, Ethiopia. 
Ghana J Geogr. 2022;14(2):175-208. 

[36] Siddique R, Klaus J. Applied Clay Science In fl uence of metakaolin on the properties of 
mortar and concrete : A review. Appl Clay Sci. 2009;43(3-4):392-400. 
https://doi.org/10.1016/j.clay.2008.11.007    

[37] Masood B, Elahi A, Barbhuiya S, Ali B. Mechanical and durability performance of 
recycled aggregate concrete incorporating low calcium bentonite. Constr Build Mater. 
2020;237:1-8. https://doi.org/10.1016/j.conbuildmat.2019.117760  

https://doi.org/10.1007/s13369-018-3068-7
https://doi.org/10.1016/j.clay.2022.106674
https://doi.org/10.1016/j.cscm.2022.e01714
https://doi.org/10.1016/j.envc.2021.100335
https://doi.org/10.1007/s10668-022-02558-2
https://doi.org/10.1016/j.clay.2008.11.007
https://doi.org/10.1016/j.conbuildmat.2019.117760


 

 

 

 

 

 

 

 
 

 

 

 
 

 



*Corresponding author: kontoni@uop.gr 
aorcid.org/0000-0001-7907-6179; borcid.org/0000-0003-4844-1094; corcid.org/0000-0002-5495-3793 
DOI: http://dx.doi.org/10.17515/resm2024.08st1011rv  

Res. Eng. Struct. Mat. Vol. 10 Iss. 3 (2024) 1281-1300  1281 

 

Review Article 

Wind-induced torsional loads and responses of tall buildings 

Ashish Singh1,a, Denise-Penelope N. Kontoni*2,3,b, Sasankasekhar Mandal1,c 

1Dept. of Civil Eng., Indian Institute of Technology (BHU), Varanasi, India  
2Dept. of Civil Eng., School of Engineering, University of the Peloponnese, GR-26334 Patras, Greece 
3School of Science and Technology, Hellenic Open University, GR-26335 Patras, Greece 
 

Article Info  Abstract 

 
Article history: 
 
Received 11 Oct 2023 
Accepted 04 Mar 2024 

 High-rise structures are prone to wind-induced forces. Wind load can be 
resolved into three parts: along-wind load, across-wind load, and torsional wind 
load. There are well-developed and reliable methods for calculating wind-
induced loads in the along-wind direction for tall buildings. Numerous methods 
are also available to estimate the across-wind load, but this is not the case for the 
wind-induced torsional load. Researchers have extensively investigated the 
torsional behavior of tall buildings using wind tunnel experiments and full-scale 
investigations. This paper attempts to compile the current understanding of the 
wind-induced torsional response of tall buildings. The present study contributes 
to realizing the effects of wind-induced torsional loads on tall buildings and gives 
an in-depth understanding through a comparison of past studies. 
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1. Introduction 

Wind forces that fluctuate can cause significant dynamic motion in high-rise buildings. Tall 
buildings are bound to oscillate in three ways, viz., two translational (along-wind and 
across-wind directions) and one rotational (torsional mode). The wind-induced loads and 
their components are represented in Fig. 1. Estimation approaches for along-wind loads 
are well stabilized and dependable for the purpose of the design of tall structures. 
Numerous methods are also available to evaluate across-wind loads. However, the 
estimation procedure is still not standardized for the torsional load caused by wind. The 
torsional loads are predominantly dynamic in nature. Torsional motions are particularly 
problematic since, unlike the other components of wind loads, they offer occupants an 
additional motion due to an apparent rotating horizon. Inhabitants of tall buildings are 
more likely to get disturbed due to torsional motion than due to translational motion [1]. 
Tamura et al. [2] conducted vibration perception tests to assess the habitability of 
buildings to vibration and pointed out that individuals can detect vibrations lower than 
their own "perception threshold" through visual or auditory cues. Kwok et al. [3] 
emphasized the importance of education in habitability. According to Kwok et al. [4], 
prolonged exposure to large-amplitude vibrations can cause dizziness, migraines, and 
nausea in tall building occupants. Wind-induced torsional vibration can increase 
displacement and acceleration at the edges of tall buildings. In addition to elevating the 
wind-induced loads on the primary wind-resistant structure, torsion can also trigger the 
swaying of outer walls. This, in turn, can impact the integrity of the curtain wall system and 
lead to increased wind-induced movements [5]. In buildings having longer torsional 
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periods of vibration due to the existence of high eccentricities among the centers of rigidity, 
the center of mass, and aerodynamic forces, the wind-induced torque tends to be 
accentuated. The key reason for the development of torsional response is the non-
coincidence of the mass center and elastic center of tall buildings.  

 

 

 

Fig. 1. Direction of wind loading and its components 

A tall building can be subjected to wind-induced torsional load in three ways: (i) Due to its 
structural and architectural characteristics (non-symmetric cross-section, non-
symmetrical mass and stiffness distribution), assuming wind load on a building is 
uniformly distributed across its faces, (ii) Due to the flow characteristics of the wind 
(uneven pressure distribution across the face, flow approaching at an oblique angle to the 
face) regardless of plan and shape of the building, and (iii) Due to Dynamic responses 
resulting into torsion of building. A schematic diagram (Fig. 2) illustrates the causes of 
wind-induced torsional loads. The most prominent source of wind-generated torsional 
moments about the vertical axis of the building is the uneven wind pressure distribution 
on the surrounding surfaces of the building. Torsional motions are particularly 
problematic since, unlike sway, they subject the occupants to a motion due to an apparent 
rotating horizon. 

The cross-sectional shapes of a building predominantly influence the torsional loading. 
Cheung et al. [6] and Beneke & Kwok [7] concluded that the triangular-shaped model 
yielded a substantially stronger dynamic torsional response than any other shape. Bandi 
et al. [8] tested five modified triangular shapes in a boundary layer wind tunnel under 
urban flow conditions. They concluded that the helical models had a greater effect on 
aerodynamic characteristics. According to Boggs et al. [9], among the quadrilateral shapes, 
the parallelogram experiences unusually high torsion. The increase in torsion is of the 
order of 33% compared to rectangular shapes. The contribution of higher modes to the 
response of a wind-excited high-rise building other than the fundamental mode is trivial 
[10]. 

The vibration of the primary mode in each direction generally dominates a high-rise 
building's response to winds. It is crucial to evaluate the response at the top of the 
structure, particularly the corners, because the corners of a building encounter significant 
torsional response, i.e., excessive strains and human discomfort. According to Kim and 
Kanda [11], adjusting the sectional shape by varying its cross-section with height could 
alter the flow pattern around the models, consequently decreasing wind-induced 
excitation. Notably, buildings having varying cross-sections with height (tapered and set-
back) experienced a more significant torsional moment in urban terrain than in open 
terrain. Kareem [12] ascertained that the torsional response of symmetric building adds 
significantly to the overall dynamic response. Also, the combined lateral and torsional 
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kinematics further enhances the building response. Fig. 3 represents the normalized 
reduced modal spectra of torsional, across-wind, and along-wind forces in an urban 
environment for a square-section building developed by Kareem [13] in order to estimate 
the dynamic response of symmetrical and unsymmetrical buildings exposed to wind loads. 
As shown in Fig. 3, there is a sudden peak in torsional normalized reduced modal spectra 
at a reduced frequency of 0.10 which emphasizes the importance of torsional wind loading. 
A high-frequency base balance was used in a wind tunnel by Kijewski and Kareem [14] to 
compare the different international codes and standards. Moreover, they included cross-
wind and torsional responses in their comparison. Liang et al. [15] found that torsional 
vibration contributes significantly to the dynamic response of buildings whose torsional 
stiffness was close to the lateral stiffness. According to Kim et al. [16], tapered and setback 
buildings (square cross-section), that had offsets in the windward diagonal direction, 
exhibited an increased torsional response, even if the total RMS accelerations were small. 

 

Fig. 2. Causes of wind-induced torsion in tall buildings 

Because of the errors associated with modeling, the results of aeroelastic model studies for 
a structure with a specific geometry and dynamic qualities are difficult to apply to other 
buildings with identical geometries but distinct dynamic properties [17,18]. Hui et al. [19] 
stated that the mean and fluctuating torsion coefficients were significantly (1.5 times) 
higher in square buildings (than in rectangular buildings). Several studies of the wind 
response of tall buildings have been discussed by Hou and Jafari [20]. They also discussed 
various methodologies to measure the wind-induced response. The design for torsion 
resistance can be complex and depends on the structural frame's torsional properties. 
Wind load combinations including torsion were proposed by Stathopoulos et al. [21] for 
rectangular medium-rise buildings. Hu et al. [22] studied a high-rise building’s 
translational and torsional responses during Typhoon Khanun. Their findings provide 
crucial empirical data for improving torsional wind-resistant design in tall buildings. 

This paper is an attempt to compile the existing understanding of torsional wind load and 
responses. Codal provisions concerning torsional wind loading are discussed in section 2. 
Section 3 deals with wind tunnel tests in which torsional wind load on tall buildings is 
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analyzed. In section 4, various available analytical formulations are reviewed and 
presented in tabular form. A comparison of the various formulations is also made. Section 
5 looks into different available measures for the mitigation of torsional responses. Finally, 
conclusions from the present study are drawn. 

 

Fig. 3. Normalized reduced modal spectra of torsional, across-wind, and along-wind 
forces in urban environment for a square building [13] 

2. Codal Guidelines on Torsional Wind Loading 

Even though various wind tunnel tests have been performed for the estimation of torsional 
wind loads, very few international codes provide guidelines for incorporating torsional 
wind loading. A summary of the guidelines for torsional wind loading in some of the 
existing international wind loading codes is included in this section. 

2.1. Japanese Code Guidelines 

AIJ 1993 [23] first proposed the torsional wind load provision for tall buildings in the 
world building codes/standards. The same torsional wind load formula is kept in AIJ 2004 
[24]. In addition, ISO 4354 [25] adopted the same formula following [23]. AIJ 2004 [24] 
dictated the calculation procedure to evaluate the torsional wind load in the design of 
slender and flexible buildings with H/√BD to be greater than three and UH/f1√BD greater 
than five. 

2.2. Indian Code Guidelines 

IS 875 (Part 3): 2015 [26] suggests that for tall buildings having unsymmetrical geometry 
the designs must incorporate torsional effects due to wind pressure. IS 16700:2017 [27] 
advised that if wind tunnel studies reveal torsional motions, the building's structural 
system should be modified to minimize these effects, The torsional velocity should be 
below 0.003 rad/s over the 10-year return period. 

2.3. American Code Guidelines 

ASCE 7-22 [28] introduces two load scenarios, namely maximum torsion with associated 
shear and maximum shear with corresponding torsion. According to ASCE 7-22 guidelines, 
for low-rise buildings, the maximum torsion can be assessed by utilizing 75% of the highest 
wind loads, along with an equivalent eccentricity of 15% of the building's dimensions. 
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ASCE 7-22 exempted torsional wind load calculation requirement for buildings with 
flexible diaphragms. It also stipulated that a building with torsional eccentricity larger than 
5% of its width should be avoided in case the buildings have rigid diaphragms. By doing 
so, the occurrence of large shear forces from torsion effects and the resulting torsional 
story drift will be prevented, avoiding damage to interior walls and cladding. 

2.4. Canadian Code Guidelines 

The National Research Council of Canada [29] provides guidelines for the evaluation of the 
maximum torsion by taking 56% of the maximum wind load with an eccentricity of (15%) 
of building dimensions. 

2.5. European Code Guidelines 

The European code [30] considers the maximum torsion as 0.70 of maximum wind load 
with an additional equivalent eccentricity of 7% of building dimensions. 

2.6. Chinese Code Guidelines 

GB 50009-2012 [31] introduced provisions for cross-wind and torsional dynamic response 
into wind load code in 2012. GB 50009-2012 [31] provides the formulation to estimate 
equivalent wind load induced by torsional dynamic response for rectangular high-rise 
buildings with H/√BD not more than 6 and the D/B ratio ranging from 1.5 to 5. 

2.7. Codal Comparison Study 

Elsharawy et al. [32] estimated wind-induced torsional load on three tall buildings located 
in suburban terrain with an aspect ratio of 1 to 3 using the provisions of three international 
codes. The three codes referred to are the American [33], Canadian [34], and European 
[30]. A comparison of wind-induced torsional load evaluated from the three codes revealed 
that there exists wide variability.  

 

Fig. 4. Torsional coefficients for buildings (B=30 m, H=60m, L/B=1, 2 and 3) 

The evaluated equivalent eccentricity varied from 4.6% [34] to 17.8% [33] and the shear 
coefficient varied from 1.14 [33] to 1.8. Fig. 4 represents the torsional coefficients for three 
tall buildings having side ratios 1, 2, and 3. As the side ratio increases, the torsional 
coefficients also increase. Within the framework of the three standards, the Canadian 
standard [34] estimates the highest torsional coefficient of all the buildings, while the 
European standard [30] estimates the lowest torsional coefficient. 
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3. Wind Tunnel Studies 

When assessing the wind load on tall buildings, wind tunnel tests have proven reliable and 
effective over the past few decades primarily because they can recreate the wind 
conditions in which tall buildings are immersed. 

Initial work in determining the generalized torsional load is attempted by Tallin and 
Ellingwood [17] based on the wind tunnel data of Reinhold [35]. Applying a linear mode 
shape, their findings indicated that the RMS value of the real modal torque was 57% of the 
torque derived from a force balance, and 51% of the torque calculated using a cantilever 
mode shape. Zou et al. [36] carried out a series of wind tunnel tests to study the torsion-
induced aeroelastic effect on tall buildings. Nine building models having varying ratios of 
sides and structural eccentricities are examined. A method has been proposed to calculate 
the aerodynamic stiffness against torsion and corresponding damping from extensive 
experimental data. In the absence of structural eccentricity, it is safe to neglect the 
torsional aerodynamic stiffness ratio. Their study concludes that it is advantageous to align 
the building face having the longer side normal to the dominant wind. It also observed that 
the wind-ward eccentricity enhances the torsional dynamic performance, in contrast to 
leeward eccentricity, which has the opposite effect.  

Guzmán-Solís et al. [37] tested five rigid scale models in an atmospheric boundary layer 
wind tunnel to study wind-induced torsional loads on rectangular tall buildings. Each 
model had the same plan dimensions as the others, but different height aspect ratios. In 
the wind tunnel, two terrain categories were experimentally generated to evaluate each 
model under various wind directions. A new parametric equation was proposed based on 
experimental results to calculate torque coefficients at the base. Their equation includes 
both the aspect ratio and the wind direction as its variables. Zhang et al. [38] studied the 
stability of wind-excited eccentric tall buildings using an aero-elastic test rig designed for 
pure torsional vibration. Both the mean and dynamic torsional responses were 
experimentally studied to assess the predominant effect of the angle of wind incidence. 
They concluded that at a geometric eccentricity ratio of 10% tall buildings were most 
susceptible to torsional vibration. It also exhibited a significantly increased maximum 
mean response. Zhang et al. [39] investigated the impact of interference on torsional wind 
loads. They discovered that in the presence of nearby buildings, the torsional response of 
a structure can be amplified significantly, reaching up to 2.2 times the response of an 
isolated tall building model. This phenomenon occurs when the alternating vortex 
frequency aligns with the fundamental frequency of the building. Using a three-degree-of-
freedom aeroelastic tall building model, Tang and Kwok [40] studied the interference 
mechanisms on both sway and torsional responses. Under an operating reduced wind 
velocity of 6, for an open terrain wind model, the experimental results concluded that both 
dynamic torsional and translational responses generally increased under interference 
effects due to the wakes of upstream buildings. Zou et al. [41] estimated wind loads on tall 
buildings through the study of torsional motion-induced vibrations. They concluded that 
wind loads in the torsional direction are correlated to the wind loads along and across 
wind directions. The study emphasized that torsional vibration augments the aerodynamic 
forces in all three directions, thus resulting in higher wind forces than that measured 
model. Furthermore, the study revealed that the impact of torsional vibration on 
aerodynamic forces is more significant at lower reduced wind speeds than at higher 
reduced wind speeds. Kim et al. [42] conducted wind tunnel tests on 13 super-tall building 
models with atypical building shapes under an urban area flow condition and concluded 
that the contribution of the torsional moment is almost negligible in super-tall buildings. 
Tamura et al. [43] conducted a study on six different polygon cross-section buildings and 
concluded that torsional moment coefficients decrease with the increasing number of 
sides, and the degree of decrease becomes small when the number of sides is larger than 
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5. Tanaka et al. [44] concluded that the torsional moment coefficient decreased for 4-side 
tapered and set-back building models whose projected area decreased with height.  

