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on strength and permeability of concrete 

Hasnain Mahmud a,* , Towhid Ahmed a , Md. Shafiqul Islam a  

a Department of Civil Engineering, Rajshahi University of Engineering & Technology, Kazla 6204, Rajshahi, Bangladesh 

 

A B S T R A C T 

Concrete is a key component of construction, and its demand is rising quickly along 

with infrastructural development. Although cement and aggregates are still essential 

components for making concrete, the production of cement greatly increases CO2 

emissions, necessitating the use of substitute materials to lessen the impact on the 

environment. As partial cement substitutes, rice husk ash (RHA) and animal bone 

powder (ABP) are viable alternatives. Animal bones, which are especially common in 

areas with high cattle populations, and rice husks, a byproduct of paddy production, 

are frequently discarded despite having useful qualities that can be used to improve 

concrete. With an emphasis on how they affect the material's permeability and 

strength, this thesis investigates the addition of RHA and ABP to concrete. Different 

RHA and ABP replacement amounts are examined through controlled experimenta-

tion to ascertain how they affect the properties of concrete following a predeter-

mined curing period. The goal of this research is to determine the ideal combination 

that strikes a balance between environmental advantages and performance. In addi-

tion to improving the qualities of concrete, using RHA and ABP helps with waste man-

agement and pollution control. This strategy may help with sustainable building 

methods, reduce CO2 emissions, and encourage efficient use of resources by lowering 

dependency on conventional cement. 
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1. Introduction 

Of all the building materials used worldwide, concrete 
is the most widely used due to its distinct benefits over 
other materials (Swaminathen et al. 2021). An estimated 
6 billion tonnes of ordinary concrete are manufactured 
annually worldwide (Mymrin et al. 2018). Unquestiona-
bly, cement plays a crucial role as the only binder in con-
crete, forming a solid substance that can support loads. 
It is vital to note that ordinary Portland cement has been 
a crucial component of concrete for over 200 years in the 
building industry (Ren et al. 2017). According to reports, 
the production of one tonne of Portland cement results 
in around one tonne of greenhouse gas emissions, and 
the cement manufacturing process accounts for 2% to 

8% of the world's power usage (Zeyad et al. 2020). Ce-
ment is an essential component of concrete, and its pro-
duction contributes approximately 5% to 8% of global 
carbon dioxide emissions (Alex et al. 2016). Waste mate-
rials such as rice husk ash, coconut shell, and fuel ash 
from palm oil are the most practical option for cement 
binders as they contain high pozzolanic property which 
supply reactive silica (Winnefeld et al. 2022). The goal is 
to reduce waste by using agricultural and industrial by-
products as alternative binders, offering an environmen-
tally friendly solution to waste management that avoids 
harmful and costly disposal methods like incineration 
and landfilling (AlBiajawi et al. 2022). The evolving life-
style of modern society has resulted in the generation of 
various types of waste, which can impact the environ-
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ment at different scales if not managed properly (Derki 
and Akpınar 2023). In recent years, there has been a sig-
nificant surge in research efforts focused on waste recy-
cling, encompassing both investigative studies and practi-
cal implementations (Çelik et al. 2024; Şengel et al. 2022; 
Canbaz et al. 2021). Each tonne of rice typically yields 200 
kilograms of rice husks, which when fully burned, create 
40 kg of rice husk ash (RHA). Nearly 320,000 tonnes/year 
of RHA might be generated in the area, according to a hard 
estimate, hence suitable alternative disposals need to be 
prepared to prevent negative environmental effects 
(Zerbino et al. 2011). According to world rice production 
by country, about 36.4 million metric tonnes, third in the 
world (Table 1). Again 513.68 million tonnes of rice are 
produced in worldwide (Khanal 2021). 

About 20% of rice's weight is made up of rice husk. 
Furthermore, every year, about 150 million tonnes of 
rice husk are produced (Kordi et al. 2024). Rice husk ash, 
rich in silica, can replace a portion of cement in concrete, 
improving its mechanical and durability properties by 
up to 30% (Zerbino et al. 2011). RHA is a highly reactive 
pozzolanic substance that is produced by burning nice at 
temperatures below 700 °C in a regulated marine envi-
ronment. Its content of amorphous silica is high (Jaya et 
al. 2012). Animal bones, often discarded as waste from 
the meat industry, can be repurposed as partial replace-
ments for fine or coarse aggregates in concrete. This ap-
proach not only helps reduce environmental pollution 

but also explores the potential for producing high-qual-
ity concrete structures using crushed animal bones, as 
researched by various scientists. (Petrounias et al. 2021). 
According to Department of Livestock Services of Bangla-
desh (2024) (Table 2), total cattle production in Bangla-
desh is about 24.856 million and total ruminant produc-
tion in Bangladesh is about 57.143 million (Salim 2022). 

Table 1. World rice production by country (103 tonnes) 
(World Population Review 2024). 

Country 2021 2020 2019 

China 212,843 211,860 209,614 

India 195,425 186,500 174,717 

Bangladesh 56,945 54,906 54,586 

Indonesia 54,415 54,649 54,604 

Vietnam 43,853 42,765 43,495 

Thailand 33,582 30,231 28,618 

Myanmar 24,910 25,983 26,270 

Philippines 19,960 19,295 18,815 

Pakistan 13,984 12,630 11,120 

Brazil 11,661 11,091 10,369 

Cambodia 11,410 11,248 10,886 

Japan 10,525 10,469 10,527 

Table 2. Livestock population of Bangladesh (in million) (Salim 2022). 

Name of species 2013-14 2014-15 2015-16 2016-17 2017-18 2018-19 2019-20 2020-21 2021-22 2022-23 

Cattle 23.488 23.636 23.785 23.935 24.086 24.238 24.391 24.545 24.700 24.856 

Buffalo 1.457 1.464 1.471 1.478 1.479 1.486 1.493 1.500 1.508 1.516 

Sheep 3.206 3.270 3.335 3.401 3.468 3.537 3.607 3.679 3.752 3.827 

Goat 25.439 25.602 25.766 25.931 26.100 26.267 26.435 26.604 26.774 26.945 

Total ruminant 53.590 53.972 54.357 54.745 55.133 55.528 55.926 56.328 56.734 57.143 

In the year 2022, Bangladesh produced 209,016 thou-
sand tonnes of meat from cattle and buffalo. From 1973 
to 2022, Bangladesh's production of beef and buffalo 
meat increased at an average yearly rate of 1.04%, from 
137,047 thousand tonnes to 209,016 thousand tonnes 
(Bangladesh Production of Beef and Buffalo Meat, 1961-
2023 - knoema.com, 2024). One of the waste materials 
taken out of butchered animals (cows and oxen) is bone, 
which has a high calcium concentration. Conversely, cal-
cium oxide makes up 60% to 67% of portland cement 
(Getahun and Bewket 2021). If deemed appropriate, us-
ing cow bones in place of fine aggregate will aid in envi-
ronmental cleanup and the transformation of waste into 
wealth. When working with concrete, one might assume 
that the ratio of cement to water is inversely propor-
tional to the concrete's strength, provided that full com-
paction is maintained at a specific age and standard tem-
perature (Neville and Brooks 1987). A study on rice husk 
ash (RHA) as a Portland cement substitute found that 10-
15% RHA optimizes mortar strength. Lower tempera-
tures yield amorphous RHA, enhancing strength through 

calcium silicate hydrate (C-S-H) gel formation. Higher 
RHA levels above 10% reduce strength due to limited 
calcium hydroxide (Ca (OH)2) and increased porosity. 
White RHA, burnt below 800 °C, showed the best perfor-
mance, especially in seawater, due to more C-S-H gel but 
is constrained by Ca (OH)2 availability for the reaction. 
The ideal RHA content for cement mortar is around 15% 
for balanced strength and binder properties (Zhao et al. 
2022). The study used river sand and 20mm crushed 
rock as aggregates, borehole water, and Portland compo-
site cement for testing. Animal bone ash, processed 
through drying and controlled burning, was mixed in 
proportions of 1:2:4 with a 0.6 water-to-cement ratio. 
Cast specimens measured 150mm cubed. Over 28 days, 
compressive strength peaked at 23.43 N/mm² with 5% 
bone ash, but dropped to 16.49 N/mm² at 20%. The find-
ings suggest that up to 5% animal bone ash is viable for 
lightweight structures, as higher percentages weaken 
the material (Zhao et al. 2022). The study indicates that 
replacing cement with animal bone powder (ABP) in 
concrete reduces compressive, split tensile, and flexural 
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strengths as ABP content increases. For control samples 
(0% ABP), compressive strength increased with age, 
peaking at 33.63 MPa at 28 days. However, with 5%, 
10%, 15%, and 20% ABP, compressive strength signifi-
cantly declined. Similarly, split tensile and flexural 
strengths also decreased with higher ABP percentages. 
The study found that 5% ABP replacement yielded com-
parable strength to the control, and 10% ABP replace-
ment achieved required strength standards, making up to 
10% ABP viable without compromising concrete strength 
(Teshome et al. 2019). The study shows that replacing ce-
ment with animal bone powder (ABP) reduces concrete 
strength and workability as ABP dosage increases. An op-
timal 10% ABP replacement maintains acceptable 
strength and workability, making it the best balance for 
concrete mixes while ensuring desired performance char-
acteristics (Makebo 2019). In this study, four concrete 
mix ratios were created, with one control mix (0% RHA) 
and three mixes containing 10%, 15%, and 20% rice 
husk ash (RHA) as partial cement substitutes. The water 
volume (225.5 kg/m³), coarse aggregates (590 kg/m³), 
fine aggregates (910 kg/m³), superplasticizer concen-
tration (1%), and water-to-binder ratio (0.41) remained 
constant. Each mix produced nine cubes (150x150x150 
mm) and nine cylinders (300x150 mm) for compressive 
and tensile strength tests at 7, 28, and 56 days. Rapid 
chloride permeability tests at 28 days showed reduced 
ion penetration with higher RHA content, except at 20% 
RHA. The 10% RHA mix demonstrated exceptional chlo-
ride ion resistance (Chopra et al. 2015). 

