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Research Article 

Combined effect of rice husk ash and animal bone powder  

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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mailto:1800164@student.ruet.ac.bd
https://doi.org/10.20528/cjsmec.2025.01.001
https://cjsmec.challengejournal.com/
https://orcid.org/0009-0004-0138-7937
https://orcid.org/0009-0004-9003-4040
https://orcid.org/0009-0000-4616-4949
https://creativecommons.org/licenses/by/4.0/


2 Mahmud et al. / Challenge Journal of Structural Mechanics (2025) 11(1) 1–13  

 

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 

Fiber reinforced concretes have attracted significant attention in recent decades due 

to their superior flexural and toughness properties compared to traditional concrete 

in civil engineering structures. In addition, cementitious materials can undergo sig-

nificant mechanical deterioration under high temperature. Therefore, the investiga-

tion of the properties of FRC for fire-resistant design has become an important re-

search topic in recent years. On the other hand, there is very little research on the 

repair of FRCs damaged by fire. In this study, high temperature resistance of mixtures 

prepared using basalt and polypropylene fibers was investigated. In addition, the 

ability of FRCs exposed to high temperatures to regain their properties by applying 

water re-curing process was investigated. In this context, ultrasonic pulse velocity 

(UPV), compressive and flexural strength of FRC series after different stages were 

investigated. In the use of water curing single basalt fiber, 18.56% and 13.82% in-

crease in relative compressive strength was obtained after 600 °C and 800 °C, respec-

tively. These increase rates were determined as 22.25% and 22.81% in relative flex-

ural strength. Recovery was more significant in the hybrid mixture formed with 0.2% 

polypropylene fiber. 29.22% and 15.93% recovery was reported in relative compres-

sive strength after 600 °C and 800 °C, respectively. It was determined that re-curing 

significantly increased the mechanical properties of FRC mixtures. 
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1. Introduction 

Normal concrete provides low tensile and flexural 
strength, fracture energy and ductility (Kızılkanat et al. 
2015; Wang et al. 2019). However, significant improve-
ments occur especially in terms of tensile strength, 
toughness and durability as a result of reinforcing con-
crete with fibers. The purpose of incorporating fibers is 
to enhance the tensile strength of concrete by improving 
its load-bearing capacity through crack bridging (Şengel 
et al. 2022). Concrete reinforced with a single type of fi-
ber can only benefit from the improvement of its prop-

erties in a limited direction (Ahmed and Maalej 2009). In 
recent decades, the strengthening and repair of struc-
tures using fiber-reinforced polymer composite materi-
als, produced with various fiber types, has gained signif-
icant importance (Çelik et al. 2024). However, with the 
hybrid use of two or more fibers that can show different 
performances, different properties of each fiber can be 
utilized (Ahmed and Maalej 2009; Banthia et al. 2014; 
Qian and Stroeven 2000). In addition, fiber-reinforced 
concretes (FRC) exhibit more positive behavior in terms 
of the safety requirements of civil engineering structures 
exposed to fire compared to normal concrete (Hou et al. 
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2019; Chinthapalli et al. 2020; Yao et al. 2022). Signifi-
cant changes in temperature during fire are reported to 
cause deterioration and spalling of components in the 
concrete matrix structure, resulting in significant 
strength reductions (Li et al. 2020). 

Polymer fibers are preferred to fill the cement paste 
and voids in the concrete and to improve strength and 
durability (Alaskar et al. 2021). Basalt fiber (BF) is a new 
type of environmentally friendly fiber that has been 
widely used in recent decades, produced by melting bas-
alt rock (Jiang et al. 2014; Branston et al. 2016). Basalt 
fibers are manufactured with lower energy consumption 
compared to commonly used fiber types, such as steel, 
glass, and carbon (Gultekin 2023). Basalt fiber can im-
prove the physico-mechanical properties of concrete 
with its high tensile strength and elasticity modulus. In 
addition to these properties, it is a type of fiber with high 
melting temperature and chemical corrosion (Yao et al. 
2022; Deng et al. 2020; Niaki et al. 2018). Literature 
studies report that the temperature range of basalt fiber 
is between −200 °C to 800 °C (Fiore et al. 2015; Guo et al. 
2018). On the other hand, polypropylene fiber (PPF) has 
a restrictive effect on the plastic shrinkage of concrete at 
an early age (Deng et al. 2021). Additionally, adding pol-
ypropylene fiber can strengthen the matrix fiber bond 
and strengthen crack resistance (Yao et al. 2022). 