Most of the wind tunnel studies in the context of torsional loading of tall buildings over the 
past few decades are summarized in Table 1. 

Table 1. Summary of wind tunnel experiments for tall building torsional wind loads 

Reference 
Geometri

c Scale 

Cross-

section 

Shape,  

Full-scale 

building 

height 

Terrain 

(α) 

Turbulence 

Intensity at 

the top of 

the model 

(IH) 

Measurements Conclusion 

Zhou et 

al. [45] 
1:394 

SQ, RC, 

TR, 

RM 

ST, 200m 0.16, 0.35 - 

RMS coefficient of 

across, along, and 

torsional wind 

loads. 

Developed an 

interactive database to 

calculate the wind-

induced response of 

tall building. 

Liang et 

al. [46] 
1:400 SQ, RC ST, 320m 0.20 7%, 5.5% 

Instantaneous 

fluctuating 

pressure. 

Based on experimental 

results, proposed 

empirical formula 

for torque spectra, 

RMS torque 

coefficients, 

Strouhal number and 

coherence function 

of torque. 

Thepmon

gkorn 

et al. 

[47] 

1:300 RC ST, 180m 0.15 10% 

Perpendicular to 

the wind, parallel 

to the wind, and 

twisting response. 

Interference effects 

from neighboring 

buildings on the 

wind response. 

Li et al. 

[48] 
1:500 RC ST, 300m 0.22 12.8% 

Instantaneous 

fluctuating 

pressure. 

Empirical formulae of 

torque spectra, RMS 

torque coefficients, 

and vertical 

correlation 

functions. 

Yoshie et 

al. [49] 
1:500 RC ST, 400m 

0.14, 

(1/7) 
- 

Perpendicular to 

the wind, parallel 

to the wind, and 

twisting response. 

Study the vibrational 

behaviors of 

different buildings 

under boundary 

layer wind. 

Hou and 

Sarkar 

[50] 

1:175 RC 
ST, 

182.9m 

0.34 & 

tornado 
17.7% 

Acceleration in X, 

Y, and torsional 

direction (Axis is 

defined on the 

model). 

Measure the wind-

induced reactions of 

tall structures 

exposed to boundary 

layer winds versus 

tornadoes. 

Zou et al. 

[36] 
1:400 SQ, RC ST, 360m 

Urban 

terrain, 

(Cat C, 

China) 

8% 

Wind pressure and 

displacement 

response. 

Investigate the effect 

of structural 

eccentricities on 

aeroelastic stiffness 

and damping ratios. 

Guzmán-

Solís et 

al. [37] 

1:400 RC ST, 200m 0.15, 0.29 10%, 15% 

Shear force, 

bending moment, 

and torsion 

moment at the 

base of the model. 

A new parametric 

equation is proposed 

to estimate torque 

coefficients. 

Venanzi 

et al. 

[51] 

1:500 RC 

ST, 

182.88

m 

-,  

(open 

terrain) 

- 

Across wind base 

bending moment 

and Peak base 

torque. 

AIJ provisions 

overestimate both 

peak torque and 

peak across-wind 
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bending moments in 

some cases, 

resulting in a safe, 

but economically 

unfavorable design. 

Zou et al. 

[41] 
1:400 SQ, RC ST, 360m 

Open 

terrain 

(Cat C, 

China) 

10% 

Displacements of 

rims, wind 

pressure, and 

angular 

displacement 

Reduced wind speeds 

and torsional 

vibration amplitudes 

represent two 

significant 

parameters for 

aerodynamic forces. 

Note: α is the exponent of the power-law, and corresponds to the terrain category; SQ: Square; RC: Rectangular; 

TR: Triangle: RM: Rhombus; ST: Straight; RD: Rounded Corners; RMS: Root Mean Square. 

4. Analytical and Empirical Formulations 

Attempts towards an analytical evaluation of the torsional response date back to the 70s, 
when Patrickson & Friedmann [52] and Fouch & Safak [53] proposed simplified models of 
the torsional excitation mechanism that did not consider the contributions of the lateral 
turbulence and the vortex wake. Reinhold and Sparks [54] first conducted wind tunnel as 
well as full-scale experimental studies on torsional effects on a square section tall building 
having an H/B ratio of 8.33 and subjected to an urban wind environment. Kareem [10] 
criticized those procedures that ignore unsteady wake excitation and recommended the 
use of wind tunnel data for the first time. Isyumov and Poole [55] calculated the mean and 
dynamic torque components of the circumference of the building using weighted 
pneumatic averaging. They observed that pressure fluctuations on the back face due to 
vortex shedding significantly contribute to the dynamic torque and pressure fluctuations 
on the side face induced by vortex shedding were not significantly contributing to the 
overall torque. Katagiri et al. [56] introduced an analytical approach to assess the lateral-
torsional response of tall structures caused by wind forces. 

𝑇𝑚𝑎𝑥[𝑈(ℎ)] = 𝜓{�̅�[𝑈(ℎ)] + 𝑔𝑇𝑇𝑟𝑚𝑠[𝑈(ℎ)]} (1) 

�̅�[𝑈(ℎ)] ≃ 0.038𝜌𝐿4ℎ𝑛𝑇
2 𝑈𝑟

2 (2) 

𝑇𝑟𝑚𝑠[𝑈(ℎ)] ≃ 0.00167
1

√𝜁𝑇

𝜌𝐿4ℎ𝑛𝑇
2 𝑈𝑟

2.68     (3) 

𝑈𝑟 =
𝑈(ℎ)

𝑛𝑇𝐿
 (4) 

𝐿 =
∫  |𝑟| 𝑑𝑠

𝐴1/2
 

(5) 

Greig [57] proposed an empirical model based on ten aero-elastic model tests, which 
predicts both the mean and the dynamic torsional response. Equation 1 shows the formula 

of peak base torque (Tmax). Expressions of linear base torque (𝑇) and RMS base torque 
(Trms) are shown in Equations 2 and 3. In Equations 1 to 5, ψ is a reduction coefficient, ρ is 
the air density (𝜌 ≃ 1.25 𝑘𝑔/𝑚3), h is the height of the building, 𝑔𝑇 ≃ 3.8 is the torsional 
peak factor. In Equation 4, Ur is reduced velocity, U(h) is the wind speed at the tip of the 
building, nT is the natural frequency and ζT is the damping ratio in the fundamental 
torsional mode of vibration. In Equation 5, L is a shape parameter, ds is the elemental 
length of the building parameter, and |𝑟| is the torque lever arm of the element ds. 

Lythe and Slurry [58] used an experimentally derived database to establish an empirical 
estimation model for mean torsional loads. Also, they suggested that the large variety of 
torsion coefficients can be decreased by selecting appropriate normalizing factors and by 
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grouping coefficients as per the reasonable classification of the plan geometry of the 
building. Liang et al. [46] developed empirical formulae for torque spectra, RMS torque 
coefficients and coherence functions of torque for rectangular tall buildings. These 
formulae served as the basis for a frequency domain calculation method to estimate wind-
induced torsional responses in such buildings. To analyze the torque spectra in rectangular 
tall buildings with different side ratios, Choi and Kanda [59] introduced a three-term 
empirical formula. Marukawa & Ohkuma [60] proposed an empirical formula for 
fluctuating across−wind and torsional forces for prismatic high-rise buildings. 

Bazeos & Beskos [61] developed a numerical method to estimate torsional moments due 
to wind on isolated or a group of rigid buildings of varied cross-sections. While most of the 
research focused on isolated buildings only, Bazeos & Beskos [61] developed their method 
for a cluster of buildings as well. Their method uses the boundary elements to take care of 
the potential flow. Whereas it employs the discrete vortex method to take care of the 
viscous flow characteristics of the wind. To note, that method works iteratively in the time 
domain. That method has inherent difficulty in selecting flow separation points in case 
there is more than one building, especially when the building shapes are complicated. 

Based on wind tunnel tests, Li et al. [62] proposed empirical formulas for estimating wind-
induced torques on L-shaped tall buildings. It takes the side ratio of the building and the 
terrain category as key variables. Marukawa et al. [63] introduced an empirical formula for 
estimating across-wind and torsional acceleration in high-rise buildings with a rectangular 
cross-section. 

4.1 RMS Torque Coefficients (CT) 

Dynamic wind loads causing torsional motion in tall rectangular buildings can be 
determined by analyzing torque spectra, RMS torque coefficients, Strouhal number, and 
the coherence functions of torque. Various researchers have proposed a set of empirical 
relations for the RMS torque coefficient as shown in Table 2.  

Table 2. Various Formulas for RMS Torque Coefficients 

Author RMS Torque Coefficients 

RMS Torque 

Coefficient 

is dependent 

on (Variable) 

Empirical formula 

suggested based on 

experimental 

investigations 

Liang et al. 

[46] 
�̃�𝑇 = 0.054(𝐷 𝐵⁄ )2 + 0.023 

Side ratio (
𝐷

𝐵
)  

B= width of 

windward 

side,  

D= depth. 

Torque Spectra, RMS 

torque coefficient, 

Strouhal Number, 

and Coherence 

functions of torque. 

Li et al. 

[48] 
𝐶′

𝐹𝑇
(𝑧) =  𝑎1 + (𝑎2 − 𝑎1) (

𝑧

𝐻
) + (𝑎3 − 𝑎2)(

𝑧

𝐻
)2 Side ratio (

𝐷

𝐵
) 

RMS force 

coefficients, power 

spectrum densities, 

and Vertical 

correlation 

functions of 

torsional wind 

loads. 

Guzmán-Solís 

et al. [37] 
𝐶𝑇 =  

𝑐1 + 𝑐2 (
𝐻

𝐵
) + 𝑐3(

𝐻

𝐵
)2 + 𝑐4𝜃 + 𝑐5𝜃2 + 𝑐6𝜃3

1 + 𝑐7 (
𝐻

𝐵
) + 𝑐8𝜃

 

Wind direction 

(θ) & height 

aspect ratio 

(
𝐻

𝐵
) 

Parametric equation 

for estimating 

torque coefficients 

at the base of 

rectangular 

buildings as a 

function of wind 

direction and aspect 

ratio. 
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Gui et al. [64] 𝐶𝑇
′ (𝑧) = 𝑡1

′ + 𝑡2
′ (

𝑧

𝐻
)  + 𝑡3

′ (
𝑧

𝐻
)

2

 Side ratio (
𝐷

𝐵
) 

The Base root torque 

coefficient formula 

is given which is 

the function of the 

aspect ratio. 

Marukawa & 

Ohkuma 

[60] 
𝐶𝑇 = 𝑓𝐶𝑇1 (

𝐷

𝐵
) + 𝑓𝐶𝑇2 (

𝐷

𝐵
) . 𝐼𝑈𝐻 

Side ratio (
𝐷

𝐵
) 

and 

turbulence 

intensity 

(IUH). 

RMS torque 

coefficient and 

overturning moment 

coefficient. 

 

These empirical relations are dependent on structural parameters like side ratio, and 
height aspect ratio. Also, they are primarily dependent on wind field parameters such as 
turbulence intensity and angle of incidence. 

4.1.1 Variation of CT with the Side Ratio 

Using the empirical relations given in Table 2 and AIJ 2004 [24], the present study plotted 
the RMS torque coefficients for various side ratios (D/B) from 0.5 to 2. It is observed from 
Fig. 5 that Liang et al. [46] proposed a formula that gives the maximum values of RMS 
torque coefficients and Li et al. [48] give the lowest values of RMS torque coefficients 
among the other empirical relations. The results from the proposed empirical relations of 
Marukawa and Ohkuma [60] & Gui et al. [64] are close to AIJ 2004 [24] and these three 
formulations yield values in between the extremes of Li et al. [48] and Liang et al. [46]. 

 

Fig. 5. Comparing the RMS torque coefficients of base torque using different formulations, 
considering side ratios ranging from 0.5 to 2 

4.1.2 Variation of CT Along the Height  

Empirical relations for the variation of RMS torque coefficient along the height proposed 
by Li et al. [48] and Gui et al. [64] are compared in Fig. 6. It can be observed from Fig. 6 that 
CT is increasing as the D/B ratio increases. CT is maximum for D/B=2 indicating that oblong 
buildings having higher depth (dimension of the building along the flow direction) 
experience maximum torque. For a D/B ratio of one and greater than one, the Gui et al. [64] 
formulation provides higher CT values than Li et al. [48]. However, for a D/B ratio of less 
than one, the formulation Li et al. [48] provides higher CT values than Gui et al. [64]. The 
Height ratio in the Gui et al. [64] study varies from 4.61 to 5.05, whereas, in the study of Li 
et al. [48] height ratio varies from 3 to 4.61.  
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Fig. 6. Comparing the RMS torque coefficients of base torque using different formulations, 
considering height ratio 

4.1.3 Variation of CT with the Incident Wind Direction 

The magnitude and direction of wind force are influenced by topographic features 
surrounding the building. The Mean and RMS base torsion coefficient are functions of 
incident wind direction. Guzmán-Solís et al. [37] proposed a new parametric equation 
based on extensive experimental wind tunnel data as shown in Table 2.  

 

Fig. 7. The 3D plot depicts the variation of the mean torsion coefficient with respect to 
aspect ratio and wind direction, presenting outcomes derived from the proposed 

equation by Guzmán-Solís et al. [37] 

The variation of CT has been plotted in Fig. 7 with respect to wind direction as well as height 
aspect ratio. A similar trend is observed in Fig. 7 for all height aspect ratios. The maximum 
mean base torque coefficient of 0.1 occurs at 25°, whereas the minimum of -0.1 occurs at 
80o. Bazeos and Beskos [61] reported variation of torsional moment coefficients with 
varying angles of wind incidence for an isolated square building. Beneke and Kwok [7] 
investigated the effect of incidence wind angle on mean and dynamic torque for 
rectangular, diamond, triangular, and D-shaped buildings models. The triangular model at 
θ=100° yields the largest dynamic response among all the models. 
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4.2 Power Spectra Density of Torque 

The power spectra density of the torque is dependent on both the side ratio and 
slenderness ratio however Tang et al. [65] emphasized that the power spectra density of 
torque is more sensitive to the side ratio than the slenderness ratio.  

Table 3. Various power spectra of the torque 

 

In Table 3, Choi and Kanda [59] provided an empirical formulation to describe the overall 
characteristics features of torque spectra for a square and rectangular tall building. They 
suggested that the results from the empirical relations should be compared with 
experimental data and emphasized the need for parameter sensitivity analysis. 