 

2. Research Significance 

This study explores the replacement of cement with 
Rice Husk Ash (RHA) and Animal Bone Powder (ABP) to 
assess sustainable advantages in construction, focusing 
on resource conservation, waste management, environ-
mental impact, energy efficiency, and cost reduction. By 
substituting cement with RHA and ABP, limestone con-
sumption is reduced, supporting resource conservation 
and sustainability. RHA, typically used in landfills, de-
composes slowly and offers limited ecological benefits, 
while ABP, rich in calcium oxide, can be managed more 
effectively as a binding agent, reducing solid waste is-
sues. Environmentally, using RHA and ABP as partial ce-
ment replacements decreases carbon emissions from ce-
ment production, lessening greenhouse gases. Lower ce-
ment demand conserves energy, while the local availa-
bility and low cost of RHA and ABP help to minimize con-
struction expenses. This research thus presents RHA and 
ABP as viable, sustainable alternatives to traditional ce-
ment in construction. 

 

3. Materials and Method 

3.1. Experimental materials 

To get desired quality of silica from RHA it needs to 
burn at the temperature of 700 °C to 800 °C. Fresh rice 
husk cannot deliver silicious material required for devel-
oping proper chemical bond. 

Animal Bone contains calcium which is required to 
transform as calcium oxide. So, it is required to apply 
heat about 300 °C to 400 °C. Applying heat also helps to 
remove biological organism. 

3.1.1.  Rice husk ash processing 

RHA is frequently utilized as a supplemental cementi-
tious material (SCM) in concrete applications to partially 
replace portland cement. RHA is rich in silica which acts 
as pozzolanic compound that can chemically react with 
calcium hydroxide (Ca(OH)₂) in the presence of water. 
Calcium hydroxide generated during cement hydration, 
resulting in the formation of more calcium silicate hydrate 
(C-S-H) gel. This procedure lowers the heat of hydration 
and the possibility of an alkali-silica reaction (ASR) while 
also increasing the concrete's strength, durability, and 
chemical resistance. Because RHA is a byproduct of the 
combustion and rice milling processes, it reduces waste 
and greenhouse gas emissions, making it an environmen-
tally beneficial substance. The application of this material 
in building processes promotes environmentally friendly 
building practices and efficient use of resources. 

After collection of raw rice husk, it was heated at 700 °C 
to 800 °C in gas furnace. Then it was sieved through #100 
sieve to mix with cement for mix design. Silicon was the 
main element after oxygen in RHA. The chemical composi-
tion of the utilized rice husk ash is provided in Table 3. 

Processed rice husk ash is shown in Fig. 1 and chemi-
cal analysis test result is presented in Fig. 2 which was 
conducted in JCM-6000PLUS machine. 

Table 3. Chemical composition of the utilized RHA. 

Element Mass (%) Atom (%) 

O 70.99 81.27 

Si 24.76 16.15 

Na 0.13 0.10 

Mg 1.98 1.49 

S 0.18 0.10 

Ca 0.17 0.08 

Al --- --- 

K 1.58 0.74 

Fe 0.22 0.07 

 

Fig. 1. Rice husk ash (RHA).  
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(a) EDS test result               (b) EDS test graph 

Fig. 2. Chemical analysis of rice husk ash (instrument: JCM-6000PLUS).

3.1.2. Animal bone powder processing 

Animal bones are processed and pulverized into a fine 
powder, which is known as animal bone powder. Usu-
ally, to make it, animal bones are cleaned, dried, and 
burned to remove biological materials. Then, the bones 
are ground into a fine powder. Animal bone powder is a 
significant addition to a variety of industries, including 
agriculture, animal feed, and construction materials. It is 
rich in minerals including calcium and phosphorus. Ani-
mal bone powder has the potential to provide ad-
vantages including increased strength and durability 
when used in place of some of the cement in concrete 
mixes. 

After collection of ABP, it was sun-dried for 2 to 3 
days. Then it was grounded through grinding machine 
and made smaller pieces of size. It was further grounded 
and sieved into powdered consistency. Next it was 
heated 300 °C to 400 °C to remove biological organism 
and calcinated. Then it was sieved again to mix with ce-
ment for mix design. The chemical composition of the an-
imal bone powder is provided in Table 4. 

Table 4. Chemical composition of the ABP. 

Element Mass (%) Atom (%) 

O 68.43 83.60 

Ca 27.93 13.62 

Na 0.48 0.41 

Mg 1.32 1.06 

Al 0.75 0.54 

Si 1.09 0.76 

K --- --- 

Fe --- --- 

 

Processed animal bone powder is shown in Fig. 3 and 
chemical analysis test result is presented in Fig. 4 which 
was conducted in JCM-6000PLUS machine. 

3.1.3. Cement 

Cement, a hydraulic binder, or finely powdered inor-
ganic components combined with water to create a paste 
that sets and hardens through hydration reactions and 
processes and maintains its strength and stability even 
in the presence of water (Atiş and Karahan 2009). 

All 27 cement family products covered by EN 197-1 
(2011) are further categorized into five primary cement 
types. For this study CEM-I/BM (Ordinary Portland Ce-
ment (OPC)) was used and collected from the concrete 
laboratory of Civil Engineering Department, RUET, 
Rajshahi. 

3.1.4. Sand 

The key component of concrete made of crushed 
stone or natural sand is fine aggregate. They were mostly 
utilized to close in spaces left by the coarse aggregate. 
Sand of FM (2.36) was utilized for this project's fine ag-
gregate. 

3.1.5. Coarse aggregate 

As natural crushed stone that was passed through 
19.0 mm sieve and retain on 12.7 mm sieve was em-
ployed in this project (as per ASTM C136 2005). 

 

Fig. 3. Animal bone powder (ABP).  
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(a) EDS test result               (b) EDS test graph 

Fig. 4. Chemical analysis of animal bone powder (instrument: JCM-6000PLUS).

3.2. Sample preparations 

3.2.1. Specimen size 

A total of 9 types of composition were created using 
batched by weight method for conducting two tests, 
each of the compositions had different amounts of ABP 
and RHA by replacing fine aggregate. Before mixing, the 
various components of concrete are typically propor-

tioned by weight or volume, a process known as batch-
ing. According to this study, the most often utilized 
technique for producing concrete in Bangladesh and 
the majority of developing countries is batching by 
weight. 

The unit weight of each concrete specimen was meas-
ured after 28 days curing in SSD condition. Table 5 pro-
vides an overview of all experimental parameters and 
displays the entire experimental schedule.

Table 5. Experimental parameters for the test specimens. 

Test name Specimen size (cylindrical) Curing ages 

Compressive strength test 100 mm x 200 mm 28 days 

Water permeability test 100 mm x 200 mm 28 days 

3.2.2. Concrete mixing and casting 

Cylinders (100mm diameter x 200mm height) for 
compressive strength and water permeability test. For 
every combination, 3 cylindrical samples were prepared 
for compression test as well as for water permeability 
test. For mixing from 12.7 mm to 19 mm size of NCA 
were used. 

9 types of concrete mix were prepared replacing Ce-
ment (by weight) with different proportion of ABP and 
RHA. The mix proportions of different compositions of 

ABP and RHA with their water cement ratio are de-
scribed in Table 6. 

Before casting the NCA was soaked in water for 24 
hours then dried in room temperature for SSD condition. 
All the specimens were casted according to ASTM C39 
(2021). After the mixing the slump value of each mix was 
noted. Test specimens were completed with a steel 
trowel after casting. Every test specimen was kept in 
storage for 24 hours. Then the casing of each cylindrical 
sample was removed. The preparation of concrete cylin-
ders and the slump value test are shown in Figs. 5 and 6.

Table 6. Different compositions of ABP and RHA. 

Combination ABP RHA Cement (OPC) W/C ratio 

1 0% 0% 100% 0.5 

2 0% 5% 95% 0.5 

3 0% 10% 90% 0.5 

4 5% 0% 95% 0.5 

5 5% 5% 90% 0.5 

6 5% 10% 85% 0.5 

7 10% 0% 90% 0.5 

8 10% 5% 85% 0.5 

9 10% 10% 80% 0.5 
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Fig. 5. Mixing of concrete for casting: (a) Mixing dry ingredient; (b) Adding water with mix.

 

Fig. 6. Measuring the slump value of the concrete mix. 