Fire poses a significant threat to all constructional 
components, often resulting in the loss of life and prop-
erty (Koşatepe and Yazici 2023). The residual properties 
of FRC exposed to elevated temperatures are signifi-
cantly affected by the materials and fibres (Han et al. 
2005; Serrano et al. 2016; Wu et al. 2020). Previous stud-
ies have found that the residual properties of FRC ex-
posed to heating will be significantly affected by the type 
of fibres added to the concrete (Sideris et al. 2009; 
Choumanidis et al. 2016). Fiber types can be broadly di-
vided into two groups in terms of improving the high 
temperature resistance of concrete. A group of materials 
with significant thermal stability during heating, such as 
steel, basalt and carbon fiber, can limit the formation of 
microcracks during and after fire by fiber bridging effect 
(Wu et al. 2020). Fibers such as PPF and PVA, on the 
other hand, show melting properties at low tempera-
tures in cement composite structures, reducing internal 
vapor pressure and preventing microstructure deterio-
ration represents the other group that provides path-
ways for water to evaporate (Wu et al. 2020). Yao et al. 
(2022) reported that the hybrid use of BF and PPF was 
significant in improving the mechanical performance of 
mortar specimens at target temperatures. In the study of 
Fu et al. (2021), BF compared to PPF reported that the 
effect on strength was more positive. It was also found 
that the improvement effect on ductility was more effec-
tive in the use of hybrid BF/PPF compared to those using 
only PPF or BF. 

Studies conducted in recent decades have reported 
that concrete that has deteriorated after high tempera-
tures can regain its strength and durability properties by 
re-curing with water or exposing it to a humid environ-
ment (He et al. 2022; Bouhafs et al. 2024; Poon et al. 
2001; Li 2021). Crook and Murray (1970) first reported 
the post-fire re-curing process in 1970. In this study, 

they found that re-curing had a significant effect on the 
recovery of the compressive strength of concrete. After 
the high temperature curing process, the chemical dete-
riorations that occur during heating are reversed and the 
dehydrated matrix is rehydrated by re-curing with water 
(Wu et al. 2020; Shui et al. 2008). In this context, past 
studies have focused on the effect of substitute materials 
on re-curing (Poon et al. 2001; Poon and Azhar 2003; Li 
2021; Kharrazi et al. 2023). However, studies on the re-
curing of FRC with water are limited and mostly focused 
on steel fiber. Bouhafs et al. (2024) investigated the ef-
fect of water re-curing on concrete mixtures containing 
steel fibers exposed to high temperatures. He et al. 
(2023) reported significant improvements in compres-
sive strength of hybrid fiber concrete containing steel 
and PPF after water re-curing after heating. 

As a result of the examination of literature studies, it 
was observed that there is limited study on the high tem-
perature resistance of concretes reinforced with BF and 
PPF. In addition, in recent years, the performance re-
search of FRC, especially exposed to fire, after water re-
curing has gained importance. However, there is no 
study in the literature discussing the effect of water re-
curing on concretes containing BF and PPF after heating. 
In this context, both the high temperature resistance of 
concretes with BF and PPF added, used individually or as 
hybrids, and their performance after water re-curing 
process were investigated in this study. Three different 
temperatures (400 °C, 600 °C and 800 °C) were targeted 
in the study and subjected to re-curing after heating. Af-
ter the specified stages UPV, compressive and flexural 
strengths were determined. 
 

2. Materials and Method 

2.1. Materials 

CEM I 42.5 R ordinary Portland cement (OPC) was 
used to prepare the mixture specimens. Chemical com-
positions and physical characteristics of OPC are pre-
sented in Table 1. In the study, 0-5 mm river sand was 
used as fine aggregate. Crushed stone aggregate in the 
size range of 5-15 mm was used as coarse aggregate. The 
specific gravity of fine and coarse aggregate was deter-
mined as 2.64 and 2.60, and the water absorption values 
were determined as 1.10 and 0.92, respectively. 

To improve the workability of concrete mixtures, the 
third-generation polycarboxylic ether-based, highly wa-
ter-reducing BASF Master Glenium 123 superplasticizer 
with a density of 1.13 g/cm3 and a pH of 5.5 ± 1 was used. 
In addition, two types of fibers produced from different 
geometries and materials were used in the study. The 
properties and images of the fibers are presented in Ta-
ble 2 and Fig. 1. 