Author The Power spectra of torque 
Range of Side Ratio 

(D/B) & Aspect 

Ratio (𝑯/√𝑨) 

Choi 
and 

Kanda 
[59] 

𝑓.  𝑆𝑚(𝑓)

𝜎𝑀
2 = 𝐵2𝐹1(𝜓1) {

𝑓.  𝑆𝑆𝑇(𝑓)

𝜎𝑆𝑇
2 + 𝐵3𝐹2(𝜓2)

𝑓.  𝑆𝑉𝑆(𝑓)

𝜎𝑉𝑆
2

+ 𝐵4

𝑓𝑆𝐹𝑃(𝑓)

𝜎𝐹𝑃
2 } 

   1 3⁄ ≤ D B ≤ 3⁄ , 

4.0 ≤ (𝐻/√𝐴) ≤ 7.0 

Liang et 
al. [46] 

𝑛𝑆(𝑛)

𝜎2
= 𝐴.

1

𝑑√𝜋
𝑒𝑥𝑝 [− (

ln(�̅�) − 0.5𝑑2

𝑑
)

2

] 

+(1 − 𝐴)
𝐶0.56 (

�̅�

𝑘
)

2.5

1.29 [(1 − (
�̅�

𝑘
)

2

)
2

+ 𝐶. (
�̅�

𝑘
)

2

]

 

 

1 ≤ D B ≤ 4⁄ , 

4.0 ≤ (𝐻/√𝐴) ≤ 8.0 

𝑛𝑆(𝑛)

𝜎2
= 𝐴1

𝐶0.50 (
�̅�

𝑘
)

3

1.56 [(1 − (
�̅�

𝑘
)

2

)
2

+ 𝐶. (
�̅�

𝑘
)

2

]

+ 𝐴2.
1

𝑑√𝜋
𝑒𝑥𝑝 [(

ln(�̅�) − 0.5𝑑2

𝑑
)

2

]

+ (1 − 𝐴1 − 𝐴2).
�̅�2

8. (1 + (
�̅�

𝑘
)

2

)
2 

 

    1 4⁄ ≤ D B ≤ 1⁄ , 

    4.0 ≤ (𝐻/√𝐴) ≤ 8.0 

Li et al. 
[48] 

𝑓S(𝑓)

𝜎2
=

𝑎𝑓

(1 + 𝑏𝑓𝑐)𝑑
+ ∑

𝐾𝑗(𝑓 𝐹𝑗⁄ )
2

[1 − (𝑓 𝐹𝑗⁄ )
2

]
2

+ 4𝑃𝑗
2(𝑓 𝐹𝑗⁄ )

2

𝑁

𝑗=1

     1 2⁄ ≤ D B ≤ 2⁄ , 

3.0 ≤ (𝐻/√𝐴) ≤ 5 

Gui et al. 
[64] 

𝑓𝑆𝑀𝑇
(𝑓)

𝜎𝑀𝑇

2 = ∑ 𝐴𝑖

𝑆𝑝𝑖𝛽𝑖(𝑓𝑟 𝑓𝑠𝑝𝑖⁄ )
𝛼𝑖

[1 − (𝑓𝑟 𝑓𝑠𝑝𝑖⁄ )
2

]
2

+ 𝛽𝑖(𝑓𝑟 𝑓𝑠𝑝𝑖⁄ )
2

2

𝑖=1

+ 𝐴0

1

1 + (𝑙𝑛(𝑓𝑟 𝑓𝑠𝑝𝑖⁄ ))
2 

    1 3⁄ ≤ D B ≤ 3⁄ ,  

  4.0 ≤ (𝐻/√𝐴) ≤ 6.0 

Note: F1 is an overall shape control function; F2 has the role of considering negative chordwise 
correlation characteristics; SFP(f) indicates the second spectral peak; SST and SVS regular vortex 

shedding terms; B1 and B2 are contribution ratio; A, C, d, and k are coefficients depend on 

turbulence intensity (IH) and/or side ratio (D/B) and/or aspect ratio (𝐻/√𝐴); �̅� = 𝑛/𝑛𝑠, 𝑛𝑠 =
𝑆𝑡. �̅�(𝑧)/𝐵 is the dominant frequency corresponding to the first peak; St is the Strouhal number 
and �̅�(𝑧) is the mean wind speed; a, b, c, d, Fi, Pi, Ki, Sp, β, fsp are parameters that depend on side 

ratio (D/B); α1=1, α2=2 
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Fig. 8. Reduced frequencies at which first peak and second peaks are obtained 

Various formulations have been provided by different researchers on Torque spectra. As 
it is observed from the plot of various torque spectra it is found that mostly there are two 
peaks in the curve at two different reduced frequencies. These frequencies are an 
important parameter for defining the wind environment characteristics. Liang et al. [46] 
stated that among the two peaks, the first is due to asymmetric pressure caused by vortex 
shedding on the two sides, and the second is due to the reattaching of separated flows. In 
Fig. 8, reduced frequencies relative to two peaks obtained by various authors are shown. 
Understanding the first and second peaks of reduced frequencies will be easier with this 
information. 

5. Approaches for Mitigation of Torsional Wind Loads and Responses 

A building's response to the wind is mostly determined by its aerodynamic characteristics 
(design wind speed, turbulence) and its mechanical properties (stiffness, mass, and 
damping) [66]. Xu et al. [67] showed that if the parameters of the tuned mass damper 
(TMD) were appropriately selected, TMDs were successful in reducing the building's 
torsional vibration. Kareem et al. [68] also mentioned the use of dampers in reducing 
torsional vibration in their detailed review. Kontoni and Farghaly [69] employed Tuned 
Mass Dampers (TMDs) to alleviate the impact of wind-induced loads on a steel high-rise 
structure. Using a smart tuned mass damper, Tse et al. [70] evaluated the system's 
performance and cost efficiency in suppressing wind-induced lateral-torsional movement 
of tall structures. During full-scale testing, Tamura et al. [71] concluded that the tuned 
liquid damper (TLD) not only showed efficiency but also performed well during strong 
winds. Ross et al. [72] demonstrate that TLD systems can reduce the twisting motions of 
high-rise buildings significantly. It was concluded by Pozos-Estrada & Hong [73] that peak 
responses caused by wind-induced torsional load could be reduced by employing TMDs 
with linear and nonlinear damping mechanisms and also considering correlated wind load 
effects influences the selection of dampers. Wang et al. [74] suggested installing a tuned 
mass damper-inerter (TMDI)/tuned mass damper (TMD) on a lower floor than the 
topmost floor to mitigate wind-induced vibration. The new integrated control system (ICS) 
approach proposed by Akyürek et al. [75] is designed with the intent of improving both the 
safety and performance of buildings with torsional irregularities. The conclusion is drawn 
that ICS is more robust than TMDs when it comes to limiting inter-story drift. Karami et al. 
[76] proposed a robust method for detecting damage in 3-D shear model structures based 
on identified Markov parameters and concluded that the controller used could effectively 
reduce the increase in the torsional response of the structure. In the study conducted by 
Lei et al. [77], the influence of a substantial side-ratio on the wind-induced torsional effects 
of super high-rise buildings was examined. The investigation yielded significant insights, 

Choi &
Kanda [59]

Liang et al.
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Li et al.
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Gui et al.
[64]
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notably highlighting the efficacy of employing an active tuned mass damper (ATMD) as a 
viable solution. The ATMD exhibited a dual capability, proficiently mitigating both 
translational and torsional vibration responses induced by wind forces. That integrated 
approach holds promising prospects for substantially enhancing structural comfort in the 
presence of wind-induced vibrations.  

Li et al. [78] examined the effect of corner chamfers on the aerodynamic performance of 
tall buildings. Fig. 9 represents the effect of the corner chamfer rate on the RMS torque 
coefficient. It is evident from Fig. 9, that wind-induced torsional loads decrease as corner 
chamfer rates increase. However, chamfering is more effective in lessening across-wind 
load than torsional load. Pozas-Estrada et al. [79] compared torsionally sensitive 
structures with and without linear/nonlinear TMDs subjected to partially correlated wind 
forces with the probability of not exceeding specified wind-induced motion levels. Their 
study concluded that a slightly unconservative design is attained in most cases if the 
correlation between the along-wind force and the torsional moment is ignored in 
serviceability limit state design checking. Meena et al. [80] conducted a comparison 
between two regular and two irregular-shaped models. The study concluded that among 
the four models, the Y-shape model with a rounded corner exhibited the minimum base 
moment and the lowest coefficient of drag. 
 

Fig. 9. Comparing the RMS torque coefficients using various chamfer rates ranging from 
0-20% [78]. 

6. Conclusions 

This paper summarizes important aspects of torsional wind loads on tall buildings 
available in the existing literature. There exist numerous studies which deal with the 
subject matter. It also reviews various methods to evaluate torsional wind load on tall 
buildings and their development so far. 

• Various codal provisions on the torsional wind loads and responses have been 
emulated as available currently. Provisions of ASCE 07-22, NBCC 2020, and EN-
2004 are similar; however, the results calculated differ considerably. The NBCC 
predicted values of the torsional coefficient are the maximum among the three. 
Therefore, it is concluded that these codal provisions are not sufficient enough, to 
evaluate the torsional wind loading. Wind tunnel studies as well as statistical and 
numerical methods must also be considered. 

• Numerous wind tunnel experiments have been conducted to accurately assess 
torsional wind loads. These studies have mainly considered conventional cross-
sections (square, rectangular, etc.). Based on the derived data, certain conclusive 
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theories have been provided, however, further detailed full-scale experimental 
studies are needed. There is still a need for extensive wind tunnel studies on tall 
buildings with irregular plans and varying cross-sections along the height.  

• Various researchers have derived empirical formulations for the RMS torque 
coefficient, and torque spectra based on the data obtained from wind tunnel studies. 
The RMS torque coefficient is expressed in terms of side ratio, height aspect ratio, 
incident wind direction, and turbulence intensity. All the formulations unanimously 
found that the RMS torque coefficient increases with the depth dimension of the 
building. The RMS torque coefficient values attain a maximum at about 0.6 to 0.7 
times the height of the building. It is observed from the formulations, that the angle 
of wind attack is an important parameter to determine the torsion wind loads. The 
maximum mean base toque coefficient is obtained at an angle of 25 degrees. The 
paper also lists empirical formulations for the power spectra density of torque. 

• Various researchers have suggested the use of Tuned Mass dampers, Tuned liquid 
dampers, integrated control systems, and different passive measures to reduce the 
torsional responses. Some authors have also attempted shape optimization 
approaches to narrow down the torsional wind loads. However, the latter is not as 
effective as the former one. 

This detailed literature study reveals that the simplified methods used to evaluate the 
torsional wind loads incorporate effective base wind shear and overturning moment. 
Nonetheless, additional work is needed to deal with wind-induced torsion adequately. The 
design of buildings may not always consider wind-induced torsional loads, but failing to 
represent these loads accurately may result in unrealistic spatial variations for design 
wind loads. In certain circumstances, such exaggerated loads may prove helpful. Proper 
estimates of wind-induced torsional loads affect the serviceability and long-term 
functional performance of buildings. Thus, this study concludes that torsional wind load 
and responses of tall buildings are essential and should not be overlooked during design. 
Further, the same should be looked into in greater detail through experimental wind 
tunnel studies and full-scale experiments. It is to be noted that torsional wind loads should 
be considered for the serviceability of tall buildings. 
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 This study mainly investigated the tensile and cracking features of ash alkali 
activated concrete with different slag-fly ash proportions and low NaOH 
concentrations cured at ambient temperature. High-molarity NaOH leads to risk 
and is costly, whereas, in field conditions, heat curing is difficult. Therefore, in 
this study three mixes (mix-A, B and C) were developed using 0/100, 20/80, 
40/60, 60/40, 80/20, and 100/0 slag-fly ash proportions in this study. Sodium 
hydroxide (SH) and sodium silicate (SS) were used as activators and 
concentrations of sodium hydroxide were used as 1M, 2M and 4M in mixes A, B 
and C respectively, but alkaline ratio (SS/SH) was fixed as 1.5 in all the mixes. 
Slump, and strength aspects (compressive, split tensile, and flexural) were 
evaluated. The tensile (tensile strength, tension stiffening) and cracking 
characteristics (crack spacing, crack width) were evaluated under uniaxial 
tensile loading on reinforced prismatic members. From test outcomes, 
workability in terms of slump of the composites decreased with increased 
percentage of slag or granulated blast furnace slag (GGBFS) in the total binder, 
but the tensile (tensile stress and tension stiffening effect) and compressive 
strengths increased with increasing percentage of GGBFS. Better cracking 
properties (i.e., minimum crack widths and reduced crack spacings) were 
observed when the mixes contained higher percentages of GGBFS. The obtained 
crack spacings were correlated with CEB-FIP model code, and existing research 
studies. The crack spacings obtained in this study are consistent with CEB-FIP 
model code. Finally, this study demonstrated that when slag-fly ash alkali 
activated concretes were prepared with solutions containing low NaOH 
concentrations and cured at room temperature (ambient), there was an increase 
in the strength and cracking properties with higher percentages GGBFS. 
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1. Introduction 

Sustainability and environmental issues are currently the need-of-the-hour in every aspect 
of development. In this context, utilization of industrial byproducts like fly ash, GGBFS, rice 
husk ash, Meta kaolinite, etc., play an important role in geopolymer concrete (GPC) and 
alkali activated concretes (AAC). GGBFS exhibits pozzolanic behaviour and good binding 
properties in base media with low heat of hydration, and it gives better mechanical and 
excellent durability characteristics [1]. But there were setting time and workability 
problems with this slag-based alkali activated concrete (SAAC) [2,3]. However, SAAC is a 
high brittle material due to the higher volume of GGBFS. This leads to development of 
shrinkage cracks and microcracks. The inclusion of low-calcium fly ash as a binder result 
in less strength under ambient curing conditions [4]. Curing condition plays very 
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prominent role in development of hydration and strength properties in fly ash-GGBFS 
alkali activated concretes [5]. Using low concentrations of NaOH instead of high levels of 
sodium hydroxide for concrete production can reduce the risk and cost associated with it. 
The NaOH solution molarity plays the prominent role in dissolution of compounds present 
in source materials such as alumina and silica [5,6]. Alkaline ratio (AR) plays an important 
role in strength development. High alkaline ratios lead to an uneconomical mix, and a low 
alkaline ratio leads to poor mechanical strength [6-8]. In the context of sustainability and 
environmental issues, industrial byproduct like fly ash, and GGBFS play an important role 
in the preparation of alkali activated geopolymer concrete [9]. As the increase of GGBFS 
and NaOH concentration, the workability of alkali activated concrete (AAC) decreases and 
setting times of AAC increased [3, 10-12]. The strength properties of alkali-activated fly 
ash-slag concretes (AAFSC) increase effectively with increasing slag (GGBFS) and sodium 
hydroxide molar concentrations, as well as decreasing the solution to binder ratio [10-12].  