3.2.3. Curing procedure 

The pond method of curing was used in which the cy-
lindrical sample were totally immersed in water 
throughout the curing period. After being cured in water 
for 28 days, the specimens were removed, and a cutting 
machine was used to smooth the cylinder's top and bot-
tom surfaces. Cutting process and curing of concrete (af-
ter smoothing) is shown in Fig. 7. 

3.3. Test methods 

3.3.1. Standards for tests 

In this investigation, batched by weight have been 
adopted as the most commonly used method in concrete 
production in Bangladesh and most developing nations 
(Table 7).

      

Fig. 7. (a) Cutting of specimen; (b) Ponding method for curing of specimen. 

Table 7. Standards for tests. 

Test name Standards 

Compressive strength test ASTM C39 (2021) 

Water permeability test IS 516 (2018) 
 

(a) (b) 

(b) (a) 
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3.3.2. Unit weight of sample 

After the curing process, the sample was removed 
from the water and allowed to dry at ambient tempera-
ture for half an hour in order to remove any remaining 
water from the cylinder. The sample was weighed in a 
balance and the weight was noted in order to assess the 
sample's unit weight or density. Load measurement was 
done in weight machine which is shown in Fig. 8. 

The unit weight or density of the sample is carried by 
Eq. (1).  

𝜌 =
𝑀

𝑉
 (1) 

where M is the mass or weight, and V is the volume of the 
sample. 

 

Fig. 8. The load-measuring method of the test specimen. 

3.3.3. Compressive strength test 

Compression strength is the ability of concrete to bear 
loads applied to it without breaking or deflecting. It is 
possible to evaluate compression strength while adher-
ing to multiple codes, including IS 516 (2018), BS EN 
12390-3 (2019), and ASTM C39 (2021). The compres-
sion test was carried out in this work, per ASTM C-39 
(2021). The compressive strength of the cylindrical 
specimens was determined using a 2000kN compression 
machine. The samples were added one at a time. The 
specimen's composition was recorded before to apply-
ing load, and the highest load the specimen could with-
stand was subsequently noted. Eq. (2) determines the 
concrete cylinder's ultimate compressive strength after 
28 days of curing. 

𝑓 =
𝐹

𝐴
 (2) 

where F is the recorded load, and A is the cross sectional 
area of the cylindrical specimen. 

The ASTM C39 (2021) test technique involves placing 
concrete cylinders under a compressive axial load at a 
rate that stays within a specified range until failure hap-
pens. The specimen's compressive strength is deter-
mined by dividing the maximum load reached by the 
specimen's cross-sectional area. This shows the sample 
both during and after the compression test, as well as the 
testing apparatus used for the test. It also indicates the 
sample's failure pattern. Fig. 9 shows the breaking of 
mould during compressive strength test.

      

Fig. 9. Sample during compressive strength test.

3.3.4. Water permeability test 

Before testing, the specimens were removed from the 
curing environment and allowed to equilibrate to room 
temperature. Surface irregularities or imperfections was 
carefully smoothed or corrected to ensure uniform con-

tact with testing equipment. The water permeability test 
apparatus typically consists of a chamber or container 
capable of holding the specimen, along with a water sup-
ply system and pressure monitoring equipment. The cy-
lindrical concrete specimen is securely placed in the test-
ing apparatus, ensuring that there are no leaks or gaps 

(a) (b) 
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between the specimen and the apparatus walls. Water is 
then applied to one side of the concrete specimen under 
controlled pressure. This pressure simulates the hydrau-
lic head or hydrostatic pressure that the concrete would 
experience in service conditions. The pressure is gradu-
ally increased until it reaches the desired level for test-
ing. It was 5 kg/sq.mm for this test procedure. Then the 
specimens were brought out and sent to UTM for split 
testing. After splitting, the depth of water entered into 
the concrete specimen is measured in millimeter scale. 

Fig. 10 presents the water permeability testing ma-
chine and Fig. 11 shows the procedure of different steps 
during conducting of the water permeability test. 

 

4. Results and Discussion 

All the data that are found from strength test and per-
meability test, workability test, unit weight test are orga-
nized here in different tables. Analyzing these data, the 
effectiveness of our experiment is discussed based on 
test results.  

 

 

Fig. 10. Water permeability testing machine.

      

      

Fig. 11. Water permeability test procedure: (a) Specimen placing; (b) Splitting; (c) Marking; (d) Measuring.  

(a) (b) 

(c) (d) 
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4.1. Workability 

Table 8 provides an overview of the specimen’s slump 
value. Here the results for 5%B-5%R slump value is the 
best match for the purpose of the research. 

From Table 8 and Fig. 12, workability is observed to 
increase as the percentage of animal bone powder in 
concrete rises, but it decreases when the percentage of 
rice husk ash in concrete increases. It is due to the rice 
husk ash is a siliceous material which can increase the 
bond strength in cement to make bond and harden 
faster. On the other hand, animal bone powder contains 
CaO that will tend to make strong chemical bond that 
shows higher slump value.  

Therefore, presence of excess amount of ABP can in-
crease workability but excess RHA decreases workabil-
ity. RHA and ABP also worked as filler materials in con-
crete by filling voids between coarse and fine aggregates, 
leading to improved density and reduced porosity. 

 

Table 8. Slump values of different concrete mixes. 

Concrete mix Slump value (mm) 

0%B-0%R 76 

5%B-0%R 79 

0%B-5%R 73 

5%B-5%R 74 

0%B-10%R 69 

10%B-0%R 82 

10%B-5%R 81 

5%B-10%R 83 

10%B-10%R 86 

B: Animal bone powder; R: Rice husk ash 

 

Fig. 12. Workability of concrete with the partial replacement of cement by ABP and RHA.

4.2. Unit weight 

Table 9 provides the results that 5%B-5%R weight 
value is the best match for the purpose of the research. 

From Table 9 and Fig. 13, it was observed that specific 
weight decreases with the increment of RHA and ABP. 
The unit weight decreases more when ABP is used as a 
partial replacement. We can come to a decision that unit 
weight of RHA is more than ABP and it reduces the 
weight of the structure. 

4.3. Compressive strength 

The test for compressive strength complies with the 
code that was previously covered in the above chapter. 
Table 10 provides the results that 5%B-5%R compres-
sive strength value is the best match for the purpose of 
the research. 

 

Table 9. Unit weight of cylindrical concrete specimens. 

Concrete mix Unit weight (g/cm3) 

0%B-0%R 2.409 

5%B-0%R 2.318 

0%B-5%R 2.367 

5%B-5%R 2.373 

0%B-10%R 2.369 

10%B-0%R 2.271 

10%B-5%R 2.245 

5%B-10%R 2.241 

10%B-10%R 2.255 
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Fig. 13. Unit weight of different concrete mix with RHA and ABP (28 days of age).

Table 10 and Fig. 14 demonstrates that as the amount 
of RHA and ABP replacement for cement increases, the 
compressive strength of concrete after 28 days of curing 
increases for some combination and then decreases for 
other combination. This may be due to when RHA and 
ABP is sufficient amount to react and make C-S-H gel 
then strength increases and when it is much more then 
strength decreases. 

Minimum concrete strength for structural application 
of reinforced concrete must be 20 N/mm2. However, for 
structures up to 4 story, the minimum concrete strength 
may be decreased to 17 N/mm2 (BNBC 2020). 

According to this code, we can use the combination of 
5%B-5%R and 0%b-5%R for the sufficient strength and 
5%B-0%R AND 0%B-10%R for the low strength con-
crete. Other combination can be used for the light weight 
structure. 

Table 10. Variation of compressive strength of concrete 
replacing cement with ABP and RHA. 

Concrete mix Avg. comp. strength (MPa) 

0%B-0%R 21.73 

5%B-0%R 19.47 

0%B-5%R 22.25 

5%B-5%R 22.87 

0%B-10%R 17.66 

10%B-0%R 14.31 

10%B-5%R 15.22 

5%B-10%R 15.76 

10%B-10%R 13.51 

 

Fig. 14. Compressive strength of different concrete mix after 28 days curing.  
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4.4. Water permeability 

The test for water permeability complies with the 
code that was previously covered in the above chapter. 
Table 11 provides the results that 5%B-5%R permeabil-
ity value is the best match for the purpose of the re-
search. RHA and ABP is sufficient amount to react and 
make C-S-H gel then permeability decreases and when it 
is much more then permeability decreases which is 
shown in Table 11 and Fig. 15. 

4.5. Combined effect of permeability and strength 

From Table 12 and Fig. 16, it can be seen that as the 
RHA and ABP both are used up to 5% the strength and 
permeability increases. When the amount goes beyond 
that then the compressive strength and the permeability 
usually decreases. For some specific and special cases, 
we can use the low permeable and low strength con-
crete. For the replacement of both 5%, we get the most 
impressive result. 

Table 11. Variation of water permeability of concrete 
replacing cement with ABP and RHA. 

Concrete mix Avg. permeability (mm) 

0%B-0%R 9.1 

5%B-0%R 8.9 

0%B-5%R 8.2 

5%B-5%R 7.4 

0%B-10%R 9.5 

10%B-0%R 10.2 

10%B-5%R 11.5 

5%B-10%R 10.9 

10%B-10%R 13.2 

 

Fig. 15. Water permeability of different concrete mix after 28 days curing. 