2.2. Mix design, curing and experimental program 

In order to investigate the effect of two different fibers 
on the performance of FRC before and after heating and 
after re-curing with water, 3 different mixtures were de-
signed in the study. In all mixtures, the cement amount 
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was fixed as 450 kg/m3 and the water/cement ratio was 
fixed as 0.42. In the first mixture (M1), 0.40% basalt fiber 
was used alone. In the second (M2) and third mixtures 
(M3), basalt fiber was replaced with 0.10% and 0.20% 
polypropylene fiber and designed as a hybrid. Basalt fi-
ber was preferred in the study because it has a high melt-
ing point and is cheaper than steel fiber and has better 

chemical resistance compared to glass fiber. In addition, 
it was adopted to investigate the effect of PPF on re-cur-
ing due to its low melting temperature. The material ra-
tios of these three mixtures are given in Table 3. As a re-
sult of experiments, a slump diameter of 110‒125 mm 
was reached. This slump range belonged to class S3 ac-
cording to EN 206 (2016).

Table 1. Chemical compositions and physical properties of cement. 

Chemical compositions SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 LOI (%) 

 17.73 4.56 3.07 62.80 2.07 0.62 2.90 2.05 

         

Physical properties Specific gravity Insoluble residue (%) Fineness (cm2/g)  

 3.15 0.66 3450  

Table 2. Properties of fiber. 

Type 
Length  
(mm) 

Diameter  
(µm) 

Density 
(g/cm3) 

Tensile strength  
(MPa) 

Modulus of elasticity  
(GPa) 

Basalt 24 9‒23 2.60‒2.80 4840 89 

Polypropylene 12 18‒20 0.91 350 3.50 
 

       

Fig. 1. View of fibers: (a) Basalt fibers; (b) Polypropylene fibers. 

Table 3. Mixture proportions and slump values. 

Mixture code 
Cement 
(kg/m3) 

W/C 
Fine agg. 
(kg/m3) 

Coarse agg. 
(kg/m3) 

Super plasticizer 
(kg/m3) 

BF  
(%) 

PPF 
(%) 

Slump 
(mm) 

BF0.40 (M1) 450 0.42 934 754 10.50 0.40 ‒ 125 

BF0.30PPF0.10 (M2) 450 0.42 934 754 10.50 0.30 0.10 120 

BF0.20PPF0.20 (M3) 450 0.42 934 754 10.50 0.20 0.20 110 

The cured specimens were kept in the oven at 40 °C 
until the mass values stabilized. Specimens removed 
from the oven were exposed to the target temperature of 
400, 600 and 800 °C with a constant heating rate of 
5 °C/min. At each target temperature, the oven was fixed 
for 1 hour and then allowed to cool. After cooling, half of 
the specimens were tested, while the other half was 
placed in water for re-curing for 30 days.  

All concrete series were subjected to non-destructive 
testing (UPV) according to ASTM C597-02 (2016). UPV 
test was performed on cube specimens with dimensions 
of 100x100x100 mm3 using the Pundit Lab device with a 
nominal frequency of 54 kHz. The compressive strength 
of the specimens subjected to different conditions was 
determined according to the EN 12390-3 (2009) stand-
ard on cube specimens of 100x100x100 mm3 dimensions. 

(b) (a) 
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70x70x280 mm3 prism specimens prepared from each 
series were subjected to flexural tests according to EN 
12390-5 (2009). For UPV, compressive, and flexural 
tests, the average of 3 specimens was taken for each dif-
ferent stage. 

3. Results and Discussion 

3.1. Ultrasonic pulse velocity results of FRC 

The ultrasonic pulse velocity (UPV) test results of all 
FRC mixture series are given in Table 4. Before exposure 
to high temperature, the UPV values of the specimens 
were measured as 4.48 to 4.55 km/s. The highest UPV 
value was obtained from the BF0.40 series. Decreases in 
UPV values were observed with the addition of PPF to 
the mixtures. A slightly decrease of 1.54% was detected 
in the UPV value as a result of replacing 0.20% PPF with 
BF. This situation can be attributed to the fact that the 
addition of PPF to the mixtures reduces the workability 
and consequently increases the voids. Nik and Omran 
(2013) reported that steel and glass fiber had no effect 
on the UPV value, but the use of PPF reduced the UPV 
value. Özkan and Çoban (2021) reported the UPV results 
of mixtures using PPF and BF fibers in their research. 
They reported that there was an approximately 2% im-
provement in the UPV value by replacing the PPF fiber 
with BF at a rate of 25%. 