Knowledge of the tensile behaviour of reinforced concrete (RC) is required for a thorough 
knowledge of a structure's behaviour under normal and severe situations. In predicting 
the tensile behaviour of RC prisms, the tension stiffening effect has been extensively 
utilised [13-18]. All tension at a cracked part of a RC member is sustained by 
reinforcement. Bond action, however, effectively stiffens the member response and lowers 
deflections by allowing the concrete to continue to transmit tensile loads between the 
cracks. This phenomenon, referred to as "tension stiffening," and is essentially to account 
for the presence of average tensile stresses over zero in cracked concrete [19]. Gribniak et 
al. [20] developed a stochastic technique for tension stiffening assessment. The behaviour 
of components made of reinforced concrete under flexure does not necessarily match the 
tension-stiffening relationship shown in the uniaxial tension test [21-23]. Tension 
stiffening is crucial for controlling beam deflection [24]. It can be used to estimate multiple 
crack spacings and crack widths [21,24]. The tensile stress of concrete is reduced 
marginally by raising the reinforcement ratio. Transverse tensile cracking formed under 
higher steel stress in specimens having large cross sections [25]. Abdulrahman et al. found 
that geopolymer concrete has comparable tension-stiffening member behaviour as OPC 
concrete [26]. Cracks have a prominent effect on serviceability, good looking, and load 
transfer. A concrete member can easily crack due to its low tensile strength. The 
experiments gave a wide variety of data utilised to assess cracking characteristics in order 
to construct empirical equations used in the CEB-FIP Model Code, Eurocode-2, and Marti 
et al. [17,27,28]. Cracking aspects of reinforced concrete affected by the tension stiffening 
behaviour between the cracks. The increased tensile stiffness also helps reduce the crack 
width [29,30]. Tension stiffening significantly affected by the shrinkage [30]. But shrinkage 
did not influence the measured crack widths when crack spacing and strain between steel 
and concrete are related [30,31]. Compared to OPC concrete, geopolymer concrete 
exhibited higher first cracking loads and had less effect on the shrinkage of geopolymer 
concrete and also shrinkage effects do not need to be considered in GPC [32]. Even though 
several investigations were carried out on research on alkali-activated binders, in most 
studies, high molarity NaOH concentrations and heat curing conditions were preferred to 
study the structural behaviour of the concrete member. But high-molarity NaOH leads to 
risk and is costly, whereas in field conditions, heat curing is difficult. 

2. Research Significance 

From the existing literature, it is evident that most of the research studies are focused on 
fresh, mechanical, and durability characteristics GPC and AAC. Even though many studies 
have also reported on tensile and cracking characteristics of conventional concrete (OPC) 
but very few investigations are available on tensile and cracking characteristics of alkali 
activated and/ or geopolymer concretes. Even though several investigations were carried 
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out on research on alkali-activated binders, in most studies, high molarity NaOH 
concentrations and heat curing conditions were preferred to study the structural 
behaviour of the concrete member. But using a solution with such a high NaOH 
concentration and high alkaline ratio is risky as well as costly. To overcome these 
problems, there is a need to develop alkali activated concretes that can be cured in the field 
using low molarity solutions. Hence, this study mainly emphasizes the tensile (strength) 
and cracking characteristics of FSAAC with different replacement levels of GGBFS-fly ash, 
prepared with low concentrations of NaOH in an alkaline solution under ambient curing 
conditions. 

3. Experimental Investigation 

3.1. Materials 

In this investigation GGBFS and fly ash were used as binders. JSW Cement, Warangal 
provided the GGBFS, and a Ramagundam thermal power station in Telangana provided the 
class-F fly ash. The quantity and type of GGBFS were confirmed in accordance with IS 
12089-1987 [33], while the fly ash was confirmed with IS 3812-1981 [34]. Fine and coarse 
aggregates were used in this study and confirmed with IS 383-1970 [35]. Physical 
characteristics of GGBFS, fly ash, fine aggregate, and coarse aggregate are mentioned in 
Table 1, whereas the chemical composition of GGBFS and fly ash is reported in Table 1. The 
ideal fine-to-coarse aggregate proportion for mixes B and C has been chosen as 45%:55% 
of overall aggregate volume and 30%:70% for mix A. Conplast SP430 superplasticizer (SP) 
(Fosroc Chemicals) was employed in this study, and this SP conformed with IS 9103-1999 
[36] and dosage of SP used reported in Table 3. The alkali activator was a mixture of 
sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions. In mixes A, B, and C, 
sodium hydroxide pellet concentrations of 1M, 2M, and 4M were employed, respectively. 
A constant Alkaline Ratio of 1.5 was adopted in wholly mixtures, as determined in earlier 
investigations [2,6,37].  

Table 1. Physical and chemical features of GGBFS, fly ash, and aggregates 

Physical and Chemical 
features 

GGBFS Fly ash 
Fine 

aggregate 

Coarse 
aggregate 

CaO (%) 34.21 1.82 - - 

SiO2 + Al2O3 (%) 53.86 88.85 - - 

Fe2O3 (%) 0.80 4.22 - - 

SO3 (%) 0.90 0.37 - - 

MgO (%) 7.77 1.03 - - 

Other (Na2O + LOI) (%) 0.51 1.07 - - 

Density (kg/m3) 1300 1200 1650 1700 

Specific gravity 2.90 2.11 2.63 2.73 

Specific surface area (m2/kg) 355 450 - - 

3.1. Materials 

The current study took three mixtures into account, they are known as Mix A, B, and C. Mix-
A, Mix-B and Mix-C have been developed using 0/100, 20/80, 40/60, 60/40, 80/20, and 
100/0 slag-fly ash proportions as binders. The reason for using three different mixes, 
different fly ash and GGBFS, and three different molarity NaOH solutions is to achieve at 
least three standard grades of concrete (20 MPa, 40 MPa, and 60 MPa). Similarly, different 
proportions of fly ash and GGBFS are used to evaluate strength and cracking properties. 
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These mix compositions are easier for designers in concrete mix design when low-molarity 
NaOH solutions are added. The blending and proportioning were done in two phases. In 
the first phase, each mixture (A, B, and C) was incorporated with 0/100% GGBFS-fly ash 
proportion. In second phase, in all mixes (A, B, and C), GGBFS was replaced in place of fly 
ash at an interval of 20%, 40%, 60%, 80%, and 100%. There was an overall total of 
eighteen mixtures made. For this mix proportioning, the unit weight of AAC was taken as 
2400 kg/m3. The mixture proportioning was calculated using that unit weight, which was 
derived from earlier research [2,37]. The mixing process of AAC is the same as 
conventional concrete [11,12]. Mix proportioning particulars are reported in Table 2. 
Following blending, mixes were employed to test the workability. After being removed 
from the moulds, the specimens were kept to remain at room temperature for curing. 

Table 2. Mix proportioning details 

Mi
x 

Binder (B) 
Alkaline solution 

(S) 
Aggregates 

SP 
(%) 

Molar
ity 

(M) 

S/B 
rati

o 
GGB
FS 

(kg) 

Fly 
ash 
(kg) 

NaOH 
solution 

(kg) 

Na2SiO3 
solution 

(kg) 

Fine 
aggregate 

(kg) 

Coarse 
aggregate 

(kg) 

A 

- 300 66 99 581 1354 6 1 0.55 

60 240 66 99 581 1354 6 1 0.55 

120 180 66 99 581 1354 6 1 0.55 
180 120 66 99 581 1354 6 1 0.55 
240 60 66 99 581 1354 6 1 0.55 
300 - 66 99 581 1354 6 1 0.55 

B 

- 400 72 108 819 1001 6 2 0.45 
80 320 72 108 819 1001 6 2 0.45 

160 240 72 108 819 1001 6 2 0.45 
240 160 72 108 819 1001 6 2 0.45 
320 80 72 108 819 1001 6 2 0.45 
400 - 72 108 819 1001 6 2 0.45 

C 

- 400 80 120 810 990 6 4 0.50 
80 320 80 120 810 990 6 4 0.50 

160 240 80 120 810 990 6 4 0.50 
240 160 80 120 810 990 6 4 0.50 
320 80 80 120 810 990 6 4 0.50 
400 - 80 120 810 990 6 4 0.50 

3.4 Tests Performed 

To measure the workability of freshly mixed concrete, a slump test was conducted. This 
slump test was performed as per the Indian standard IS: 7320 [38]. The compressive 
strengths of concrete cubes (100 x 100 x100 mm) were evaluated using the Tinius-Olsen 
Testing Machine (TOTM) at 7 and 28 days of curing as per the Indian standard: 516–1959 
[39], and its capacity is 2000kN. For the split tensile strength, a test on a cylinder (100 mm 
dia. And 200 mm height) was also performed on the same equipment. A three-point loading 
test on prisms (500 x100 x 100 mm) was done for flexural strength according to ASTM C 
293-02 [40]. Corresponding test diagrams were presented in Fig.1(a). Reinforced concrete 
prismatic specimens of size 600 x 60 x 60 mm were used in this study to explore the tensile 
and fracture properties. The specimens were subjected to uniform tension loading in a 
UTM with a capacity of 200kN. Two linear variable differential transducers (LVDT) were 
mounted on opposite faces of the concrete prism. The entire test setup is shown in 
Figs.1(b) and 1(c). The change in axial length (deformation) was measured using these 
LVDTs. The signals received by the LVDTs were recorded using a DAQ device. Cracks and 
their formations were observed during the test, and crack spacing was measured for every 
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1 kN increment of load. The test was continued until the steel bar yielded. During the test, 
crack widths were observed and measured at every 10 kN load. Maximum crack width 
values were measured on all surfaces. To establish realistic bar response, the study also 
tested a bare steel bar under similar loading conditions. 

 

   
(a) 

  

(b) (c) 

Fig. 1. (a) cube, cylinder and prism testing (b) Uni-axial tension set up (c) Reinforced 
concrete prism with steel bar under uni-axial tension 

4. Results and Discussion 

4.1 Workability 

Figures 2(a) and 2(b) illustrated the workability of mixtures in terms of slump values and 
reduction in slump in percentages. From Figs. 2(a) and (b), in all mix combinations, Slump 
values increased when fly ash was substituted with GGBFS from 0% to 100%. This 
indicates increasing workability. Earlier investigations also revealed that as the increase 
of GGBFS and NaOH concentration, the workability of AAC decreased [3,9,12]. This may 
due to the GGFBS particles have irregularly shaped and edged surfaces, while fly ash 
particles typically have round and smooth silt-sized particles. Hence, these small glass balls 
improve the flow and efficiency of fresh concrete as fly ash content increased. The highest 
decrement rate in mix-C was observed compared to mix-B and mix-A composites. From fig. 
2(b), when the GGBFS percentage was increased from 0% to 100%, slump values 
decreased by 54.17% in mix A, 60.17% and 63.54% in mix B, C respectively. 

 

 

Load 

Rebar 

LVDT’S 

Concrete 
prism 
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(a) 

 

(b) 

Fig. 2. (a) Workability of mixtures in terms of Slump values, 2(b) Reduction in slump in 
percentages with 100% fly ash (0/100 – GGBFS/Fly ash combination) 

4.2.1 Compressive Strength 

In Figs. 3(a), and (b) the 7-day and 28-day compressive strength results of all mixes are 
shown. The compressive strength values increased when the GGBFS content was increased 
from 0% to 100% in all mixes. In this study, maximum compressive strengths were 
achieved after 28 days curing in mix-A, mix-B, and mix-C at 100% GGBFS and 0% fly ash 
content, which are 27.03 MPa, 49.51 MPa, and 65.81 MPa in mix-A, B, and C respectively. 
Previous research has also indicated that GGFBS increases compressive strength, which 
may be attributed to the high calcium levels present in GGBFS [3,9-12]. But the obtained 
compressive strengths decreased as the fly ash content increased. This may due to the 
inclusion of fly ash reduces the Si/Al ratio in the mixture, indicating that determining the 
relative quantities of AlO4 and SiO4 generated in the geopolymer gel and determining the 
quantity of Si contained in the combination results in a low silicon/aluminum ratio that is 
associated with mixing with a high fly ash content. The compressive strength generally 
decreases as the Si/Al ratio decreases. The decrease in compressive strengths may due to 
the lower NaOH concentrations and provided curing conditions (i.e., ambient curing) in 
this study. The NaOH solution molarity plays the prominent role in dissolution of 
compounds present in source materials such as alumina and silica [5,6]. To obtain better 
geopolymerization, heat or high temperature curings are required when high fly ash levels 
are present in the mixes. But in this study all samples were cured at room temperature 
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only. The method of curing is also playing an important role in the geopolymerization 
process [3,5]. 
 

 
(a) 

 

(b) 

Fig. 3. Compressive strength values at various GGBFS and Fly ash proportions in mixes 
at: (a) 7 Days curing, (b) 28 Days curing    

 

Fig. 4. Normalized compressive strengths (7 Days compressive strengths w.r.t 28 Days 
compressive strengths) 
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4.2.2 Early and Later Gain Strengths 

The 7-day compressive strengths of all mixes are comparable to 28-day compressive 
strengths as depicted in Fig.4. When 100% GGBFS was used as a binder (reference mixes), 
most mixes gained 80%–90% of their total strength at an early age (at 7 days). Among all 
the mixes, the initial strength reduction percentage is the lowest in mix-C. Compared to 
mix-B and mix-C, the initial gain strength reduction percentage in mix-A was observed to 
be higher. Up to 2/3 of the initial strength was observed when GGBFS content of 60% was 
used in B and C mixtures, but not in the case of mix-A. This is because the reactivity of the 
alkaline solution with GGBFS content is higher at an early age than the reactivity of the 
alkaline solution with fly content, and huge amount of fly ash content slows down the 
hydration process, whereas GGBFS enhances the hydration process and reactivity. 

4.2.3 Split Tensile and Flexural Strength 

In Fig. 5, split tensile strength results for all mixes are shown. In all the mixes, as GGBFS 
increased, split tensile strengths increased. Split tensile strengths increased greatly as 
GGBFS in all mixes increased from 0% to 100% and the increment rate was very high at 
specimens having 60%, 80%, and 100% of GGBFS. However, these split tensile strengths 
decreased as fly ash in all mixes increased from 0% to 100% and the decrement rate was 
very high at 60%, 80%, and 100% fly ah containing specimens.  
 

 
Fig. 5. Split Tensile strength values 

 

Fig. 6. Flexural strength values 
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In Fig. 6, the flexural strength results of all mixes are shown. As GGBFS content in all mixes 
increased from 0% to 100%, the flexural strength values increased. Diaz Loya et al. [41] 
also found that flexural strength values are higher for GGBFS content. But with the addition 
of 0%-40% GGBFS, flexural strength values decreased drastically, and the decrement rate 
was higher. Similar kind behaviour was reported by Sofi, M., et al. [42].  

4.3 Tensile Behavior (Load-Member Strain Response) 

To know the tensile behavior of specimens, first record the load displacement response. 
From this, the load-member strain response was obtained. The yield load and the first 
crack load were recorded and tabulated. The measured values first crack load, yield load 
and crack spacing are presented in Table 3. Similarly, average crack spacings, obtained 
from the present experimental study and various codes and previous studies, are given in 
Table 3. The first crack loads are increased as the GGBFS increased. From Table 3, in the 
mixes A, B and C yield loads in steel are slightly closer at 80% and 60% of GGBFS. This 
implies that fly ash and GGBFS combination increases the member's yield load carrying 
ability of steel bar when the member is in crack stabilization stage and after the first crack 
formation in the member.  