Table 12. Combined result of replacing cement with RHA and ABP. 

Concrete mix Avg. comp. strength (MPa) Avg. permeability (mm) 

0%B-0%R 21.73 9.1 

5%B-0%R 19.47 8.9 

0%B-5%R 22.25 8.2 

5%B-5%R 22.87 7.4 

0%B-10%R 17.66 9.5 

10%B-0%R 14.31 10.2 

10%B-5%R 15.22 11.5 

5%B-10%R 15.76 10.9 

10%B-10%R 13.51 13.2 
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Fig. 16. Combined effect of ABP and RHA concrete mix after 28 days curing.

In consideration with the literature review, it can be 
seen that in these two different tests conducted for RHA 
and ABP separately the strength is higher up to 5%, 
sometimes up to 10% replacement of the materials. Per-
meability decreases for the increase of RHA but increase 
for the increment of ABP. However, in this experiment 
both the ingredient has been mixed and the result found 
for the 5% RHA and 5% ABP provides the best result in 
terms of strength and permeability.   

5. Conclusions

The analysis focused on the compressive strength and 
water permeability of the replacement of ABP and RHA 
in some portion of cement, examining the result with 
varying percentage of ABP and RHA (0%, 5%, 10%). The 
samples exhibited the following characteristics: 
 Compared to a concrete cylinder the compressive

strength of concrete, 5% RHA and 5%ABP-5%RHA
curing for 28 days, yielding values of 22.25 MPa, 22.87
MPa respectively. These recorded compressive
strengths represent the average maximum strengths
achieved in the study.

 Compared to a concrete cylinder permeability of con-
crete, with the incorporation of cement by at the com-
bination RHA and ABP of preferred percentages of
5%ABP-0%RHA, 0%ABP-5%RHA, 5% ABP-5% RHA
at 28 days, resulting in 8.9mm, 8.2mm, 7.4mm respec-
tively. The recorded results show that increase in
compressive strength decreases in permeability.

 Compared to unit weight, the unit weight gradually de-
creases as the combination of RHA and ABP increases.
From the test result it is observed that unit weight of
the concrete containing RHA relatively higher than
concrete containing ABP. The workability decreases
with the reduction of the amount of the cement.
By testing the cylindrical specimen containing RHA

and ABP we can observe that the compressive strength 
of concrete containing 5% RHA and 5% ABP increases by 

more than 3% than that of contain cement. For the spec-
imen that contain only 5% RHA increases the strength by 
more than 2.5%. If we consider about the water perme-
ability of concrete then the concrete specimens contain 
only 5% RHA, only 5% ABP, 5% ABP-5% RHA improves 
its permeability approximately by 2.20%, 9.89% and 
18.68%. This phenomenon occurs when the ABP and 
RHA construct C-S-H gel that is liable for the larger com-
pressive strength. Larger C-S-H gel helps to restrict the 
water permeability. RHA also works as a finer filler par-
ticle. That also helps to minimize the porous structure of 
the concrete leads to less permeability. When the more 
partial material is added then the strength decreases due 
to insufficient amount of reactant is present for proper 
chemical reaction. That also leads to the make the struc-
ture more porous leads to more permeable to water. 

Due to limitation of time the study was concluded 
only with the observation of workability, unit weight, 
compressive strength, permeability of concrete. Per-
haps, the study can be further enriched with the follow-
ing additional work: 
 Investigation of strength behavior of concrete using

ABP and RHA in replacement of cement above 10-30
percent by weight.

 Observation of the flexural behavior of concrete by
split tensile test using ABP and RHA in replacement of
cement up to a certain percentage.

 The test was performed for cylindrical specimen, but
it can be also performed for cubical specimen.

 Further work should be done to cover rapid chloride
penetration test, water absorption, freeze-thaw dura-
bility and abrasion etc.

 Inspection of mechanical strength properties of con-
crete using different properties such as silica fume, fly
ash, ceramic particle, egg shale etc.

 Different water cement ratio can be used.
 Evaluation of concrete's durability and life cycle as-

sessment with the addition of different combination
of ABP and RHA seems they are environmentally
friendly.
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A B S T R A C T 

Flexible pavements are considered more sustainable than concrete pavements pri-

marily due to the higher long-term maintenance and rehabilitation costs associated 

with concrete pavements. Concrete pavements possess a higher modulus of elastic-

ity, which allows them to distribute vehicle loads over a larger area, thereby enhanc-

ing the strength of the pavement. However, despite this advantage, their flexural 

strength is relatively low. As a result, there has been a growing focus on research to 

improve the flexural strength of concrete pavements to increase their overall perfor-

mance and sustainability. This study aimed to reveal the effects of enhanced mechan-

ical properties of concrete reinforced with glass fiber on concrete pavements, specif-

ically under heavy vehicle loading as in real-world conditions. The impact of glass 

fiber on the thickness of both the concrete and base layers, as well as the quality of 

the base layer material and transverse joint spacing, was assessed. For this purpose, 

3D finite element models were developed using ANSYS software, considering con-

crete thicknesses of 100, 150, and 200 mm, glass fiber ratios of 0%, 0.5%, and 1%, 

base layer elastic moduli of 100, 200, and 300 MPa, and transverse joint spacings of 

300, 450, and 600 mm. It was determined that the concrete thickness and the base 

layer modulus of elasticity were the most influential factors in minimizing flexural 

stress, total deformation, and equivalent total strain. The glass fiber addition had a 

more notable impact on maximum principal stress, especially at the 1% ratio, but had 

a minimal effect on total deformation and strain. Transverse joint spacing had the 

least effect, although shorter spacings are still recommended to reduce the risk of 

transverse cracking in stiffer base layers. 
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1. Introduction 

Flexible pavements have a lower initial cost; however, 
when long-term maintenance costs are considered, they 
are more expensive than concrete pavements (Nazki et 
al. 2020; Araz et al. 2023). In Türkiye, 92% of the 2024 
transportation maintenance budget is allocated primarily 
for flexible pavements (KGM 2024). Therefore, expanding 
the use of concrete pavement applications in both Türkiye 
and globally is essential at the earliest opportunity. Con-
crete pavements have a higher elasticity modulus and 

stiffness than flexible pavements, enabling them to 
spread traffic loads over a wider area on the ground, 
which enhances their strength. They function similarly to 
beams resting on an elastic foundation (Ağar et al. 1998). 
Plain concrete, however, is a brittle material, and its flex-
ural strength decreases as its strength class increases 
(Zain et al. 2002). Flexural strength measures a material's 
resistance to bending stresses, indicating the stress level 
at which it fails in bending (Ntimugura et al. 2020). For 
concrete, flexural strength typically ranges from 10% to 
20% of its compressive strength (Kosmatka et al. 2003). 
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Studies aimed at enhancing flexural strength have led 
to a rapid increase in the use of various additives and fi-
bers (steel, basalt, glass, polymeric, carbon) in plain con-
crete, as reflected in the literature (Çelik et al. 2024). The 
utilization of fibers improves the service life and me-
chanical properties of concrete (Karahan and Atiş 2011; 
Zhang and Li 2013; Şengel et al. 2022; Gultekin 2023; 
Eryılmaz Yıldırım et al. 2024). Glass fibers are the most 
commonly used synthetic fibers to enhance the flexural 
strength of concrete, a critical parameter for concrete 
pavements under cyclic loading, owing to their availabil-
ity and ease of application (Akram et al. 2024). 

Jagannadha and Ahmed (2009) revealed that incorpo-
rating just 0.03% glass fiber into plain concrete resulted 
in greater flexural and compressive strengths compared 
to both 0.1% glass fiber and plain concrete. Kizilkanat et 
al. (2015) conducted a study using glass fiber and basalt 
fiber and reported that splitting tensile strength im-
proved with increasing basalt fiber ratios; however, no 
further increase was observed beyond a 0.5% glass fiber 
ratio. Afroz et al. (2019) demonstrated that a 1% addi-
tion of steel fiber increased flexural and compressive 
strengths by 80% and 10%, respectively. Ali and Qureshi 
(2019) observed that adding 0.25% to 1.0% glass fiber 
to concrete enhanced its flexural strength by 25%. Lau et 
al. (2020) found that fiber addition increased fatigue cy-
cles in concrete pavements by 135%. Hussain et al. 
(2020) concluded that a 1% addition of steel fiber re-
duced pavement thickness by 34%. Tunçel et al. (2020) 
reported that 0.5% Kevlar fiber improved the flexural 
strength of concrete pavements. Abdulridha et al. (2021) 
investigated the effects of varying cement content, steel 
and polypropylene fiber ratios, and silica fume ratios, 
concluding that cement content had the greatest impact 
on reducing shrinkage cracking. Sharbatdar and Rahmati 
(2022) reported that adding 20 kg of steel fibers per m³ 
increased flexural and tensile strengths by 83% and 
20%, respectively. Bhogone and Subramaniam (2022) 
observed that hybrid use of polypropylene and steel fi-
bers reduced plastic shrinkage cracking by 90%. Mola et 
al. (2024) studied Kevlar fiber’s effect on concrete pave-
ments, finding that it enhanced flexural and compressive 
strengths by 15% and 5%, respectively.  