Table 4. Ultrasonic pulse velocity (UPV) test results of FRC. 

Mixtures 20 °C 400 °C 600 °C 800 °C 

BF0.40 (M1) 4.55 4.02 2.72 1.13 

BF0.40-R (M1-R)  4.17 3.88 2.42 

BF0.30PPF0.10 (M2) 4.53 3.92 2.67 1.12 

BF0.30PPF0.10-R (M2-R)  4.12 3.93 2.46 

BF0.20PPF0.20 (M3) 4.48 3.78 2.54 1.08 

BF0.20PPF0.20-R (M3-R)  4.13 3.99 2.48 

 

The effect of high temperature and subsequent water 
re-curing on the relative residual UPV values of the speci-
mens is given in Fig. 2. As the high temperature value to 
which FRC mixtures were exposed increased, their UPV 
decreased. The UPV value of the specimens exposed to 400 
°C was measured between 4.02 and 3.78 km/s. The lowest 
UPV value at 400 °C occurred in the mixture using 0.20% 
PPF (M3). The relative UPV value of the M3 series at 400 
°C is 84.38%. This situation can be attributed to the in-
creased pores and cracks in the concrete due to the melting 
of PPF fibers at high temperatures (Boğa et al. 2022). As 
the temperature increased to 600 °C, the relative UPV val-
ues of FRCs were in the range of 56.70% to 59.78%. Signif-
icant decreases were detected in UPV results as the tem-
perature increased to 800 °C. A decrease of 75.16% to 
75.89% was obtained in the UPV value of all FRC series. 

Relative UPV values of the mixture series were re-
markably improved after water re-curing. This can be at-
tributed to the fact that the new products formed as a re-

sult of water re-curing repair cracks and refine pores in 
thermally damaged concrete, which will also improve 
the mechanical properties (Bouhafs et al. 2024). The rel-
ative ultrasonic pulse rate of M1 series increased from 
88.35% to 91.65% at 400 °C, showing a recovery rate of 
approximately 3.30%. The recovery rate of M2 mixture 
using 0.10% PPF was determined as 4.42%. The maxi-
mum recovery rate was % It was obtained from the M3 
series, which increased from 84.38 to 92.19%, providing 
7.81% improvement. This can be attributed to the filling 
of cracks and voids caused by the melting and evapora-
tion of PPFs with rehydrated products (He et al. 2023). 

It was determined that at 600 °C and beyond, water 
re-curing showed more significant recovery than 400 °C. 
Re-curing after 600 °C increased the relative UPV of M1 
series from 59.78% to 85.27%. The recovery rate of M1 
series was % It was determined as 25.49. This ratio was 
calculated as 27.81% and 32.36% in M2 and M3 mix-
tures, respectively. At 800 °C, the relative UPV values of 
the mixtures approached each other. The recovery rates 
in M1, M2 and M3 mixtures were 28.35%, 30.64% and 
31.25%, respectively. It was observed that re-curing had 
more significant effects at temperatures above 400 °C. 
This can be attributed to the presence of more de-
watered products in the concrete with increasing tem-
perature and the rehydration and carbonation products 
of these products formed with the absorbed water (Bou-
hafs et al. 2024). 

Table 5. Compressive strength test results of FRC. 

Mixtures 20 °C 400 °C 600 °C 800 °C 

BF0.40 52.05 43.55 23.82 10.89 

BF0.40-R  44.37 33.48 18.08 

BF0.30PPF0.10 51.36 40.06 21.82 9.32 

BF0.30PPF0.10-R  44.42 33.62 16.58 

BF0.20PPF0.20 49.28 37.82 20.42 9.17 

BF0.20PPF0.20-R  44.51 34.82 17.02 

 

3.2. Compressive strength 

Compressive strength results obtained at different 
stages of FRC mixtures are given in Table 5. The highest 
compressive strength value at room temperature was 
obtained from M1 (BF0.40) series with 52.05 MPa. In M2 
series with 0.10% PPF added, 51.36 MPa strength was 
obtained, and in the mixture with 0.20% PPF, 49.28 MPa 
strength was obtained. This situation can be attributed 
to the fact that PPF has a larger diameter compared to BF 
and increases pores due to its air-entraining effect. As a 
result, it indicates that BF has a higher bond with the ma-
trix than PPF, albeit slightly (Wang et al. 2019). 