Table 3. First Crack Loads, Yield loads and Crack Spacing details 

Specimen 
designation (Mix-
GGBFS/Fly Ash) 

First 
crack 
load 
(kN) 

Yield 
load 

in 
steel 
(kN) 

Average crack spacing (mm)  

Marti et 
al. [23] 
(OPC) 

CEB -
FIB 

Model 
[32] 

(OPC)) 

G. 
Kaklaus

kas et 
al. [34] 
(OPC) 

Experi
mental 
(FSAAC

) 

No.of 
transv

erse 
cracks 

A-00/100 5.70 41.50 112.11 83.33 90.51 85.44 5 

A-20/80 4.74 42.60 112.11 83.33 90.51 81.07 6 
A-40/60 6.10 43.11 112.11 83.33 90.51 78.21 7 
A-60/40 8.76 45.50 112.11 83.33 90.51 74.61 7 
A-80/20 8.85 46.50 112.11 83.33 90.51 74.07 7 

A-100/00 9.80 47.00 112.11 83.33 90.51 72.25 6 
B-00/100 5.26 40.50 112.11 83.33 90.51 83.10 6 
B-20/80 6.11 43.86 112.11 83.33 90.51 80.76 6 
B-40/60 9.40 44.50 112.11 83.33 90.51 78.35 7 
B-60/40 12.30 45.96 112.11 83.33 90.51 75.99 7 
B-80/20 13.20 45.50 112.11 83.33 90.51 75.21 7 

B-100/00 13.40 48.00 112.11 83.33 90.51 73.32 7 
C-00/100 5.56 40.70 112.11 83.33 90.51 83.43 7 
C-20/80 8.30 43.98 112.11 83.33 90.51 80.67 6 
C-40/60 10.50 45.00 112.11 83.33 90.51 77.50 6 
C-60/40 12.50 46.50 112.11 83.33 90.51 72.40 6 
C-80/20 13.20 46.65 112.11 83.33 90.51 71.51 7 

C-100/00 15.13 49.13 112.11 83.33 90.51 70.12 7 
 

Figs. 7 (a), (b), and (c) illustrate the deformation response of the axis load member and a 
bare steel bar of mix-A, B, and C. The behaviour of the members is in starting linear as well 
as elastic until cracks appear in the concrete. After member develops cracks, the concrete 
contribution (average stress) decreased with increasing strain as more cracks form till 
cracking process stabilizes. Tension stiffening effect is slowly decreases after the crack is 
stabilized. Once the crack has stabilized, stiffness of members gradually decreased. The 
behaviour between cracks has the greatest influence on the tension stiffening of 
conventional concrete [19]. After cracking, it can be observed that mixes having 100%-0% 
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and 80%-20% GGBFS-fly ash exhibit more tension stiffening effect behavior than 
remaining mixtures. Similarly, all mixes also exhibited some desirable tension stiffening 
behavior when up to 60% of GGBFS was replaced. But when more than 60% of GGBFS was 
replaced, this tension-carrying capacity between the cracks was severely reduced. The 
reason for this is that as the fly ash increases, bonding between aggregates and the binder 
in the mixture decreases due to the better geopolymerization not achieved in the presence 
of small NaOH concentration and room temperature. Due to this, the bonding between 
concrete and steel can also decrease. Previous studies indicated that tension carrying 
capacity between cracks of concrete based on bond that occurred among concrete and 
steel; in relative to crack spacing, it established as per member cracks [29-31]. Tensile load 
carrying capacities at first crack load at different fly ash to GGBFS ratios, i.e., 0/100, 20/80, 
40/60, 60/40, 80/20, and 100/0, while in Mix-A were 5.70 kN, 4.74 kN, 6.10 kN, 8.76 kN, 
8.85 kN, and 9.80 kN, while in Mix-B were 5.26 kN, 6.11 kN, 9.40 kN, 12.30 kN, 13.20 kN, 
and 13.40 kN, and in Mix-C 5.56 kN, 8.30 kN, 10.50 kN, 12.50 kN, 13.20 kN, and 15.10 kN 
were observed, respectively. Similar results were observed in this study when compared 
with the studies of Albitar [32] and Ganesan et al. [45, 46]. In the Albitar [32] study, the 
first crack load was observed at 11.56 kN in fly ash-based GPC with a compressive strength 
of 35 MPa. Ganesan et al. [45] observed at 10 kN in plain fly ash-based GPC (FGPC) of M40-
grade concrete. Ganesan et al. [46] study observed first crack load at 12.7 kN in plain fly 
ash and GGBFS-based GPC containing M40-grade concrete. In the present study, specimens 
that achieved 40 MPa compressive strength had a first crack load of 12.30 kN, 13.20 kN, 
and 13.40 kN in 60/40, 80/20, and 100/0 fly ash and GGBFS proportions of Mix-B mixes, 
respectively, and 12.50 kN in 60/40 fly ash and GGBFS proportions of Mix-C mixes. From 
this, it can be understood that fly ash and GGBFS combinations give better results than 
100% fly ash specimens cured at room temperature. Similar behavior was observed in 
yield load as well. 

In all mixes, whenever the GGBFS was rose to 80%, the load transfer of concrete among 
cracks was slightly similar compared to reference mixes (mixes having 100% GGBFS). 
When 0% GGBFS was used, all the mixes showed very low tensile strength, this may be due 
to the use of low concentrations of alkaline activated solution in the mixes and the lack of 
heat curing. Indeed, heat curing of concrete activated with fly-ash-based alkalis is essential 
for good polymerization [6]. But in our study, all the samples have been cured by ambient 
curing. As a result of the low concentration of the alkaline solution and the absence of heat 
curing, better hydration is not achieved at higher levels of fly ash contents. Tension 
stiffening effect was not effectively visible in A-mix compared to other two B and C mixes, 
since mix-A having low grade of strength of mixes. The tension stiffening capacity is more 
visible in members with a lower reinforcement ratio and higher concrete strength [43]. 
Mixes A, B, and C having 100%-0% and 20%-80% GGBFS-fly ash combinations showed 
slightly better tension stiffening effect compared to other mixtures. 

Figures 8 (a), (b), and (c) demonstration the tensile stress in concrete over member strain 
of all specimens. It is evident that among all mixes, the specimens with high GGBFS gave 
better tensile stress values compared to those with lower GGBFS. In the mixes A, B and C, 
specimens having 100% GGBFS showed highest tensile stress values. Similarly, specimens 
with 80% GGBFS also gave better values; this is due to better bonding between concrete 
and steel. Bond effects were primarily responsible for the tension stiffening effect in 
cracked R.C. members [29-31]. 

 



 Venkateswarlu and Gunneswara Rao / Research on Engineering Structures & Materials 10(3) (2024) 1301-1320 

 

1311 

 
(a) 

 

(b) 

 

(c) 

Fig. 7. Member Load vs Member Strain at various GGBFS and Fly ash ratios (a) Mix-A, (b) 
Mix-B, and (c) Mix-C 
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The maximum tensile stress of concrete in specimens was drastically reduced as the fly ash 
increased from the 0% to 100%. The maximum tensile stress of concrete at different fly 
ash to GGBFS ratios, i.e., 0/100, 20/80, 40/60, 60/40, 80/20, and 100/0, while in Mix-A 
were 0.93 MPa, 1.63 MPa, 2.39 MPa, 2.40 MPa, 2.6 MPa, and 2.41 MPa, while in Mix-B were 
1.19 MPa, 1.80 MPa, 2.56 MPa, 3.46 MPa, 3.71 MPa, and 3.76 MPa, and in Mix-C 1.48 MPa, 
2.14 MPa, 2.93 MPa, 3.52 MPa, 3.74 MPa, and 4.27 MPa were observed, respectively. 
Similar results were observed in this study when compared with the studies of Albitar [32] 
and Ganesan et al. [45, 46]. In the Albitar [32] study, the maximum tensile stress in concrete 
of 2.83 MPa was observed in fly ash-based GPC with a compressive strength of 35 MPa. 
Ganesan et al. [45] observed 2.5–3 MPa maximum tensile stress in plain FGPC of M40-
grade concrete. Another Ganesan et al. [46] study observed 3–3.5 MPa maximum tensile 
stress in plain fly ash and GGBFS-based GPC containing M40 grade concrete. In the present 
study, specimens that achieved 40 MPa compressive strength had the maximum tensile 
stresses in concrete: 3.46 MPa, 3.71 MPa, and 3.76 MPa were observed in 60/40, 80/20, 
and 100/0 fly ash and GGBFS proportions in Mix-B mixes, respectively, and 3.52 MPa in 
60/40 fly ash and GGBFS proportions in Mix-C mixes. 
 

 
(a) 

 

(b) 
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(c) 

Fig. 8. Tensile stress in concrete vs Member strain at different GGBFS/Fly ash 
proportions (a) Mix-A, (b) Mix-B, and (c) Mix-C 

4.4 Bond Factor or Tension Stiffening Bond Factor 

In this investigation, bond factor (BF) is calculated by taking the ratio of average load 
carried by the cracked concrete to load carried by concrete at first crack. It is represented 
by “β‟ and its value generally varied between 0 to 1. In some cases, it may greater than 1. 
Better bond factor reveals that the better the member stiffness during the cracking of the 
member. 

The bond factors of all mixes over member strain represented in Figures 9 (a), (b), and (c). 
In this context, if the bond factor is higher, which indicates that member stiffness is also 
higher, when compared to the remaining proportions in all the mixes, those mixes with 
100% and 80% GGBFS content exhibited better bond factors. This indicates that the as the 
inclusion of fly ash in mixes, brittleness of member is decreased and enhance slightly the 
tension stiffening properties some extent. This is due to better bonding between concrete 
and steel. Since bond effects were primarily responsible for the tension stiffening effect in 
cracked R.C. members [29-31]. The bond factors dropped as fly ash content increases 
beyond 20%. This is due higher levels fly ash contents required better curing conditions 
and high molarity NaOH solutions. But in this investigation ambient curing and low 
molarity NaOH solutions are adopted. 
 

 
(a) 
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(b) 

 
(c) 

Fig. 9. Bond factor vs Member Strain at various GGBFS and Fly ash proportions (a) Mix-A, 
(b) Mix-B, and (c) Mix-C 

The average bond factors improved as GGBFS content increased in all mixes. Among all the 
mixes, mix-C showed better average bond factor; these specimens indicated that there was 
better tension carrying capacity between the cracks after the first crack occurred. 
Similarly, all the mixes A, B, and C specimens having 60%–100% GGBFS had better bond 
factors and showed almost identical values at certain member strains. Mix-C specimens 
exhibited better average bond factors than mix-B and mix-A specimens, and mix-B 
specimens exhibited better average bond factors than mix-A. Overall, in all the mixes, the 
tension stiffening factor, or bond factor, varied from 0 to 1. Similar kinds of tension 
stiffening behaviour between the cracks (tension stiffening bond factor) were observed in 
this study when compared with the studies of Albitar [32] in fly ash-based GPC with a 
compressive strength of 35 MPa and plain FGPC of M40-grade concrete and plain fly ash 
and GGBFS-based GPC containing M40-grade concrete in Ganesan et al. [45, 46]. In Albitar 
[32] and Ganesan studies, the bond factors exist between 0 and 1. In Ganesan et al. [45, 46] 
studies, specimens having fly ash and the GGBFS combination exhibited better bond factors 
(tension stiffening behaviour between the cracks) compared to specimens having only fly 
ash. Similarly, in this study, specimens with fly ash and GGBFS combinations also exhibited 
better bond factors. Since better synergy existed between fly ash and GGBFS compared to 
fly ash as a sole binder. 
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4.5 Cracking Behavior 

Cracking behavior is important in the limit state of serviceability of RC members. In this 
paper, an attempt is made to obtain a variation in the average crack spacing and the 
average maximum crack width as the load on the member increases and during the yield 
phase. Fig.10 illustrates the cracks formations and number of cracks of the tested prism. 
First crack formation was observed central region of the prism of most prisms, but two 
cracks also appeared at the same time in some members. The cracks that developed on all 
sides of the member were not uniform. When there is increasing in load, an increase in first 
crack width was observed. 
 

 
Fig. 10. Crack patterns of the specimen 

 

Fig. 11. Crack spacing comparison 

Among all the mixes, minimum crack widths and reduced crack spacings were obtained at 
100%, 80% and 60% GGBFS percentages. When GGBFS replacement exceeds 60%, both 
crack spacings as well as crack widths are increased. Fig.11 showed the average crack 
spacing in all the mixes, and these were compared with the CEB-FIB model code [27], as 
well as with proposed crack equations from G. Kaklauskas et al. [44]. The obtained values 
underestimated the CEB-FIB model code [27] and G. Kaklauskas et al. [44] equation some 
extent. But the variation observed between present experimental code and existed CEB-
FIB model code [27] and G. Kaklauskas et al. [44] equation is below 10%. Ganesan et al. 
[45, 47] also reported that crack spacing for plain GPC consistent with CEB model code. 
Among all mixes, mixes containing 60% to 100% GGBFS had small crack spacing. This 
indicates that these mixes give better results from a serviceability point of view. Reduced 
crack spacing is frequently advantageous in terms of serviceability and plastic deformity 
aspect [47]. Closer results (crack spacings) were obtained in this study when compared 
with the studies of Ganesan et al. [45, 46], plain FGPC of M40-grade concrete, plain fly ash, 
and GGBFS-based GPC containing M40-grade concrete. 
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Fig. 12. Maximum crack width comparison 

Ganesan et al. [45] observed 78.5 mm maximum average crack spacing in plain FGPC of 
M40-grade concrete. Another Ganesan et al. [46] study observed 73 mm maximum average 
crack spacing in plain fly ash and GGBFS-based GPC containing M40 grade concrete. In the 
present study, specimens that achieved 40 MPa compressive strength had the maximum 
average crack spacings in concrete: 83.1 mm, 80.76 mm, and 78.35 mm were obtained in 
60/40, 80/20, and 100/0 fly ash and GGBFS proportions in Mix-B mixes, respectively, and 
77.5 mm in 60/40 fly ash and GGBFS proportions in Mix-C mixes. 

Fig.12 showed the maximum crack widths of all tested specimens. These crack width 
values were minimums in mixes having 100%, 80%%, and 60% GGBFS compared to the 
remaining mixes. Reduced spacings and narrow crack widths are obtained, when the 
members have 60%-100% GGBFS compared to the remaining mixes. Replacing GGBFS 
with fly ash increases workability, reduces brittleness and thereby improves fresh, 
strength and cracking properties to some extent. And also, the better bonding between 
concrete and steel existed in these proportions. This implies that the synergy between fly 
ash and GGBFS binder is greater than the sole binder (fly ash or GGBFS-based). The 
obtained crack widths (mixes having 40%-100 % GGBFS) are within permissible limits 
specified by CEB-FIB model code [27] and Eurocode-2 [28]. The obtained maximum 
average crack widths are closer and more consistent with the results obtained in Ganesan 
et al. [45, 46] studies. But underestimated results were obtained by Albitar [32]. 

5. Conclusions 

In this study, fresh, tension stiffening (strength), and cracking characteristics of AAC with 
different proportions of fly ash and GGBFS has been investigated. From this study, it was 
found that  

• The workability of all mixes in terms of slump has decreased with an increase in 
GGBFS content in the total binder from 0% to 100%. But slump values decreased 
with increased GGBFS. When the GGBFS percentage was increased from 0% to 
100%, slump values decreased by 54.17% in mix A, 60.17% in mix B, and 63.54% 
in mix C. An increase in GGBFS content from 0% to 100% increased the 
compressive, split tensile and flexural strength of the composites under ambient 
curing. Due to low concentration of alkaline solution and lack of heat curing, better 
hydration is not achieved in mixtures with high fly ash percentages, resulting in low 
compressive strength of those specimens. Maximum compressive strength 27.03 
MPa in mix-a, 49.51 MPa in mix-B, and 65.81 MPa in mix-C were obtained when 
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100% GGBFS as used as binder. Maximum compressive strengths were achieved 
after 28 days curing in mix-A, mix-B, and mix-C at 100% GGBFS and 0% fly ash 
content, which are 27.03 MPa, 49.51 MPa, and 65.81 MPa in mix-A, B, and C 
respectively. 