In recent years, there has been a growing focus on the 
numerical modeling of fiber-reinforced concrete. The fi-
nite element method offers a numerical approach for ad-
dressing issues involving complex structures, varying 
loads, and diverse materials.  

Kumara et al. (2003) developed a finite element 
model to examine flexural stresses in ultra-thin pave-
ments, observing that Florida pavement test sections in 
poor condition generated higher flexural stresses be-
neath the concrete layer. Sultana (2010) developed a fi-
nite element model using SolidWorks software to ana-
lyze the bonding conditions between whitetopping con-
crete and flexible pavements. The findings indicated that 
bond conditions were the most critical factor influencing 
pavement performance, with increased concrete layer 
thickness resulting in reduced flexural stress beneath 
the concrete layer. Çelik (2014) reported that, in a finite 
element model subjected to tandem axle dual tire load-
ing, flexible pavements exhibited vertical stress levels 

119% higher than those in concrete pavements. Addi-
tionally, Baş et al. (2022) developed a 3D finite element 
model to investigate flexural stresses in concrete pave-
ments constructed on deteriorated flexible bases, con-
cluding that concrete thickness was the most influential 
parameter in controlling bending stresses under the 
concrete layer. 

In addition to the purchase costs of fibers used to en-
hance flexural strength, their impact on reducing work-
ability, requiring the use of plasticizers, adds significant 
costs to the overall pavement design. Therefore, to make 
the use of fiber in concrete pavements more feasible, it is 
essential to reduce the thickness of the concrete layer, as 
well as the thickness and rigidity (quality) of the base 
layer. Besides, standard beam flexural strength tests of-
ten cannot be reliably used to estimate concrete pave-
ment performance (Roesler et al. 2004). 

This study aimed to investigate the effects of en-
hanced mechanical properties of concrete reinforced 
with glass fiber on the performance of concrete pave-
ments under heavy vehicle loading, reflecting real-world 
conditions. The influence of glass fiber on the thickness 
of both the concrete and base layers, as well as the qual-
ity of the base layer material, was evaluated. Nonlinear 
finite element analysis was performed using ANSYS (SAS 
2024) software with a cast iron material model. Finite el-
ement models were developed based on the Taguchi ex-
perimental design method, incorporating parameters 
such as concrete thicknesses of 100, 150, and 200 mm, 
glass fiber ratios of 0%, 0.5%, and 1%, base layer elastic 
moduli of 100, 200, and 300 MPa, and transverse joint 
spacings of 300, 450, and 600 mm. 

 

2. Materials and Method 

When complex problems cannot be solved directly, 
the main problem can be divided into smaller and more 
manageable sub-problems called finite elements. The so-
lution to the original problem can then be obtained from 
the solutions to these sub-problems. In this process, a 
sufficient model can be obtained using a well-defined fi-
nite number of elements (Moaveni 2011). Cheung and 
Zinkiewicz (1965) were the first to apply finite element 
analysis for pavement analysis. 

2.1. Finite element modeling 

Ali et al. (2020) conducted an in-depth study on the 
effects of adding glass fiber to pavement concrete, exam-
ining its mechanical properties at fiber ratios of 0%, 
0.5%, and 1%. They evaluated compressive strength and 
elastic modulus in accordance with ASTM-C39 (2015). 
Additionally, flexural strength was assessed using a four-
point loading test on 100 x 100 x 350 mm specimens, fol-
lowing ASTM-C78 (2018). In this study, the findings of 
Ali et al. (2020) were applied to evaluate the effects of 
glass fiber on concrete pavement via finite element mod-
eling. The load-deflection curve from the bending test is 
shown in Fig. 1, and Table 1 summarizes the mechanical 
properties of both plain and glass fiber reinforced con-
crete.  
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Fig. 1. Load deflection data of plain concrete and glass fiber reinforced concretes. 

Table 1. Mechanical properties of plain and glass fiber reinforced concretes. 

Type Compressive strength (MPa) Elastic modulus (MPa) Flexural strength (MPa) 

Plain concrete 34.66 23472 3.79 

Glass fiber % 0.5 36.87 24583 4.75 

Glass fiber % 1.0 35.57 23842 4.68 

The Cast Iron plasticity model was utilized to capture 
the non-linear behavior of glass fiber-reinforced con-
crete, incorporating compressive and tensile stress-
strain test data (Nguyen Dinh 2016; Jawdhari and Fam 
2020; Noorvand et al. 2022). As the load-deflection data 
for compression tests were not provided in the study and 
only compression yield strengths were available, load-
deflection curves were generated based on these yield 

strengths. This model presumes identical elastic behav-
ior in both tension and compression; therefore, the divi-
sion of stress by strain in the initial rows of compression 
and flexural tests was idealized to be the same, ensuring 
consistent results. Table 2 summarizes the stress–strain 
input values for the flexural response used in the Cast 
Iron plasticity model for both plain and glass fiber-rein-
forced concretes, based on experimental data.

Table 2. Flexural response input parameters for finite element analysis. 

Plain concrete Glass fiber % 0.5 Glass fiber % 1.0 

Strain (mm/mm) Stress (MPa) Strain (mm/mm) Stress (MPa) Strain (mm/mm) Stress (MPa) 

0.00010 2.35 0.00010 2.46 0.00005 1.19 

0.00024 3.03 0.00024 3.64 0.00021 2.48 

0.00043 3.79 0.00034 4.09 0.00029 3.08 

  0.00039 4.29 0.00036 3.49 

  0.00055 4.60 0.00046 4.04 

  0.00085 4.75 0.00072 4.53 

    0.00078 4.60 

    0.00094 4.68 

Axle weight studies conducted on 14,488 vehicles 
across 79 locations in Türkiye show that the most com-
mon truck type, representing 32% of the sample, has a 
1.22 axle configuration (KGM 2023). For finite element 
analysis, heavy vehicles with this axle type were selected 
to reflect real-world loading conditions accurately. The 
wheelbases for 1.22-axle trucks range from 3.33 m to 

6.69 m, depending on the vehicle brand in Türkiye; the 
shortest wheelbase, 3.3 m, was chosen to simulate a crit-
ical loading scenario. 

Tire pressure for heavy vehicles generally varies from 
500 to 1000 kPa worldwide, with 700 to 800 kPa recom-
mended for pavement design (Moffatt 2017). Korkiala-
Tanttu (2009) conducted extensive laboratory and ac-



 Baş / Challenge Journal of Structural Mechanics (2025) 11(1) 42–54 45 

 

celerated road tests, finding that the tire contact areas 
measured 250 mm by 225 mm for single tires and 225 
mm by 200 mm for dual tires. In this study, a tire pres-
sure of 700 kPa was applied, with contact areas of 250 

mm by 225 mm for the front wheels and 225 mm by 200 
mm for the rear wheels. A sample loading model for a 
pavement section with a 4.5-meter transverse joint spac-
ing is illustrated in Fig. 2.

 

Fig. 2. Loading model of the pavement section with a 4.5-meter transverse joint spacing.

The finite element model consisted of a glass fiber-re-
inforced concrete pavement layer and a base layer ar-
ranged from top to bottom. The contact surface between 
the concrete pavement and the base layer was modeled 
as bonded. The base layer bottom was constrained in all 
directions, and the subgrade was excluded to improve 
the displacement analysis. Symmetry conditions were 
applied to the left side of the model, and the end faces 
along the y-axis were constrained in the x-axis to model 
the transverse joints. The right side of the model was not 
subjected to any constraints. 

The element type SOLID185 was chosen for the base 
layer to represent the granular material. The modulus of 
elasticity was set at 100 MPa, 200 MPa, and 300 MPa, 
based on the AASHTO recommended range of 103 to 310 
MPa. Poisson’s ratio was set to 0.3. The base layer thick-
ness was taken as 150 mm, the minimum thickness rec-
ommended by AASHTO.  

ACPA (1992) and ACI 302.1R-11 (2011) recommend 
that joint spacing should be between 24 and 30 times 
the pavement thickness. Accordingly, the spacings for 
pavement thicknesses of 100 mm, 150 mm, and 200 mm 
were adjusted to 300 cm, 450 cm, and 600 cm, respec-
tively, with the recommended upper limit. KGM (2016) 
recommends a joint width of 4.8 mm ± 1.5 mm and a 
minimum joint depth of one-fourth the concrete thick-

ness. In this study, the joint width was considered to be 
6 mm, and the depth was taken as one-fourth of the slab 
thickness. 

2.2. Taguchi method 

Finite element analyses were carried out using the 
Taguchi Method, which employs orthogonal arrays to 
minimize the number of experiments needed while 
maintaining the reliable confidence intervals 
(Mohammed and Najim 2020). In this approach, the S/N 
(Signal-to-Noise) ratio serves as a performance metric, 
where the signal represents the desired effect, and the 
noise reflects factors that adversely affect. Taguchi 
method addresses complex optimization problems 
through three solution targets: maximizing, minimizing, 
and achieving nominal values (Sünbül and Tortum 
2024). Overall, this optimization process offers an effec-
tive and systematic approach, ensuring the production of 
high-performance, quality-enhanced products (Çolak et 
al. 2023). 

The four parameters and their three levels, used for 
finite element analyses and optimization, are presented 
in Table 3. An L9 orthogonal array was selected for the 
experimental plan, with a 95% confidence interval ap-
plied; the details are provided in Table 4.