Fig. 3 shows the relative strength results of the series 
after high temperature and water re-curing. Decreases in 
compressive strength were observed with the increase 
in temperature. At 400 °C, a 16.33% decrease in the com-
pressive strength of the M1 series was detected. This 
rate decreased more in the M2 and M3 mixtures, being 
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22% and 23.25%, respectively. The decreases in 
strength became more significant as the temperature in-
creased to 600 °C and above. The compressive strength 
of the series subjected to 600 °C was between 20.42 and 
23.82 MPa. These values were between 41.44% and 
45.76% of the strength values at ambient temperature. In 
the M1 series, the compressive strength decreased by ap-
proximately 79%, reaching 10.89 MPa at 800 °C. These 
data obtained after high temperature were a case of in-

ternal vapor pressure and thermal effect causing the for-
mation and expansion of cracks in the Interface Transition 
Zone (ITZ) and matrix (He et al. 2023, Chen and Liu 2004). 
After high temperature, the strength values of hybrid mix-
tures with BF and PPF additions were lower compared to 
the series using only BF. This result can be attributed that 
PPFs start to melt at about 170 °C and lose their bridging 
effect by forming pores (Boğa et al. 2022). On the con-
trary, BF is more resistant to higher temperatures.

 

Fig. 2. Relative residual UPV values after high temperature and re-curing. 

 

Fig. 3. Relative residual compressive strength values.

Remarkably recovery gain was obtained in compres-
sive strength of thermally damaged basalt-polypropyl-
ene hybrid fiber reinforced specimens after water re-
curing. M1 (BF0. for series 40), the relative compressive 

strength at 400 °C increased from 83.67% to 85.27% af-
ter water re-curing. This shows that the bonding be-
tween the basalt fiber and the matrix was not signifi-
cantly damaged. With the increase of the temperature to 
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600 °C, the recovery is seen in series M1. The recovery 
rate was determined as 18.56%. The recovery rate of the 
M1 mixture at 800 °C was determined as 13.82%. The in-
crease in recovery rates at 600 °C and above can be at-
tributed to the narrowing of cracks formed by more in-
tensive rehydration products (He et al. 2023). In addi-
tion, the increase in strength of FRCs after re-curing with 
water can be attributed to the improvement of the bond 
strength between the fiber and matrix together with the 
newly formed rehydration products. 

With the addition of PPF to the blend series, a remark-
ably increase in the strength recovery rate occurred. The 
strength recovery rate of the M2 (BF0.30PPF0.10) series 
at 400 °C and 600 °C was determined as 8.49% and 
22.98%, respectively. The recovery rate continued to in-

crease with PPF content. In the M3 series, where BF was 
replaced by 0.20% PPF, the recovery rate at 400 °C was 
13.57%. This rate continued to increase with increasing 
temperature, calculated as 29.22% and 15.93% at 600 
and 800 °C, respectively. The higher recovery rate in mix-
tures using PPF is due to the filling of the gaps formed by 
the evaporation of PPF fibers with rehydrated products. 
He et al. (2023) investigated the effect of re-curing after 
high temperature on concrete specimens produced us-
ing single steel fiber and steel-polypropylene hybrid fi-
ber. They reported that PPF was more effective than 
steel fiber in terms of recovery rate after re-curing. 

The relationship between temperature and relative 
compressive strength was obtained in the range of 400 
°C to 800 °C as shown in Fig. 4.

 

 

Fig. 4. Relationship between temperature and relative compressive strength: (a) BF0.40; (b) BF0.20PPF0.20.  

(a) 

(b) 
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The fitting functions between the temperature and 
the relative compressive strength experimental results 
obtained at different stages are given in Eqs. (1)‒(4). 

 
 Mix. BF0.40 

After heating:  

𝑓𝐶𝑇

𝑓20
=  ⌊1.442 − 1.60 (

𝑇

1000
)⌋  400 ≤ 𝑇 ≤ 800  𝑅2 = 0.98 (1) 

After re-curing: 

𝑓𝐶𝑇

𝑓20
=  ⌊1.372 − 1.30(

𝑇

1000
)⌋  400 ≤ 𝑇 ≤ 800  𝑅2 = 0.99 (2) 

 Mix. BF0.20PPF0.20 

After heating: 

𝑓𝐶𝑇

𝑓20
=  ⌊1.328 − 1.50 (

𝑇

1000
)⌋  400 ≤ 𝑇 ≤ 800 𝑅2 = 0.98 (3) 