• From the load-member strain response, in most of the mixes, tension stiffening 
effect improved as the GGBFS rose from 0% to 100%. Tension stiffening effect is 
slightly similar when mixes have 100%-0% and 80%-20% of GGBFS-fly ash 
proportions compared to all mixes after first crack. Among all the mixes, mix-C 
showed better average bond factor; these specimens indicated that there was better 
tension carrying capacity between the cracks after the first crack occurred. In the 
present study, specimens that achieved 40 MPa compressive strength had a first 
crack load of 12.30 kN, 13.20 kN, and 13.40 kN in 60/40, 80/20, and 100/0 fly ash 
and GGBFS proportions of Mix-B mixes, respectively, and 12.50 kN in 60/40 fly ash 
and GGBFS proportions of Mix-C mixes. 

• Minimum crack widths and reduced crack spacings were obtained at 100%, 80% 
and 60% GGBFS percentages compared to the remaining mixes. This is due to the 
improved synergy between fly ash and GGBFS than that of the sole binder (fly ash). 
The calculated crack spacings are in good agreement with CEB-FIB model, and the 
variations in crack spacings are below 10%.  

• Hence, through this study, it can be concluded when fly ash and slag-based alkali 
activated concretes were prepared with solutions containing low NaOH 
concentrations and cured at room temperature, there was a rise in the tension 
stiffening (strength) and cracking properties with higher percentages GGBFS.  

• However, from this study, it is recommended that there is a need for a detailed 
parametric study to predict equations for cracking and tensile characteristics of 
plain and R.C. alkali-activated geopolymer concrete tension members to assess the 
structural behaviour of members under ambient curing conditions in any 
environmental condition. The bond between steel bar and concrete can also be 
considered an influencing parameter in the behaviour of FSAAC. 

Acknowledgement 

The authors acknowledge the support from NIT Warangal and the staff members of the 
material testing and Concrete Laboratory of the Department of Civil Engineering, NIT 
Warangal.  

References 

[1] Puertas F, Martı́nez-Ramı́rez S, Alonso S, Vázquez T. Alkali-activated fly ash/slag 
cements: Strength behaviour and hydration products. Cement and concrete research. 
2000 Oct 1;30(10):1625-32. https://doi.org/10.1016/S0008-8846(00)00298-2  

[2] Thunuguntla CS, Gunneswara Rao TD. Appraisal on strength characteristics of alkali-
activated GGBFS with low concentrations of sodium hydroxide. Iranian journal of 
science and technology, transactions of civil engineering. 2018 Sep; 42:231-43. 
https://doi.org/10.1007/s40996-018-0113-4  

[3] Mallikarjuna Rao G, Gunneswara Rao TD. Final setting time and compressive strength 
of fly ash and GGBS-based geopolymer paste and mortar. Arabian journal for science 
and engineering. 2015 Nov; 40:3067-74. https://doi.org/10.1007/s13369-015-1757-
z  

[4] Mallikarjuna Rao G, Gunneswara Rao TD, Siva Nagi Reddy M, Rama Seshu D. A study on 
the strength and performance of geopolymer concrete subjected to elevated 
temperatures. InRecent Advances in Structural Engineering, Volume 1: Select 

https://doi.org/10.1016/S0008-8846(00)00298-2
https://doi.org/10.1007/s40996-018-0113-4
https://doi.org/10.1007/s13369-015-1757-z
https://doi.org/10.1007/s13369-015-1757-z


Venkateswarlu and Gunneswara Rao / Research on Engineering Structures & Materials 10(3) (2024) 1301-1310 

 

1318 

Proceedings of SEC 2016 2019 (pp. 869-889). Springer Singapore. 
https://doi.org/10.1007/978-981-13-0362-3_70  

[5] Karri SK, Ponnada MR, Veerni L. Development of eco-friendly GGBS and SF based alkali-
activated mortar with quartz sand. Journal of Building Pathology and Rehabilitation. 
2022 Dec;7(1):100. https://doi.org/10.1007/s41024-022-00235-5  

[6] Phoo-ngernkham T, Maegawa A, Mishima N, Hatanaka S, Chindaprasirt P. Effects of 
sodium hydroxide and sodium silicate solutions on compressive and shear bond 
strengths of FA-GBFS geopolymer. Construction and Building Materials. 2015 Aug 30; 
91:1-8. https://doi.org/10.1016/j.conbuildmat.2015.05.001  

[7] Singh SP, Murmu M. Effects of curing temperature on strength of lime-activated slag 
cement. International Journal of Civil Engineering. 2017 Jun; 15:575-84. 
https://doi.org/10.1007/s40999-017-0166-y  

[8] Bhowmick A, Ghosh S. Effect of synthesizing parameters on workability and 
compressive strength of fly ash based geopolymer mortar. International Journal of Civil 
& Structural Engineering. 2012;3(1):168-77. 

[9] Lee NK, Lee HK. Setting and mechanical properties of alkali-activated fly ash/slag 
concrete manufactured at room temperature. Construction and Building Materials. 
2013 Oct 1; 47:1201-9. https://doi.org/10.1016/j.conbuildmat.2013.05.107  

[10] Hu Y, Tang Z, Li W, Li Y, Tam VW. Physical-mechanical properties of fly ash/GGBFS 
geopolymer composites with recycled aggregates. Construction and Building Materials. 
2019 Nov 30; 226:139-51. https://doi.org/10.1016/j.conbuildmat.2019.07.211  

[11] Nath P, Sarker PK. Effect of GGBFS on setting, workability and early strength 
properties of fly ash geopolymer concrete cured in ambient condition. Construction 
and Building materials. 2014 Sep 15; 66:163-71. 
https://doi.org/10.1016/j.conbuildmat.2014.05.080  

[12] Fang G, Ho WK, Tu W, Zhang M. Workability and mechanical properties of alkali-
activated fly ash-slag concrete cured at ambient temperature. Construction and 
Building Materials. 2018 May 30; 172:476-87. 
https://doi.org/10.1016/j.conbuildmat.2018.04.008  

[13] Beeby AW, Scott RH. Cracking and deformation of axially reinforced members 
subjected to pure tension. Magazine of concrete research. 2005 Dec;57(10):611-21. 
https://doi.org/10.1680/macr.2005.57.10.611  

[14] Chan HC, Cheung YK, Huang YP. Crack analysis of reinforced concrete tension 
members. Journal of Structural Engineering. 1992 Aug;118(8):2118-32. 
https://doi.org/10.1061/(ASCE)0733-9445(1992)118:8(2118)  

[15] Gupta AK, Maestrini SR. Tension-stiffness model for reinforced concrete bars. Journal 
of Structural Engineering. 1990 Mar;116(3):769-90. 
https://doi.org/10.1061/(ASCE)0733-9445(1990)116:3(769)  

[16] Lee GY, Kim W. Cracking and tension stiffening behaviour of high-strength concrete 
tension members subjected to axial load. Advances in Structural Engineering. 2009 
Apr;12(2):127-37.  

[17] Marti P, Alvarez M, Kaufmann W, Sigrist V. Tension chord model for structural 
concrete. Structural Engineering International. 1998 Nov 1;8(4):287-98. 
https://doi.org/10.2749/101686698780488875  

[18] Yankelevsky DZ, Jabareen M, Abutbul AD. One-dimensional analysis of tension 
stiffening in reinforced concrete with discrete cracks. Engineering Structures. 2008 Jan 
1;30(1):206-17. https://doi.org/10.1016/j.engstruct.2007.03.013  

[19] Bischoff PH. Tension stiffening and cracking of steel fiber-reinforced concrete. Journal 
of materials in civil engineering. 2003 Apr;15(2):174-82. 
https://doi.org/10.1061/(ASCE)0899-1561(2003)15:2(174)  

[20] Gribniak V, Mang HA, Kupliauskas R, Kaklauskas G. Stochastic tension-stiffening 
approach for the solution of serviceability problems in reinforced concrete: 

https://doi.org/10.1007/978-981-13-0362-3_70
https://doi.org/10.1007/s41024-022-00235-5
https://doi.org/10.1016/j.conbuildmat.2015.05.001
https://doi.org/10.1007/s40999-017-0166-y
https://doi.org/10.1016/j.conbuildmat.2013.05.107
https://doi.org/10.1016/j.conbuildmat.2019.07.211
https://doi.org/10.1016/j.conbuildmat.2014.05.080
https://doi.org/10.1016/j.conbuildmat.2018.04.008
https://doi.org/10.1680/macr.2005.57.10.611
https://doi.org/10.1061/(ASCE)0733-9445(1992)118:8(2118)
https://doi.org/10.1061/(ASCE)0733-9445(1990)116:3(769)
https://doi.org/10.2749/101686698780488875
https://doi.org/10.1016/j.engstruct.2007.03.013
https://doi.org/10.1061/(ASCE)0899-1561(2003)15:2(174)


 Venkateswarlu and Gunneswara Rao / Research on Engineering Structures & Materials 10(3) (2024) 1301-1320 

 

1319 

Constitutive modeling. Computer-Aided Civil and Infrastructure Engineering. 2015 
Sep;30(9):684-702. https://doi.org/10.1111/mice.12133  

[21] Nayal R, Rasheed HA. Tension stiffening model for concrete beams reinforced with 
steel and FRP bars. Journal of materials in civil engineering. 2006 Dec;18(6):831-41. 
https://doi.org/10.1061/(ASCE)0899-1561(2006)18:6(831)  

[22] Koeberl B, Willam K. Question of tension softening versus tension stiffening in plain 
and reinforced concrete. Journal of engineering mechanics. 2008 Sep;134(9):804-8. 
https://doi.org/10.1061/(ASCE)0733-9399(2008)134:9(804)  

[23] Ian Gilbert R. Tension stiffening in lightly reinforced concrete slabs. Journal of 
Structural Engineering. 2007 Jun;133(6):899-903. 
https://doi.org/10.1061/(ASCE)0733-9445(2007)133:6(899)  

[24] Kong KL, Beeby AW, Forth JP, Scott RH. Cracking and tension zone behaviour in RC 
flexural members. Proceedings of the Institution of Civil Engineers-Structures and 
Buildings. 2007 Jun;160(3):165-72. https://doi.org/10.1680/stbu.2007.160.3.165  

[25] Muhamad R, Ali MM, Oehlers DJ, Griffith M. The tension stiffening mechanism in 
reinforced concrete prisms. Advances in Structural Engineering. 2012 
Dec;15(12):2053-69. https://doi.org/10.1260/1369-4332.15.12.2053  

[26] Abdulrahman H, Muhamad R, Azim MF. Tension stiffening behaviour of ordinary 
Portland and geopolymer concrete: A review. InAIP Conference Proceedings 2020 Oct 
20 (Vol. 2284, No. 1). AIP Publishing. https://doi.org/10.1063/5.0027322  

[27] Code, CEB-FIP Model. "Comité euro-international du béton." Bulletin d'information 
213 (1995): 46. 

[28] Eurocode 2 EN1992: Design of Concrete Structures (1992). 
[29] Fields K, Bischoff PH. Tension stiffening and cracking of high-strength reinforced 

concrete tension members. Structural Journal. 2004 Jul 1;101(4):447-56. 
https://doi.org/10.14359/13330  

[30] Bischoff PH. Effects of shrinkage on tension stiffening and cracking in reinforced 
concrete. Canadian Journal of Civil Engineering. 2001 Jun 1;28(3):363-74. 
https://doi.org/10.1139/l00-117  

[31] Kaklauskas G, Gribniak V, Bacinskas D, Vainiunas P. Shrinkage influence on tension 
stiffening in concrete members. Engineering structures. 2009 Jun 1;31(6):1305-12. 
https://doi.org/10.1016/j.engstruct.2008.10.007  

[32] Albitar M, Ali MM, Visintin P. Evaluation of tension-stiffening, crack spacing and crack 
width of geopolymer concretes. Construction and Building Materials. 2018 Jan 30; 
160:408-14. https://doi.org/10.1016/j.conbuildmat.2017.11.085  

[33] IS: 12089-1987, Specification for Granulated Slag for The Manufacture of Portland 
Slag Cement. 

[34] IS 3812 (Part 1) :2003, Indian Standard Pulverized Fuel Ash Specification Part 1 for 
use as Pozzolana in Cement, Cement Mortar and Concrete. 

[35] IS 383, "Indian Standard Coarse and Fine Aggregate for Concrete," Bureau of Indian 
Standards, (2016) 

[36] IS 9103: 1999, Indian Standard Concrete Admixtures - Specification. 
[37] Thunuguntla CS, Gunneswara Rao TD. Mix design procedure for alkali-activated slag 

concrete using particle packing theory. Journal of Materials in Civil Engineering. 2018 
Jun 1;30(6):04018113. https://doi.org/10.1061/(ASCE)MT.1943-5533.0002296  

[38] IS:7320 - 1974, specification for concrete slump test apparatus. 
[39] IS: 516 - 1959, Indian Standard methods of tests for strength of concrete. 
[40] ASTM C-293-02, "Standard Test Method for Flexural Strength of concrete (using 

Simple Beam with Center-Point Loading)," International Standard Organization, 
(2002). 