Table 3. Parameters and levels used in finite element analyses. 

Parameters 
Levels 

1 2 3 

Thickness (mm) 100 150 200 

Glass fiber (%) 0.00 0.50 1.00 

Modulus of elasticity of base layer (MPa) 100 200 300 

Transverse joint space (mm) 300 450 600 
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Table 4. Experimental plan for finite element analysis. 

Experiment No. Thickness (mm) Glass fiber (%) Modulus of elasticity of base layer (MPa) Joint space (mm) 

1 100 0.00 100.00 300 

2 100 0.50 200.00 450 

3 100 1.00 300.00 600 

4 150 0.00 200.00 600 

5 150 0.50 300.00 300 

6 150 1.00 100.00 450 

7 200 0.00 300.00 450 

8 200 0.50 100.00 600 

9 200 1.00 200.00 300 

3. Results and Discussion 

3.1. Validation of the established FEM models 

To validate the established models using compression 
and flexural test data on a concrete slab, Experiment 5 
was selected. The model analysis results of the compres-
sion test for equivalent stress and equivalent total strain 

are shown in Fig. 3, with maximum equivalent stress and 
maximum equivalent total strain values of 36.87 MPa 
and 0.0022703 mm/mm, respectively. 

The model analysis results of the flexural test for max-
imum principal stress and equivalent total strain are 
shown in Fig. 4, with maximum principal stress and max-
imum equivalent total strain values of 4.6791 MPa and 
0.001834 mm/mm, respectively.

 

Fig. 3. Validation of compression test on a concrete slab for Experiment 5: Equivalent stress and equivalent total strain. 

 

Fig. 4. Validation of flexural test on a concrete slab for Experiment 5: Maximum principal stress and equivalent total strain.  
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Fig. 5 presents the comparison between finite ele-
ment analysis results and test data for compression and 
flexural tests. A reasonable agreement was observed, 

confirming the suitability of the selected constitutive 
iron cast model for simulating the real behavior of glass 
fiber-reinforced concrete.

 

Fig. 5. Comparison of finite element results with compression and flexural tests.

3.2. Maximum principal stress analysis results 

Maximum principal stress results used to evaluate the 
flexural stress arising at the bottom of the glass fiber-re-
inforced concrete layer are presented in Fig. 6. 

As shown in Table 5, an ANOVA (Analysis of Variance) 
test was conducted to determine whether the S/N values 
of finite element results are statistically significant and 
to enable estimations with a 95% confidence interval. 
This study's error degree of freedom is zero, as all four 
parameters have three levels. To increase the error de-
gree of freedom and enable estimations at a %95 confi-
dence level, the transverse joint spacing parameter, with 
the smallest contribution at 0.28%, was pooled. The 
model demonstrated a high level of accuracy, with an R2 

of 0.9972 and a predicted R2 of 0.9434, both in close 

agreement with the adjusted R2 of 0.9888 (difference < 
0.2). Additionally, the adequate precision, an indicator of 
signal-to-noise ratio, was 30.97, well above the thresh-
old of 4, confirming the model's suitability for navigating 
the design space. 

At a 95% confidence level, the F-values for the re-
maining parameters (concrete thickness, glass fiber ra-
tio, and modulus of elasticity of the base layer) were 
higher than the F-table value of 19 for (2;2). Additionally, 
the model is statistically significant, as all unpooled pa-
rameters have p-values below 0.05. 

The S/N contributions of all parameters are given in 
Table 6. The optimum levels were identified as A3, B3, 
C3, and D3. As shown in the experiment plan in Table 4, 
no experiment includes the optimum levels.

 

Fig. 6. Maximum principal stress results according to the experimental plan. 
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Table 5. Taguchi ANOVA table for maximum principal stress results. 

Parameters df Sums of squares Variance F-value Contribution (%) p-value 

Thickness (mm) 2 52.41 26.20 287.65 80.43 0.003 

Glass fiber (%) 2 4.11 2.05 22.55 6.31 0.042 

Modulus of elasticity of base layer (MPa) 2 8.46 4.23 46.45 12.99 0.021 

Joint space (mm)             Pooled 

Error 2 0.18 0.09  0.28  

Total 8 65.16   100  

Table 6. S/N contributions of all parameters. 

Parameters Optimum levels S/N contribution 

Thickness (mm) 3 3.052 

Glass fiber (%) 3 0.949 

Modulus of elasticity of base layer (MPa) 3 1.284 

Joint space (mm) 3 0.000 

The sum of contributions (S/N)  5.285 

Average performance statistics (S/N)  -3.716 

Optimum predicted result (S/N) / (MPa)  1.569 / 0.835 

Validation result (S/N) / (MPa)  0.141 / 0.98393 

Confidence interval (α=95%) (S/N)  - 0.162 - 3.301 

A validation finite element model was created using 
the optimum levels: 200 mm concrete thickness, 1% 
glass fiber ratio, 300 MPa modulus of elasticity of the 
base layer, and 600 mm joint spacing. The maximum 
principal stress in the validation finite element model 

was observed to be 0.98393 MPa, located at the bottom 
of the concrete layer at the transverse joint, as shown in 
Fig. 7. This value falls within the range of 0.684 to 1.018 
MPa, indicating that the result is accurate within a 95% 
confidence interval.

 

Fig. 7. Maximum principal stress at the bottom of the concrete slab for validation model.

Performance statistics for minimizing maximum prin-
cipal stress values are shown in Fig. 8. The signal-to-
noise (S/N) contribution of the concrete slab thickness 
was found to be the most effective parameter in minimiz-
ing flexural stress at the bottom of the concrete layer, 
with a value of 3.052. This was followed by the modulus 
of elasticity of the base layer, glass fiber ratio, and joint 
spacing, with respective values of 1.284, 0.949, and 
0.194. 

As the concrete thickness increased, the maximum 
principal stress at the bottom of the slab decreased sig-
nificantly, consistent with previous studies (Sultana 

2010; Baş et al. 2022). This is attributed to the higher 
load transfer efficiency of the thicker plates, particularly 
at the joints (Sii 2015). The 0.5% glass fiber ratio had a 
similar effect on maximum principal stress as plain con-
crete (showing no significant impact), while the 1.0% 
glass fiber ratio reduced the maximum principal stress. 
The theoretical critical fiber volume, the amount of fiber 
needed to significantly impact the concrete's strength, is 
between 1% and 3% (Bentur and Mindess 2006). Since 
the 0.5% fiber ratio was below this threshold, it had a 
similar effect to the plain concrete. The 1.0% ratio's ef-
fectiveness is attributed to the strong bond between the 
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fibers and the concrete matrix, causing the fibers to frac-
ture before debonding (Roesler et al. 2019). The maxi-
mum principal stress decreased as the modulus of elas-
ticity of the base layer increased, aligning with previous 
studies conducted on concrete slabs (Wu et al. 1993; Kim 
2017). The transverse joint spacing had the least effect 
on maximum principal stress; however, it is important to 
note that increasing the transverse joint spacing may 

lead to more cracking in the concrete slab (Shoukry et al. 
2007; Roesler et al. 2019). 

3.3. Total deformation analysis results 

Total deformation results obtained from the finite el-
ement models on the glass fiber-reinforced concrete 
layer are presented in Fig. 9.

 

Fig. 8. Performance statistics minimizing maximum principal stress for all levels. 

 

Fig. 9. Total deformation results according to the experimental plan.

As shown in Table 7, the Taguchi ANOVA table for to-
tal deformation results demonstrates a perfect model fit. 
With an R2 of 0.9998, the model achieves error-free pre-
diction accuracy by accounting for all variability in the 

total deformation results. Furthermore, the predicted R2 
of 0.9996 and adjusted R2 of 0.9997 highlight the model's 
robustness and reliability, confirming its predictive 
power without the risk of overfitting.

Table 7. Taguchi ANOVA table for total deformation results. 

Parameters df Sums of squares Variance F-value Contribution (%) p-value 

Thickness (mm) 2 48.468 24.234 20,812 44.16 0.00005 

Glass fiber (%) 2 0.056 0.028 24.096 0.05 0.03985 

Modulus of elasticity of base layer (MPa) 2 61.242 30.621 26,297 55.79 0.00004 

Joint space (mm)             Pooled 

Error 2 0.002 0.001    

Total 8 109.768   100  
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The performance statistics for the total deformation 
results are shown in Fig. 10. The optimal levels for mini-
mizing total deformation in the concrete layer were iden-
tified as A3, B2, C3, and D1. The base layer modulus of 
elasticity made the highest contribution to reducing total 
deformation, with a value of 55.79, followed by the con-
crete layer thickness at 44.16. Glass fiber had a minor 
contribution of 0.05, and transverse joint spacing, con-
tributing only 0.002, was therefore pooled. As both the 
base layer modulus of elasticity and concrete thickness 
increased, total deformation decreased. The concrete 
layer became stiffer with the increased thickness, and 
this situation led to less deformation under the vehicle 
loads since it distributed the vehicle load more effectively 
through the pavement. The increase in the elasticity mod-

ulus of the base layer led to lower deformation, as it 
measures the layer's rigidity. The effect of the glass fiber 
ratio on deformation was minor compared to the thick-
ness and the base layer's modulus of elasticity. Although 
the increase in elasticity modulus and flexural strength 
slightly improved the concrete material's stiffness, the 
impact was limited because the vehicle loading with a 
1.22 axle type did not generate stresses at the edge and 
transverse joint high enough to exceed the tensile yield 
strength, keeping the material within the elastic region 
and preventing it from entering the plastic region. Trans-
verse joint spacing had a minimal effect on deformation; 
however, it is important to note that shorter transverse 
joint spacings are necessary for stiffer base layers to re-
duce the risk of transverse cracking (Huang 2004).