After re-curing: 

𝑓𝐶𝑇

𝑓20
=  ⌊1.488 − 1.40(

𝑇

1000
)⌋  400 ≤ 𝑇 ≤ 800 𝑅2 = 0.97 (4) 

3.3. Flexural strength 

The flexural strength results of the FRC specimens be-
fore and after heating and after water re-curing are given 
in Table 6. The flexural strength at ambient temperature 
is between 7.12 and 7.25 MPa. The highest flexural 
strength at room temperature was obtained in the M2 
mixture with 0.10% PPF. Wang et al. (2019) reported  

that with the addition of PPF to 0.20% BF content, the 
flexural strength decreased compared to the single BF. 

The relative flexural strengths of FRC specimens after 
high temperature and re-curing are given in Fig. 5. Sig-
nificant decreases in flexural strength were observed 
with the increase in temperature. After heating to 400 °C, 
the relative flexural strength of the M1 mixture was de-
termined as 62.31%, while this ratio was determined as 
58.48% in the M2 mixture. The decrease in relative 
strength continued with the increase in PPF content and 
was reported as 54.21%. This decrease can be attributed 
to the melting and evaporation of PPFs at approximately 
170 °C. As the heating temperature increased to 600 °C, 
the flexural strength of M1 series decreased by approxi-
mately 62%. This decrease was calculated as approxi-
mately 66% and 68% in M2 and M3 series, respectively. 
The relative flexural strengths of the mixtures after 800 
°C were between 18.54% and 21.97%. The high relative 
strength of the mixture using single BF at all tempera-
tures is an indication that BFs still effectively restrict 
cracks due to their high melting temperature. 

Table 6. Flexural strength test results of FRC. 

Mixtures 20 °C 400 °C 600 °C 800 °C 

BF0.40 7.19 4.48 2.72 1.58 

BF0.40-R  5.06 4.32 3.22 

BF0.30PPF0.10 7.25 4.24 2.49 1.42 

BF0.30PPF0.10-R  4.88 4.42 3.12 

BF0.20PPF0.20 7.12 3.86 2.32 1.32 

BF0.20PPF0.20-R  4.62 4.1 2.98 

 

 

Fig. 5. Relative residual flexural strength values. 
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After heating, re-curing with water had a significant 
effect on the flexural strength. Re-curing after 400 °C in-
creased the relative strength of M1 mixture from 62.31% 
to 70.38%. The flexural strength improvement rate was 
reported as 8.83% and 10.68% in M2 and M3 mixtures, 
respectively. The recovery rate after 600 °C was deter-
mined as 22.25% in the BF sample. This strength recov-
ery rate was higher in the mixtures with PPF added. The 
recovery rate was reported as 26.63% in the mixture 
with 0.10% PPF and 25% in the mixture with 0.20%. As 
the temperature increased to 800 °C, the recovery rates 
approached each other. The relative flexural strength 
rates of the M1, M2 and M3 mixtures increased from 
21.97 to 44.78, from 19.59 to 43.03 and from 18.54 to 
41.85, respectively. 

The relationship between temperature and relative 
flexural strength was obtained in the range of 400 °C to 
800 °C as shown in Fig. 6. 

The fitting functions between the temperature and 
the relative flexural strength experimental results ob-
tained at different stages are given in Eqs. (5)‒(8). 

 Mix. BF0.40 

After heating:  

𝑓𝐹𝑇

𝑓20
=  ⌊1.012 − (

𝑇

1000
)⌋   400 ≤ 𝑇 ≤ 800  𝑅2 = 0.98 (5) 

After re-curing: 

𝑓𝐶𝑇

𝑓20
=  ⌊0.968 − 0.60(

𝑇

1000
)⌋  400 ≤ 𝑇 ≤ 800  𝑅2 = 0.98 (6) 

 Mix. BF0.20PPF0.20 

After heating: 

𝑓𝐶𝑇

𝑓20
=  ⌊0.886 − 0.90 (

𝑇

1000
)⌋  400 ≤ 𝑇 ≤ 800 𝑅2 = 0.98 (7) 

After re-curing: 

𝑓𝐶𝑇

𝑓20
=  ⌊0.893 − 0.60(

𝑇

1000
)⌋  400 ≤ 𝑇 ≤ 800 𝑅2 = 0.95 (8) 

 

 

Fig. 6. Relationship between temperature and relative flexural strength: (a) BF0.40; (b) BF0.20PPF0.20.  