[41] Diaz-Loya EI, Allouche EN, Vaidya S. Mechanical properties of fly-ash-based 
geopolymer concrete. ACI materials journal. 2011 May 1;108(3):300. 
https://doi.org/10.14359/51682495  

https://doi.org/10.1111/mice.12133
https://doi.org/10.1061/(ASCE)0899-1561(2006)18:6(831)
https://doi.org/10.1061/(ASCE)0733-9399(2008)134:9(804)
https://doi.org/10.1061/(ASCE)0733-9445(2007)133:6(899)
https://doi.org/10.1680/stbu.2007.160.3.165
https://doi.org/10.1260/1369-4332.15.12.2053
https://doi.org/10.1063/5.0027322
https://doi.org/10.14359/13330
https://doi.org/10.1139/l00-117
https://doi.org/10.1016/j.engstruct.2008.10.007
https://doi.org/10.1016/j.conbuildmat.2017.11.085
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002296
https://doi.org/10.14359/51682495


Venkateswarlu and Gunneswara Rao / Research on Engineering Structures & Materials 10(3) (2024) 1301-1310 

 

1320 

[42] Sofi M, Van Deventer JS, Mendis PA, Lukey GC. Engineering properties of inorganic 
polymer concretes (IPCs). Cement and concrete research. 2007 Feb 1;37(2):251-7. 
https://doi.org/10.1016/j.cemconres.2006.10.008  

[43] Khalfallah S, Guerdouh D. Tension stiffening approach in concrete of tensioned 
members. International Journal of Advanced Structural Engineering. 2014 Mar; 6:1-6. 
https://doi.org/10.1007/s40091-014-0051-8  

[44] Kaklauskas G, Ramanauskas R, Ng PL. Predicting crack spacing of reinforced concrete 
tension members using strain compliance approach with debonding. Journal of Civil 
Engineering and Management. 2019 May 2;25(5):422-30. 
https://doi.org/10.3846/jcem.2019.9871  

[45] Ganesan N, Indira PV, Santhakumar A. Influence of steel fibres on tension stiffening 
and cracking of reinforced geopolymer concrete. Magazine of concrete research. 2014 
Mar;66(6):268-76. https://doi.org/10.1680/macr.13.00273  

[46] Ganesan N, Sahana R, Indira PV. Effect of hybrid fibers on tension stiffening of 
reinforced geopolymer concrete. Advances in concrete construction. 2017 
Feb;5(1):075. https://doi.org/10.12989/acc.2017.5.1.75  

[47] Zwicky D. Bond and ductility: a theoretical study on the impact of construction details-
part 1: basic considerations. Advances in concrete construction. 2013 Mar;1(1):103. 
https://doi.org/10.12989/acc.2013.1.1.103  

https://doi.org/10.1016/j.cemconres.2006.10.008
https://doi.org/10.1007/s40091-014-0051-8
https://doi.org/10.3846/jcem.2019.9871
https://doi.org/10.1680/macr.13.00273
https://doi.org/10.12989/acc.2017.5.1.75
https://doi.org/10.12989/acc.2013.1.1.103


*Corresponding author: faouzi-hamza@hotmail.fr  
a orcid.org/0000-0002-2948-6281; b orcid.org/0000-0002-5655-5676; c orcid.org/0000-0002-3373-5738;         
d orcid.org/0000-0001-6406-8678 
DOI: http://dx.doi.org/10.17515/resm2024.118me1209rs  

Res. Eng. Struct. Mat. Vol. 10 Iss. 3 (2024) 1321-1338   1321 

 

Research Article 

Experimental investigation and numerical optimization of sheet 
metal forming limits during deep drawing process of DD14 steel  

Faouzi Hamza*1,a, Ouzine Boussaid2,b, Hamid Hamadache3,c, Abdelmoumene Guedri4,d  

1Department of Mechanical Engineering, Badji Mokhtar University, Annaba, Algeria 
2Department of Mechanical Engineering, Badji Mokhtar University, Research Laboratory of Research on 
Industrial Risks, Control and Safety, Annaba, Algeria 
3Department of Mechanical Engineering, Badji Mokhtar University, Research Laboratory of Advanced 
Technology in Mechanical Production (LRATPM), Annaba, Algeria 
4Department of Mechanical Engineering, Med Chérif Messaadia University, Souk Ahras, Algeria 
 

Article Info  Abstract 

 
Article history: 

 
Received 09 Dec 2023 
Accepted 26 Feb 2024  

 This work aims to experimentally study the deep drawability of DD14 hot-rolled 
steel sheets and to optimize numerically the material formability. The material 
anisotropy was confirmed by metallographic analysis of the material and tensile 
tests on specimens taken in three orientations with respect to the sheet rolling 
direction. Where the stress-strain curves show a sensitivity of material to the 
Piobert-Lüders phenomenon. The die pressure and the blank holder were 
considered as controlling factors on plastic instability and the success of the deep 
drawing operation. The forming limit curves (FLC) were plotted to highlight the 
different deformation modes that the sheet metal underwent during the deep 
drawing process. The collected deep-drawn parts observation shows severe 
plastic instability, until fracture. The initial plastic anisotropy is determined by 
the Hill48 quadratic criterion and the work hardening by the Hollomon power 
law. It results, during the experimental tests, that the front bottom corners of the 
deep drawn part are the areas at high risk of damage. The various numerical 
simulation scenarios followed by comparisons with the experimental results, 
allowed us to confirm the optimum conditions that minimize the material's 
plastic instability risks, forming operation “Step” and BHP “Amplitude”.  
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1. Introduction 

The forming processes make it possible to manufacture complex mechanical parts such as 
vehicle body components, household appliances, kitchen utensils and many others. The 
deep drawing being one of these processes is characterized by the plastic deformation of a 
sheet in order to obtain the desired shape. To do this, a stamping operation requires three 
main tools: the die, the blank holder and the punch. The blank is the sheet metal to be 
formed, positioned and held by the blank holder pressure. The forming operation is 
ensured by the action of the punch, which sinks into the blank until it matches the shape 
of the die. This action is carried out under penetration pressure at a certain speed to give 
the sheet the desired geometric shape. This process, difficult to master, depends on 
numerous criteria linked to the geometry of the finished product, the nature of the material 
and the working conditions. 

The plastic instability of materials is one of the main causes of necking and mechanical 
fracture phenomena. This phenomenon is more increased in the case of deep drawing, 
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where it results in thinning and/or wrinkling of deep-drawn metal sheets. The anisotropy 
and friction of the material in the deep drawing device make the problem linked to its 
forming more complex. Several investigations have been carried out in this area. One of the 
difficulties of plastic instability is the material sensitivity to the Piobert-Lüders 
phenomenon, which manifests in the appearance of persistent sliding bands during the 
elastoplastic deformation. In the presence of this phenomenon, the tensile test curves 
show heterogeneity of the strain and a discontinuity of the elastic limit. We then witness 
two values of this property, higher and lower [1]. This discontinuity of Re is more marked 
in mild steel and cast iron, in reason to the presence of small quantities of carbon or 
nitrogen [2].  

It appears that the more random the distribution of carbides and more their forms are 
spheroidal, the more likely it is that the Piobert effect occurs. At large grain sizes, εL 
becomes very small and the Lüders deformation bands disappear. However, other 
undesirable surface roughness makes the orange peel phenomenon appear. During sheet 
metal forming, differently oriented grains have the ability to deform independently, 
generating the formation of bands on the surface. Larger the grains more apparent the 
effect [3]. This phenomenon is undesirable for deep-drawing steel sheets because the 
deformation bands it causes are prominent on the surface after the sheets are deep-drawn 
[4]. 

The formation of the Piobert-Lüders phenomenon in ferritic mild steel has been the subject 
of several researches. In this context, Mazière et al. [5] studied by experimental and 
numerical analysis the Lüders phenomenon in low-carbon ferritic steel under simple shear 
load. Wenman and Chard-Tuckey [6] studied the Lüders deformation in ferritic steel 
tensile specimens by modeling and experimental material characterization and found 
some differences between the model responses when the level of plastic strain was lower 
than the Lüders strain presented by the material. Mao and Liao [7] studied the effects of 
ferrite grain size, pearlite volume fraction and pearlite interlamellar spacing on flow 
behavior. The study was carried out by modeling the elongation of the lüders bands and 
hardening behaviors of two-phase ferrite-pearlite steels under tension. Further 
investigations into this phenomenon have been carried out by the finite element method 
[8-9]. 

Keeler [10] introduced the forming limit diagrams. These were constructed empirically to 
describe the deformation states known as the Keller-Goodwin curve, these curves show 
combinations of major and minor strains, from which a much-localized area of thinning or 
necking becomes visible on the sheet metal surface. Boudeau and Gelin [11] studied the 
influence of macroscopic and microscopic properties on the necking of metal sheets. Doege 
and EI-Dsoki [12] Investigated by experimental and numerical simulation the initiation 
and propagation of cracks during the deep drawing process of X5 Cr Ni 18 9 steel. They 
were able to identify two different types of cracks which can lead to material failure. Jain 
et al. [13] determined experimentally the forming limit curve at necking and fracture, using 
a ductile fracture criterion to predict the fracture limit of aluminum sheets for automobiles. 

The sensitivity of material plastic instability to the forming process parameters is also the 
subject of other studies. Where Kardan et al. [14] studied experimentally and by finite 
element method the influence of deep drawing parameters on the residual stresses 
evolution. Hamza et al. [15] studied by numerical simulation the deep drawing parameter's 
effect on the plastic strain evolution in the metal sheet during the forming operation. 
Habeeb et al. [16] studied how the Single-Point incremental forming process parameters 
impact the blank surface roughness. Rabia et al. [17] investigated how PVD coatings, 
lubrication conditions, and operating parameters impact tribological behavior, forming 
forces, and energy consumption when deep drawing is performed. An innovative test rig 
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will be utilized to record force-time variations, frictional interactions, and energy 
consumption under various conditions, such as lubrication and non-lubrication. 

The blank material must be suitable for the deep drawing operation; Torkar et al. [18] 
determined the effect of the cementite particle/ferrite matrix interface on microcrack 
formation and its influence on the drawability of low-carbon steel. Some authors have 
proposed criteria and models as solutions to certain metal-forming problems. Ma et al. [19] 
proposed a ductile fracture criterion in order to predict the forming limit curve at fracture. 
Also, Butuc et al. [20] presented an experimental validation of a new prediction model of 
the forming limit curve under linear and complex deformation paths. Matin et al. [21] 
proposed a method for calculating the stress field corresponding to the local necking. The 
proposed method is designed to circumvent traditional difficulties associated with 
detecting and measuring strains at local necking regions of a forming limit in aluminum 
alloys. Stoughton and Yoon [22] determined the forming limit curve based on the stress-
strain fields and discussed the parameters of the non-linear deformation. Several studies 
have been carried out to evaluate and analyze the formability of metal sheets. Li et al. [23] 
developed an analytical approach for predicting the forming limit with a non-linear strain 
path after pre-strained in uniaxial and biaxial tension for Aluminum alloy sheets. Kumar 
[24] studied the formability of different sheet materials, taking into account different 
parameters such as thickness, hardening coefficient and normal anisotropy. Aghaie-Khafri 
and Mahmudi [25] presented an analytical method to predict the forming limit curve of 
two aluminum alloys, with a theoretical and experimental analysis of the biaxial strain 
limit. Based on strains and stresses, Paul [26] contributed to the theoretical analysis of 
several instability criteria to construct a strain and stress-based forming limit diagrams, 
Including the diffuse bifurcation analysis, the neck formation of through-thickness and the 
shear stress-based criteria onset of through-thickness necking. Paul, in review works, 
explains why HER (Hole Expansion Ratio) is currently an essential topic of engineering 
research [27], summarizes the factors affecting FLC comprehensively to help in decision-
making in material selection and process design [28] and investigate how different tensile 
pre-straining methods affect the high cycle fatigue, low cycle fatigue, and notch fatigue 
performance of automotive grade dual phase steels. [29].  

 

 

Fig. 1.  Schematic representation of forming limit diagram (FLD) [26, 28, 29] 

Often, the process technology varies according to the desired goal. The parameters 
affecting the formability of sheets are numerous and include among others: pressure, 
speed, thickness of the sheet, lubrication, or even the initial state of the material and the 
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thermal or mechanical treatment it has undergone. Furthermore, the output responses 
depend largely on the combination of the parameters between them and the resulting 
interactions. However, industrial deep drawing operations are based on the constancy of 
working conditions and parameters. Thus, in a technical-economic concern, the present 
work aims to study by experimental approach the influence of the blank holder pressure 
on the damages of the deep drawn parts of DD14 steel sheets and by numerical simulation 
the forming operation speed and the BHP amplitude on the material plastic instability, 
using an explicit finite element model from Abaqus/CAE software. The aim is to identify 
the optimum levels of process parameters that minimize the risk of necking and fracture 
during plastic instability of deep-drawn metal sheets. The anisotropy of the material was 
demonstrated from uniaxial traction tests carried out on specimens taken in three 
different directions. The FLC plots served as a fundamental tool for formability 
optimization. Finally, the practical execution and simulation of the deep drawing test made 
it possible to locate areas with high plastic instability. 

2. Experimental Method  

2.1. Material 

The material studied is a mild steel grade DD14 complying with European standard EN 
10111. The choice of this material is motivated by its large-scale use in the company's 
workshop GEMELEC El Kouif Tebessa, Algeria. The chemical composition mainly consists 
of 0.08%C, 0.35%Mn and 0.03%Si. The material is delivered in the hot-rolled, pickled and 
oiled state and has the mechanical properties given in Table 1. 

Table 1. Tensile properties of DD14 steel 

EN 10111 Mechanical characteristics 
 

DD14 
Re 

(MPa) 
Rm 

(MPa) 
A90 
% 

220-280 320-370 ≥ 33 
 

The microstructure was revealed by surface chemical attack with Nital-based reagent, on 
previously coated and polished samples. Metallographic observation is made by a Nikon 
Eclipse LV100ND Microscope, with a magnification of 100x. revealed a ferritic 
microstructure hardened on the surface with different sizes of grains more or less 
elongated in the rolling direction (RD) likewise certain carbides (C) and sulfide inclusions 
(S) appeared at the grain boundaries (Fig. 2). 

 

Fig. 2. Optical micrography of Microstructure of DD14 steel sample  
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2.2. Tensile Test 

In order to highlight the material's anisotropy and its influence on mechanical behavior, 
uniaxial tensile tests were carried out on specimens taken in three directions (0°, 45° and 
90°) with respect to the sheet's rolling direction (Fig. 3-a). The tests are carried out 
according to standard NF EN 10002-1 on a Zwick/Roell Z050 uniaxial tensile machine at 
room temperature, with a speed of 100 mm/min. Fig. 3-b shows the specimen geometry.  

 
a) 

 

 

 

 

 

 
 

 
b) 

Fig. 3. Uniaxial tensile test specimen NF EN 10002, Sampling and geometry 

Furthermore, the material's consolidation is supposed to obey Holloman's hardening law 
Eq (1) [30]. Thus, the hardening exponent (n) and the strength coefficient (K) of this law 
were estimated from the rational tensile curves. 

 𝜎𝑣 = 𝐾𝜀𝑟
𝑛                                                                                                        (1) 

Where: εr and σv are true strain and true stress respectively. 

2.3. Deep Drawing Test 

The test was conducted industrially. Before submitting to the metal forming, a grid was 
drawn on the blank to be deep-drawn allowing the major and minor strains to be 
measured, to visualize their paths and to locate the most subjected areas to plastic strain 
for each test. In order to avoid unnecessary superposition and cluttering of experimental 
points on the FLC curve, squares of dimensions 50x50 mm² were chosen according to 
blank size and deep-drawn part geometry (Fig. 4). 

 

Fig. 4. Grid drawn on the blank 
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The tests were conducted with two main parameters, namely: die pressure (DP) and blank 
holder pressure (BHP). The forming action is obtained from the simultaneous 
displacement of the die and the blank holder, between them is held the blank, towards 
fixed punch on the press table. However, the blank holder pressure is the variable 
parameter in the tests. 

2.4. Modelling and Numerical Simulation 

The material studied is characterized by anisotropic elastoplastic behavior. Anisotropy 
was taken into account in the numerical simulation through the Hill48 criterion [31]. This 
criterion states that the classical elastic function is the most important and frequently used 
method for metallic materials plastic anisotropy détermination. A rectangular Cartesian 
stress component can be used to express this extension of the isotropic Von Mises function, 
as follows Eq (2) [32]: 

2𝑓 = 𝐹(𝜎𝑦𝑦 − 𝜎𝑧𝑧)2 + 𝐺(𝜎𝑧𝑧 − 𝜎𝑥𝑥)2 + 𝐻(𝜎𝑥𝑥 − 𝜎𝑦𝑦)2 + 2𝐿𝜎𝑦𝑧
2 +

2𝑀𝜎𝑧𝑥
2 + 2𝑁𝜎𝑥𝑦

2 = 1                                                                                                     (2) 

Where F, G, H, L, M and N are the Hill anisotropy coefficients, which can be expressed as 
follows Eq (3) [33]: 

𝐹 =
1

2
(

1

𝑅22
2 +

1

𝑅33
2 −

1

𝑅11
2 )  

𝐺 =
1

2
(

1

𝑅11
2 +

1

𝑅33
2 −

1

𝑅22
2 )  

𝐻 =
1

2
(

1

𝑅11
2 +

1

𝑅22
2 −

1

𝑅33
2 )               (3) 

𝐿 =
3

2𝑅23
2   

𝑀 =
3

2𝑅13
2   

𝑁 =
3

2𝑅12
2                

Where R11, R22, R33 and R12 are the Hill anisotropy ratios that specify the material in the 
Abaqus FEM software. 