 

Fig. 10. Performance statistics minimizing total deformation for all levels.

The maximum total deformation observed in the fi-
nite element model for validating maximum principal 
stress optimization at levels A3, B3, C3, and D3 was 
0.072384 mm, located at the transverse joint, as shown 
in Fig. 11. This value falls within the range of 0.0709894 
to 0.0742625, confirming model accuracy within a 95% 
confidence interval. 

3.4. Equivalent total strain analysis results 

Equivalent total strain results obtained from the finite 
element models on the glass fiber-reinforced concrete 
layer and corresponding S/N values are presented in Ta-
ble 8.

 

Fig. 11. Total deformation result at levels A3, B3, C3, and D3.

The ANOVA table for minimizing the maximum equiv-
alent total strain results is given in Table 9. The close 
alignment between R2 (0.9997), adjusted R2 (0.9996) and 
predicted R2 (0.9993) confirms that the model is well-fit-

ted and robust without overfitting and bias. The high pre-
dicted R2 value, close to 1.00, validates the model's esti-
mation capability. Optimum levels that minimize the 
equivalent total strains were found as A3, B2, C3, and D3.  
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Table 8. Equivalent total strain results and corresponding S/N values. 

Experiment No. Equivalent total strain (mm/mm) S/N 

1 0.00188930 54.47 

2 0.00112380 58.99 

3 0.00086532 61.26 

4 0.00081253 61.80 

5 0.00060235 64.40 

6 0.00131750 57.60 

7 0.00046139 66.72 

8 0.00096555 60.30 

9 0.00060722 64.33 

Table 9. Taguchi ANOVA table for equivalent total strain results. 

Parameters df Sums of squares Variance F-value Contribution (%) p-value 

Thickness (mm) 2 46.279 23.140 11,364 40.36% 0.00009 

Glass fiber (%) 2 0.086 0.043 21.166 0.08% 0.04511 

Modulus of elasticity of base layer (MPa) 2 68.301 34.151 16,771 59.56% 0.00006 

Joint space (mm)             Pooled 

Error 2 0.004 0.002    

Total 8 114.671   100  

The modulus of elasticity of the base layer and con-
crete thickness had the greatest impact in minimizing 
the equivalent total strain, with values of 59.56 and 
40.36, respectively. In contrast, the glass fiber ratio and 
joint spacing parameters had minimal effects, with val-
ues of 0.075 and 0.004. The equivalent total strain de-
creased as both the modulus of elasticity of the base 
layer and the thickness of the concrete layer increased. 

The finite element model for validating maximum 
principal stress optimization at levels A3, B3, C3, and D3 
showed a maximum equivalent total strain of 
0.00045942 mm at the transverse joint, as illustrated in 
Fig. 12. This value lies within the range of 0.000444698 
to 0.000472011, verifying model accuracy within a 95% 
confidence interval.

 

Fig. 12. Equivalent total strain result at levels A3, B3, C3, and D3 (0.5x Auto scaled).

The high predicted R² value for all three models vali-
dates the robustness of the model's predictive ability. 
The transverse joint spacing parameter was pooled for 
all three models, and predictions were made without this 
parameter, considering all remaining factors across all 
levels at a 95% confidence level, as summarized in Table 
10. 

4. Conclusions 

This study evaluated the addition of glass fibers at 
0%, 0.5%, and 1% to enhance the flexural strength of 
concrete pavements, examining the effects on maxi-
mum principal stress, total deformation, and equiva-
lent total strain. The concrete pavements had thick-
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nesses of 100, 150, and 200 mm, with base layer elastic 
moduli of 100, 200, and 300 MPa, and transverse joint 

spacings of 300, 450, and 600 mm. The findings are 
summarized below:

Table 10. Taguchi predictions for all parameters except transverse joint spacing. 

Levels 
Maximum principal 

stress (MPa) 
Total deformation 

(mm) 
Equivalent total strain 

(mm/mm) 

A1-B1-C1 2.513 0.288 0.00188318 

A1-B1-C2 2.283 0.181 0.00115498 

A1-B1-C3 1.919 0.139 0.00087427 

A1-B2-C1 2.568 0.283 0.00183341 

A1-B2-C2 2.333 0.178 0.00112445 

A1-B2-C3 1.961 0.137 0.00085117 

A1-B3-C1 2.156 0.289 0.00186887 

A1-B3-C2 1.959 0.181 0.00114620 

A1-B3-C3 1.646 0.140 0.00086763 

A2-B1-C1 1.853 0.202 0.00132836 

A2-B1-C2 1.683 0.127 0.00081470 

A2-B1-C3 1.415 0.098 0.00061670 

A2-B2-C1 1.894 0.198 0.00129325 

A2-B2-C2 1.720 0.125 0.00079317 

A2-B2-C3 1.446 0.096 0.00060040 

A2-B3-C1 1.590 0.202 0.00131827 

A2-B3-C2 1.444 0.127 0.00080851 

A2-B3-C3 1.214 0.098 0.00061201 

A3-B1-C1 1.274 0.150 0.00099441 

A3-B1-C2 1.157 0.094 0.00060988 

A3-B1-C3 0.973 0.073 0.00046166 

A3-B2-C1 1.302 0.147 0.00096813 

A3-B2-C2 1.183 0.092 0.00059377 

A3-B2-C3 0.994 0.071 0.00044946 

A3-B3-C1 1.093 0.150 0.00098685 

A3-B3-C2 0.993 0.094 0.00060525 

A3-B3-C3 0.835 0.073 0.00045815 

 The concrete thickness and the base layer modulus of 
elasticity were the most influential factors in minimiz-
ing stress, deformation, and strain, with greater thick-
ness and stiffness resulting in improved pavement 
performance. The glass fiber addition had a more no-
table impact on maximum principal stress, especially 
at the 1% ratio, but had a minimal effect on total de-
formation and strain. Transverse joint spacing had 
the least effect, although shorter spacings are still rec-
ommended to reduce the risk of transverse cracking 
in stiffer base layers. 

 Across all levels of glass fiber ratio and base layer 
elasticity modulus, concrete thicknesses of 100 mm 
and 150 mm produced maximum principal stresses 
approximately 1.97 and 1.45 times higher, respec-
tively, than the thickness of 200 mm. These thick-

nesses also led to deformations and strains approxi-
mately 1.91 and 1.35 times higher, respectively, com-
pared to the 200 mm thickness. 

 Similarly, across all levels of glass fiber ratio and con-
crete thickness, base layer elasticity moduli of 100 
MPa and 200 MPa generated maximum principal 
stresses about 1.31 and 1.19 times higher, respec-
tively, than a modulus of 300 MPa. These moduli also 
resulted in deformations and strains approximately 
2.11 and 1.31 times greater than those observed with 
a modulus of 300 MPa. 

 Lastly, across all levels of concrete thickness and base 
layer elasticity modulus, glass fiber ratios of 0% and 0.5% 
produced maximum principal stresses approximately 
1.18 times higher than a ratio of 1%. No effect of glass 
fiber ratio on deformation and strain was observed. 
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A B S T R A C T 

This study investigates the effect of incorporating micro-sized silica fume on the me-

chanical properties and durability of cement mortar when exposed to sulfate and 

chloride environments. Mortar samples were prepared by replacing cement with mi-

cro-sized silica fume in varying proportions of 5%, 10%, 15%, 20%, 25%, 30%, and 

35% by weight. The specimens were cured in water and chemically aggressive con-

ditions, including 5% and 10% sodium sulfate solutions, as well as mixtures of 5% 

and 10% sodium chloride solutions, to simulate real-world exposure to such envi-

ronments. Experimental results revealed that the addition of silica fume significantly 

enhanced the mortar's resistance to chemical deterioration caused by sulfates and 

chlorides. This improvement is attributed to the pozzolanic reaction of silica fume, 

which contributed to denser microstructures, reduced porosity, and a stronger bond 

within the matrix. Among the tested proportions, the optimal replacement ratios for 

achieving the best balance between mechanical strength and durability were identi-

fied up to 20%. These findings highlight the efficiency of silica fume as a supplemen-

tary cementitious material in mitigating the adverse effects of aggressive chemical 

agents. Such modifications can be particularly valuable in improving the service life 

of concrete structures exposed to harsh environmental conditions, enhancing sus-

tainability and cost-effectiveness in construction practices. 
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1. Introduction 

Although concrete is widely recognized for its 
strength and durability, it is susceptible to environmen-
tal factors that can degrade its integrity over time (Ala-
meri et al. 2020). Among these, sulphate and chloride at-
tacks are particularly insidious. Sulfate ions, common in 
some soils and groundwater, initiate expansive chemical 
reactions within the concrete matrix, leading to cracking 
and deterioration. Chloride ions, on the other hand, often 
originating from de-icing salts or marine environments, 
penetrate the concrete to corrode its steel reinforcement 
and weaken micro-structural stability. Acid attacks typi-
cally result from various industrial processes and re-
lated applications (Atabey et al. 2023). 