(a) 

(b) 
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4. Conclusions 

 The UPV values of the specimens not exposed to heat-
ing were measured as 4.48 to 4.55 km/s. A slight de-
crease of 1.54% was detected in the UPV value as a 
result of replacing 0.20% PPF with BF. Significant de-
creases were observed in the UPV values of the speci-
mens with the increase in temperature. 

 The compressive strength of the series before heating 
was determined as 49.28 and 52.05 MPa. The de-
crease in strength was detected with exposure to high 
temperatures. The compressive strength of the series 
subjected to 600 °C was between 20.42 and 23.82 
MPa. These values were between 41.44% and 45.76% 
of the strength values at ambient temperature. 

 It was found that water re-curing had a significant ef-
fect on mechanical properties. This situation was 
more evident especially in mixtures containing poly-
propylene fibers. In the series where BF was replaced 
by 0.20% PPF, the relative compressive strength re-
covery rate at 400 °C was 13.57%. This rate continued 
to increase with increasing temperature, calculated as 
29.22% and 15.93% at 600 and 800 °C, respectively. 

 Similar to the improvements in compressive strength, 
significant recoveries occurred in flexural strength. 
The relative recovery rate in flexural strength was re-
ported as 26.63% in the mixture with 0.10% PPF and 
25% in the mixture with 0.20% PPF. 

 Post-fire water re-curing is a useful method for partial 
recovery of the mechanical and durability properties of 
thermally damaged concrete. Especially civil engineer-
ing structures damaged by fire can be maintained by this 
method rather than demolished and become usable. 

 In future studies, it is recommended to use different 
fibers and ratios and to work at intermediate temper-
ature values. In addition, the bond strength between the 
matrix and fiber is important along with the effect of re-
hydration in the concrete after re-curing and this issue 
should be examined in detail. It is also thought that us-
ing fibers and substituting different pozzolanic materi-
als instead of cement may have different effects. 
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A B S T R A C T 

This study investigates the prediction of the strength of reinforced concrete deep 

beams, critical components in urban infrastructure, by evaluating their load-carrying 

capacities through finite element modeling and nonlinear inelastic analyses using LS-

DYNA software. Four widely used concrete material models were examined: 

Mat084/085, Mat159, Mat072R3, and Mat016. Analyses were conducted on two sin-

gle-span and four double-span beams with varying reinforcement configurations and 

an aspect ratio of 1.0, based on well-documented experimental setups. Comparative 

analyses of force-displacement behavior and stress distributions revealed significant 

differences in shear strength predictions across the models, with Mat159 providing 

the most accurate results. These findings establish a reliable and cost-effective ap-

proach for predicting the capacities of deep beams, reducing reliance on extensive 

experimental testing. The study contributes valuable insights for improving strength 

predictions in critical infrastructure applications such as bridges and foundations. 
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1. Introduction 

In an era of rapidly urbanizing cities, resilient struc-
tural elements like deep beams play an essential role in 
safeguarding critical infrastructure. Deep beams, with 
their unique load transfer mechanisms predominantly 
via shear, are vital components in the construction of re-
silient foundations, bridges, and high-rise buildings. 
Their ability to withstand significant stresses and dis-
tribute loads efficiently makes them indispensable in de-
signing infrastructure capable of withstanding urban 
challenges, including seismic events, extreme weather, 
and increasing building loads driven by urban densifica-
tion. Understanding the behavior and capacity of deep 
beams under various stress conditions is crucial to im-
proving their design for urban resilience. 

Deep beam design and analysis can be complex due to 
non-linear stress distributions and the potential for 
large shear forces, requiring specialized approaches like 
the strut-and-tie method for accurate assessment. 
Guidelines for various models and theories (e.g., truss 
model approaches, compression field theories, strut-
and-tie models, etc.) for designing reinforced concrete 
deep beams to resist shear forces are included in ACI 
318-19 (2019) and ASCE-ACI Committee 445 on Shear 
and Torsion (1998).  