These parameters can be expressed as follows in Eq (4) [33-34]: 

𝑅11 = 𝑅13 = 𝑅23 = 1  

𝑅22 = √
𝑟90(𝑟0+1)

𝑟0(𝑟90+1)
  

𝑅33 = √
𝑟90(𝑟0+1)

(𝑟90+𝑟0)
                (4) 

𝑅12 = √
3𝑟90(𝑟0+1)

(2𝑟45+1)(𝑟90+𝑟0)
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In the thin sheet metal forming process, the plane stress state is generally predominant. 
Consequently, only the four coefficients: F, G, H and N can be retained. These factors can be 
determined empirically from a monotonic tensile test following various sampling 
directions Eq (5) [35]. 

𝐹 =
𝑟0

𝑟90(1+𝑟0)
  

𝐺 =
1

1+𝑟0
  

𝐻 =
𝑟0

1+𝑟0
                 (5) 

𝑁 =
(𝑟0+𝑟90)(2𝑟45+1)

2𝑟90(1+𝑟0)
           

Where r0, r45 and r90 are the values of the anisotropy coefficient (r) according to the 
directions, 0°, 45° and 90° with respect to the rolling direction respectively. 

The anisotropy coefficient (r) is defined by the ratio of transverse strains Eq (6) [36]: 

𝑟 =
𝜀2

𝜀3
=  

𝑙𝑛
𝑏

𝑏0

𝑙𝑛
𝑡

𝑡0

                                                                                                   (6) 

Where ε2 and ε3 are the strains in the width (b0) and thickness (t0) directions, respectively. 

The stamping operation was simulated as performed industrially in the GEMELEC unit 
workshop. All experimental conditions were respected. The numerical deep drawing 
simulation model is run in 3D using Abaqus/CAE software. Fig. 5 shows the configuration 
of the forming tools and the blank. The geometry and mesh of the model are presented in 
the longitudinal section plane. 

 
a) 

 

b) 

Fig. 5. Forming tools and blank, a) Drawing and b) Meshing 

The boundary conditions for the simulation model have been derived from the different 
operations of the deep drawing manufacturing range (Fig. 6). The forming action is 
obtained by the die and the blank holder moving where between which the blank is 
maintained, compared to the fixed punch on the machine table. The die action takes place 
under controlled pressure until it reaches its final position once displaced 25mm. 
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a) 

 
b) 

 
c) 

 
c) 

Fig. 6. Deep drawing manufacturing range; a) Initial position, b) Blank set-up, c) Die 
action and application of BHP and d) Final position after 25 mm stroke 

3. Results and Discussion 

3.2. Tensile Test 

Fig. 7 shows the true stress-true strain curve for the uniaxial tensile test. The sampling 
direction does not affect the material's behavior, as the curves show the same trends in 
both elastic and plastic deformation domains with presence of the Piobet-Lüders 
phenomenon. The slopes of the linear part of the three specimens seem to be confused, 
although Table 2 shows that tensile properties are weakest in the rolling direction and 
stiffness in terms of Young's modulus is highest when the material is tested in the 45° 
direction.  

 

Fig. 7. Influence of sampling direction on true stress-true strain curves 
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This seems to be due to the material's low anisotropy (r45=0.8) in this direction. Rolling the 
sheet did not change the material's ability to undergo strain-hardening, whose coefficient 
(n=0.24) remained constant regardless of the direction in which the specimen was taken, 
Table 2.  

However, for all three samples tested, the curves show a discontinuity of Re, which 
explains the material's sensitivity to the Piobet-Lüders phenomenon and consequently the 
appearance of two elastic limits (ReH and ReL). The rolling direction is the most 
advantageous for this property and even offers the best tensile strength (Rm) without 
sensitively affecting the material's elongation at fracture (Agt(corr). = 0.31%). The 
transverse direction (90°) is the least favorable for all tensile properties. The curve relating 
to this sampling direction shows the widest elastoplastic transition range and a more 
marked instability phenomenon (Necking) on the tensile specimen. 

Table 2. Mechanical properties of DD14 steel 

Direction 
E 

(GPa) 
ReH 

(MPa) 
ReL 

(MPa) 
Rm 

(MPa) 
Agt(corr.) 

% 
r n 

K 
(MPa) 

0° 136,83 281,56 275,13 347,83 0.31 1,10 0.24 622,28 

45° 148,88 275,35 260,36 344,99 0.32 0,83 0.24 620.17 

90° 126,23 257,79 248,50 333,67 0.32 1,11 0.24 594.48 

3.2. Deep Drawing Test 

3.2.1 Influence of Blank Holder Pressure 

The evaluation of deformations was done by optical tracking. The observation made it 
possible to locate areas of necking or fractures, as well as the path of major and minor 
strains of each grid square. The measured values make it possible to plot the material's 
forming limit curve (FLC) (see section 3.2.2). 

Fig. 8 shows an example of the deformation of the most solicited squares, in this case, the 
bottom front corners of the deep drawn part. The orientation of the grid lines enables us 
to determine the strain path and locate areas at risk of plastic instability. Under the deep 
drawing conditions shown in Fig. 8-a, the deformation path of the grid is indicated by the 
arrows oriented towards the front corners of the deep drawn part where the fracture is 
likely to occur. 

These observations confirm those of Ref. [37], which show that due to excess material 
and/or a large difference between the corners, fractures initiate in the lower corners of the 
rectangular deep drawn part and then propagate diagonally. 

 
a) 

 
b) 

Fig. 8. Morphology of deep drawn parts under conditions; a) DP = 14 MPa, BHP = 10 
MPa and b) DP = 14 MPa, BHP = 7 MPa 

The extent of damage can be reduced or even spared if the deep drawing conditions are 
mastered. Figure 8-b shows that reducing the blank holder pressure gives a deep drawn 
part without necking and without fracture. However, this low pressure causes a slight 
increase in the wrinkle size which can affect the choice of the finished product quality. 
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Nevertheless, the phenomenon of wrinkling is not considered a reason for product 
rejection for the company. It is still necessary to optimize the deep drawing parameters to 
successfully complete the operation with the best quality. 

3.2.2 Forming Limit Curve (FLC) 

The FLC is a key result for judging sheet metal formability, both experimentally and in 
numerical simulation of the deep drawing process. The technique for plotting the FLC 
curve is inspired by Hecker's method of determining the limiting deformations; the 
simplicity of this method has led to its widespread use [38]. Therefore, for reasons of 
reducing the measures, only the most stressed squares and where the fracture could take 
place are taken into account (Fig. 9). For each numbered square, it is possible to locate and 
measure the deformations [39-41]. 

 

Fig. 9. Measuring method of grid deformations 

For better precision and to minimize random measurement errors, the dimensions of the 
deformed squares are evaluated relatively. To do this, the four sides (a', a", b', b") of the 
deformed square are measured individually. The final dimensions (a and b) to be retained 
are measured between the centers of opposite sides two by two. The major and minor 
engineering strains are calculated as follows Eqs. (7)-(8) for evaluating the true major and 
true minor strains by Eq (9) [28]. 

𝑒1 =
𝑎−𝑎0

𝑎0
                                                                       (7) 

𝑒2 =
𝑏−𝑏0

𝑏0
                (8)  

𝜀1,2 = 𝑙𝑛 (1 + 𝑒1,2)               (9) 

The graphic representation of the true strains in a reference frame (ε1,ε2) makes it possible 
to trace the FLC (Fig. 10). 
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Fig. 10. Experimental strains distribution during deep drawing of DD14 steel 

It emerges from the analysis of this FLC curve that the limit points of strains (36, 3, 16, 2c 
and 7c) are those of the squares located at the deep drawn part bottom corners (2c and 7c) 
or at the edge of that (36, 16). In return, the majority of the squares were located in the 
uniaxial traction zone and some of them (25, 40, 32 and 33) located in the deep drawn part 
wall were deformed in the wrinkle form. Some grid elements traced on the sheet have 
undergone biaxial expansion (4c, 5c, 6c, 7, 8, 9) or insufficient traction (3c). The squares 
measured at the corners (1c, 2c, 7c and 8c) having suffered the fracture, are closest to the 
deep drawn part bottom where the sheet metal is more solicited to the balanced expansion, 
caused by the punch corner. 

Some experimental points on the FLC curve were superimposed, which translates to the 
existence of deformation symmetry in areas equidistant from a midline between the 
frontal corners of the deep drawn part (Figure 8). The pairs of squares having undergone 
the same deformation during forming operation are located either on the front wall of the 
deep drawn part (3-6), (4-5), (18-23), (20-21) and (28-29) or on the corner of the latter, 
like pairs (1c-8c) and (2c-7c), with the exception of their minor strains which create a 
slight lack of symmetry. Generally, it was found that symmetry affects only 29.16% of the 
formed area, suggesting unstable elastoplastic behavior of the material during the deep 
drawing and that the tooling of the operation needs fine-tuning. 

3.2.3 Modeling and Numerical Simulation  

The anisotropy parameters (F, G, H, N) of the Hill 48 criterion and the anisotropy ratios 
(R11, R22, R33, R12, R13 and R23) are calculated from Eqs. (3)-(4). The obtained values 
in Table 3 are directly injected into the finite element calculation code Abaqus/CAE for 
numerical simulation of the deep drawing process. 

Table 3. Anisotropic parameters for DD14 steel 

Hill48 anisotropy coefficients Anisotropy ratios 

F G H N R11|R13|R23 R22 R33 R12 

0,468 0,475 0,524 1,260 1 1,003 1,029 1,091 

     Acceptable (4c, 5c et 1…40)         Necking (1c, 4c,6c et 8c)       Fracture (2c, 7c) 
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A numerical simulation carried out under lubrication conditions with a coefficient of 
friction f=0.05 and pressures DP= 14 MPa, BHP= 10 MPa provided a result almost identical 
to that of the experimental procedure (Fig. 11). Indeed, it can be seen that the major strain 
of the most solicited area is located at the front corners of the deep drawn part bottom. 

 
                                  a)                                                                                           b) 

Fig. 11. Representation of deep-drawn, a) Experimental, b) Numerical simulation 

For a deeper comparative analysis, the selected nodes for strain measurement were 
chosen in the same way as the experimental procedure (Fig. 12). The results of major and 
minor plastic strains measured at each node by the finite element code Abaqus/ CAE 
(PE22, PE11), allowed us to determine the true FLC curve according to Eq (9). Where PE11 
is plastic strain component following the x-axis and PE22 is plastic strain component 
following the y-axis. 

                                                                   

Fig. 12. Path of nodes concerned by the analysis 

To adapt the operation time to the amplitude of the forming load, the simulation of the 
deep drawing operation was carried out by combining the "Step" module with "Load-
Amplitude" in the finite element calculation code Abaqus/CAE. The numerical simulation 
took place in several scenarios, playing on the amplitude of the forming load and the 
execution time of the deep drawing operation. The best scenario results from a simulation 
conducted with DP=14 MPa and BHP=10 MPa (Fig. 13). 
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Fig. 13. Numerical simulation strains distribution during deep drawing of DD14 steel  

Considering the maximum points for each deformation mode of the simulation FLC, 
respectively the uniaxial, planar and equi-biaxial modes, allowed us to determine the 
experimental-simulation comparative FLC curve.  

The optimal FLC thus deduced shows the same trend as that obtained from the 
experimental test, though the material's formability range has expanded by 2% and 5% in 
terms of major and minor strains simultaneously (Fig. 14).  

                                                                   

Fig. 14. Forming limit curve of DD14 steel 

However, it should be noted that an adequate correlation between the amplitude of the 
forming load and the operation time enables the sheet to better adapt to equi-biaxial strain 
modes, according to the final geometry of the deep drawn part. These two factors are 
essential for optimizing formability. Numerical simulation, for its part, has shown that 
longer forming operation time can lead to uniform strain distribution in the sheet metal as 
a function of the applied load. 
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Comparatively with other results obtained in other similar studies, the punch corner or 
radius has a great influence on the damage of the deep drawn square parts. Where Fuh-
Kuo et al. [42] studied the effect of punch radius in square-deep drawn parts. According to 
the findings, a larger punch radius enables a uniform material flow under the punch profile 
at corners, which delays the occurrence of fractures. Ravindra et al. [43] Confirmed, the 
punch-die corner region of a square cup has a smoother flow of material with an increase 
in the punch or die profile radius. As a result, the maximum width of the flange earring is 
decreased. Bouchaâla et al. [44] concluded that in the deep drawing process, the die 
shoulder radius and punch nose radius play a major role in force distribution and material 
flow during the forming operation, and so on... 

4. Conclusions 

Plastic instability is manifested by a localization of plastic strain and is characterized by a 
weakening of the specimen section, leading to the fracture during the material forming. 
This study aims to better localize the phenomenon of plastic instability and reduce its 
undesirable effect during the deep drawing of DD14 steel sheets for a given geometry of 
deep-drawn parts. The following conclusions can be brought. 

• The uniaxial tensile test provided a curve characterized by a discontinuity at the 
elastoplastic transition (Re), confirming the material's sensitivity to the Piobert-
Lüders phenomenon. This phenomenon is more pronounced on specimens taken in 
the transverse direction (90°) compared to that of rolling.  

• Hecker's method, more than being simple, allows us to accurately translate each 
strain measurement of grid squares into a well-identified experimental point in the 
FLC curve. 

• The CLF of the material in the studied area shows the strain distribution, such that 
in the majority of cases, the strain cloud is in uniaxial and plane traction. 
Particularly, the located points in equi-biaxial deformation mode in the curve are 
the measured squares at the corners of the deep drawn part. 

• The areas at a major risk of plastic instability were identified at the front corners of 
the deep drawn part bottom. Forming with low blank holder pressure leads to the 
appearance of wrinkles and makes it difficult for the material to flow. In return, high 
pressure causes fracture which begins in the sharp corners at the deep drawn part 
bottom where the diffuse necking is located at the end of the operation. 

• Numerical simulation provided an FLC in good agreement with that deduced from 
the experimental test, through which the formability was optimized. 

• Numerical simulation under various scenarios involving anisotropy, operation time 
and forming load amplitude has enabled us to predict the deformation modes 
experienced by the sheet to be deep drawn, risk areas to fracture and consequently 
to get a deep drawing optimal model. 

This study could be extended to take into account all these factors, such as mechanical 
material behavior, punch corner radius, punch-die clearance, tool surface finish, friction 
and non-uniform blank thickness distribution, through a complete experimental test 
design to better surround the problem of plastic instability and make the deep drawing 
operation more successful. 
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Nomenclature 

• Agt(corr).  Total elongation for higher traction force 
• A90  Elongation at break in 90° direction (%) 
• K   Strength coefficient 
• n   Hardening coefficient 
• r   Anisotropy coefficient 
• Re  Yield strength (MPa) 
• ReH  Upper yield strength (MPa) 
• ReL  Lower yield strength (MPa) 
• Rm  Tensile strength (MPa) 
• BHP  Blank holder pressure (MPa) 
• DP  Die pressure (MPa) 
• σv  True stress (MPa) 
• r   True strain (%) 
• 1   Major strain (%) 
• 2   Minor strain (%) 
• PE11  Plastic strain component following x-axis  
• PE22  Plastic strain component following y-axis 

Abbreviations 

• FLC  Forming Limit Curve 
• FEM  Finite Element Method 
• BHP  Blank Holder Pressure 
• DP  Die Pressure 
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