Pozzolans have long been recognized as vital supple-
mentary materials in enhancing the performance and 
durability of concrete (Saif Allah et al. 2024). These ma-
terials, including natural pozzolans such as fly ash 
(Harirchian 2024), silica fume (Güney and Yıldızel 
2024), and volcanic ash (Atasever and Tokyay 2024), are 
widely utilized to improve the longevity of concrete 
structures (McCarthy and Dyer 2019). By refining the 
microstructure and reducing permeability, pozzolans ef-
fectively limit the ingress of aggressive sulfate and chlo-
ride ion (Anwar 2005). This significantly reduces the 
risk of chloride-induced corrosion in steel reinforce-
ment. Additionally, certain pozzolans, such as silica 
fume, possess unique properties that further enhance 
the overall performance of concrete. (Feng et al. 2018). 
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3.7. Modulus of elasticity 

Table 6 summarizes the results of modulus of elastic-
ity and Figs. 13‒17 show the stress-strain curves under 
compression for all curing methods. The modulus of 
elasticity results reflects significant differences based on 
the curing conditions, showcasing how aggressive envi-
ronmental factors influence the mechanical behaviour. 
For specimens cured in water, the modulus values range 
from 4.3 GPa at 0% silica fume to a peak of 12.3 GPa at 
10%. The optimal hydration conditions provided by wa-
ter curing facilitate the pozzolanic reaction, allowing the 
silica fume to effectively contribute to the matrix's 
strength and elasticity. 

In contrast, when the specimens are cured in a 5% 
Na₂SO₄ solution, the modulus values drop significantly, 
ranging from 3.3 GPa at 0% silica fume to 9.3 GPa at 15%. 
The decline in modulus continues to be pronounced in 
specimens cured in a 10% Na₂SO₄ solution, with values 
ranging from 3.1 GPa at 0% silica fume to a maximum of 
only 8.4 GPa at 15%. The formation of ettringite and 

other expansive products is likely intensified, leading to 
greater microstructural damage and a more significant 
loss of elasticity. 

Comparatively, the results from specimens cured in 
saline environments exhibit similar downward trends in 
modulus of elasticity. In the 5% NaCl-cured specimens, 
modulus values range from 4.8 GPa at 0% silica fume to 
6.6 GPa at 15%. Although the modulus is higher than that 
observed in the sulphate-cured specimens, the presence 
of sodium chloride still negatively impacts the mortar's 
stiffness. 

Finally, the lowest modulus values are recorded for 
specimens cured in a 10% NaCl solution, where results 
range from 3.4 GPa at 0% silica fume to 4.98 GPa at 
20%. The decline in modulus compared to both water-
cured and 5% NaCl specimens suggests that the higher 
concentration of chloride exacerbates the detrimental 
effects on the mortar's mechanical properties. The in-
creased salinity may enhance the likelihood of mi-
crocracking and reduce the overall elastic behaviour of 
the mortar.

Table 6. Modulus of elasticity results. 

Modulus of elasticity at 28 days (GPa) 
Group 

10% Na2So4 5% Na2So4 10% NaCl 5% NaCl Water 

3.13 3.29 3.41 4.77 4.34 SF0 

8.84 5.54 3.55 4.42 11.91 SF5 

5.33 4.95 4.14 5.36 12.33 SF10 

3.74 9.30 3.22 6.60 9.70 SF15 

8.40 8.36 4.98 6.40 9.63 SF20 

3.76 7.28 3.80 5.05 7.46 SF25 

2.70 4.66 3.54 3.67 9.50 SF30 

3.52 4.00 3.27 3.37 8.71 SF35 

 

Fig. 13. Stress-strain curve for the groups cured in water. 
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Fig. 14. Stress-strain curve for the groups cured in 5% NaCl solution. 

 
Fig. 15. Stress-strain curve for the groups cured in 10% NaCl solution. 

 
Fig. 16. Stress-strain curve for the groups cured in 5% Na2So4 solution. 
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Fig. 17. Stress-strain curve for the groups cured in 10% Na2So4 solution.

3.8. Flexural strength 

The results of flexural test for specimens submerged 
in water were calculated as the average of three samples 
from each group as shown in Fig. 18. The flexural 
strength results for cement mortars with varying silica 
fume contents indicate a moderate performance under 

normal curing conditions, with values ranging from 7.03 
MPa at 0% silica fume to a peak of 8.91 MPa at 5%. How-
ever, the observed decline in flexural strength at higher 
silica fume contents, specifically at 10% (8.44 MPa), 15% 
(7.6 MPa), and beyond, suggests that excessive silica 
fume may lead to a more brittle mix with reduced flex-
ural capacity. 

 

Fig. 18. Stress-strain curve for the water cured samples in 3-point test.

Furthermore, the decrease in flexural strength at 
higher silica fume levels is also supported by the lower 
values observed at 20% (6.98 MPa), 25% (6.06 MPa), 
30% (4.1 MPa), and 35% (3.64 MPa). These results indi-
cate a significant reduction in the material's ability to 
withstand bending stresses, highlighting the diminishing 
returns of silica fume as a partial replacement for ce-
ment. The increased brittleness at higher percentages 

may be due to the high silica fume content creating a 
dense, but less flexible, structure that is more susceptible 
to crack propagation under load (Hamada et al. 2023).  

The maximum flexural strength of 8.91 MPa at 5% sil-
ica fume corresponds with a compressive strength peak 
of 53.1 MPa under similar water curing conditions, high-
lighting how the optimal silica fume content can enhance 
both properties effectively.  
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However, as the silica fume content increases beyond 
5%, a notable decline in both flexural and compressive 
strengths occurs, particularly at 10% (8.44 MPa flexural) 
and 15% (7.6 MPa flexural), which correlates with a de-
crease in compressive strength (46.8 MPa and 40.7 MPa, 
respectively). This trend suggests that while moderate 
amounts of silica fume enhance strength, excessive con-
tent can lead to increased brittleness and reduced duc-
tility, impacting the material's overall performance un-
der both compressive and flexural loads (Lou et al. 
2023).  

The lower flexural strength values observed at higher 
silica fume levels, such as 6.98 MPa at 20% and 3.64 MPa 
at 35%, correspond with significant drops in compres-
sive strength, indicating that the microstructural integ-
rity may be compromised due to the high pozzolanic con-
tent. 

 

4. Conclusions 

This study aimed to investigate the effects of varying 
silica fume contents on cement mortar properties, in-
cluding compressive strength, flexural strength, modu-
lus of elasticity, and UPV, under different curing condi-
tions. The findings provide insight into the effectiveness 
of silica fume as a partial cement replacement and high-
light the importance of environmental factors in deter-
mining the performance of these mortars. The following 
points are highlighted:  
 Peak compressive strength of 53.1 MPa was observed 

at 5% silica fume content under water curing, indicat-
ing enhanced strength due to improved microstruc-
ture, while a general decline in compressive strength 
was noted at higher silica fume levels, with values 
dropping to 36.8 MPa at 35%, suggesting increased 
brittleness and microcracking at excessive silica fume 
contents. 

 Flexural strength reached a maximum of 8.91 MPa at 
5% silica fume, correlating with the highest compres-
sive strength, which emphasizes the role of silica fume 
in enhancing ductility. While a significant reduction in 
flexural strength was noted at higher percentages, 
with values falling to 3.64 MPa at 35%, reflecting the 
negative impact of excessive silica fume on the mate-
rial's ability to resist bending. 

 The modulus of elasticity peaked at 12.3 GPa for the 
water-cured specimens at 10% silica fume, support-
ing the enhanced stiffness observed with optimal sil-
ica fume levels. While exposure to harmful environ-
ments, such as 5% and 10% Na₂SO₄ and NaCl solu-
tions, led to substantial decreases in modulus values, 
with the lowest recorded at 2.7 GPa in 10%Na₂SO₄, in-
dicating significant degradation of the material's me-
chanical properties. 

 The compressive and flexural strengths, as well as 
modulus values, significantly declined in saline and 
sulphate environments, highlighting the vulnerability 
of silica fume-enhanced mortars to chemical attack. 

 Results showed that while silica fume can enhance 
performance, excessive content in harmful environ-
ments can lead to severe reductions in mechanical 

properties, emphasizing the need for careful material 
design. 
In addition, recommendations for the further re-

search could be summarized as following: 
 Conduct long-term exposure tests to evaluate the du-

rability of silica fume-enhanced mortars in aggressive 
environments over extended periods. 

 Perform detailed microstructural investigations using 
techniques such as scanning electron microscopy 
(SEM) or X-ray diffraction (XRD) to better understand 
the interactions between silica fume and cementitious 
materials. 

 Investigate the effectiveness of protective coatings or 
sealers that could enhance the resistance of silica 
fume mortars to chemical attacks, such as saline and 
sulphate environments. 

 Assess the behaviour of silica fume-enhanced mortars 
under various loading conditions. 

 Conduct a cost-benefit analysis of incorporating silica 
fume in cementitious materials to determine its eco-
nomic advantages. 
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