According to ACI 318-19 (2019), deep beams are de-
fined as elements loaded on one face and supported on 
the opposite face, where compression and similar com-
pressive elements may develop between loads and sup-
ports. Deep beams must be designed considering the 
nonlinear distribution of longitudinal strain over the 
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depth of the beam. The net span-to-depth ratio (2a/h) of 
deep beams should not exceed 4, or in the case of a con-
centrated load, the ratio of the load's distance from the 
support (a) to the depth (h) should be less than or equal 
to 2. For the shear reinforcement, 𝐴𝑣 should be greater 
than or equal to, 0.0025𝑏𝑤𝑠  (where bw represents the 
web width of the beam, and s denotes the spacing of the 
distributed transverse reinforcement). For the longitu-
dinal reinforcement, 𝐴𝑣ℎ should be greater than or equal 
to 0.0025𝑏𝑤𝑠2 (where s2 is the spacing of the distributed 
longitudinal reinforcement). According to the CSA A23.3 
(2004), beams with a net span-to-depth ratio of less than 
2 are defined as deep beams. Deep beams are designed 
considering nonlinear stress distributions, lateral tor-
sional buckling, and increasing stresses at the nodes of 
reinforcements. The use of the Strut-and-Tie Model 
(STM) method is indicated as necessary for the design of 
deep beams. 

In the literature, there are many analytical and nu-
merical studies aimed at predicting the load-carrying ca-
pacities of deep beams. Due to the discontinuity in the 
stress distribution in deep beams, complex finite ele-
ment methods (FEM) are often used for modeling and 
analyzing their behavior. LS-DYNA is one of the most fre-
quently used programs for analysis in civil and structural 
engineering applications. It has proven to be an essential 
tool for structural analysis, particularly in predicting dy-
namic responses and failure mechanisms in complex 
structures (Markovich et al. 2011; Imani et al. 2015; 
Jiang and Zhao 2015; Youssf et al. 2015; Polat and 
Bruneau 2017, 2018; Grassl et al. 2018; Polat 2020a, 
2020b, 2022a, 2022b; Polat et al. 2021; Zhao et al. 2021; 
Polat and Polat 2024; Tang et al. 2024). The program li-
brary contains many concrete materials, which can be 
used with complex parameter inputs, but are generally 
utilized by users through the default parameter genera-
tion option. In this study, the predictability of the capac-
ities of experimentally tested deep beams using the de-
fault concrete parameter creation option in concrete ma-
terials, often preferred in structural engineering applica-
tions, is investigated using the LS-DYNA program.  

In this numerical study, four different concrete mate-
rial models in LS-DYNA ‒ Mat084/085 (Winfrith), 
Mat159 (CSCM), Mat072R3 (KCC), and Mat016 (Pseudo-
TENSOR) ‒ are utilized to analyze the load-carrying ca-
pacities of reference deep beams. The study aims to iden-
tify the most accurate model for predicting these capaci-
ties, analyze stress formations and distributions within 
the concrete, and assess axial force demands in beam re-
inforcements for each material model. By doing so, the 
research seeks to establish a reliable method for estimat-
ing the capacity of deep beams, which are typically costly 
to test experimentally, while enabling the exploration of 
various beam parameters, such as aspect ratios and re-
inforcement configurations, without requiring extensive 
experimental studies. 

The reference models are based on the experimen-
tally tested deep beams documented by Rogowsky et al. 
(1986), where their behavior was thoroughly analyzed. 
The significance of Rogowsky et al.'s work is well-estab-
lished and validated by its inclusion in the Commentary 
R9.9.1.1 of ACI 318-19 (2019) which highlights this 

study, along with others (Marti 1985; Schlaich et al. 
1987), as foundational for understanding deep beam be-
havior. The continued relevance of this work under-
scores its impact on contemporary engineering prac-
tices, particularly in the design and evaluation of deep 
beams and their load-carrying capacities. 

Additionally, the study contributes novelty by com-
paratively evaluating these concrete material models to 
determine the most effective approach for finite element 
simulations of deep beams. This focus addresses a signif-
icant gap in the literature and provides insights into 
model performance, enhancing reliability in predictions 
for critical infrastructure applications. By bridging ex-
perimental results with advanced numerical modeling, 
this research offers a practical, cost-effective solution for 
designing and analyzing deep beams in structural engi-
neering. 

Moreover, the study provides a novel contribution by 
comparatively evaluating these concrete material mod-
els to determine the most effective approach for finite el-
ement simulations of deep beams. This research high-
lights the application of four widely used concrete mate-
rial models in LS-DYNA, a powerful tool for advanced nu-
merical simulations. By focusing on the comparative per-
formance of these models in predicting the behavior of 
deep beams, the study offers an understanding of their 
suitability for finite element analysis of similar engineer-
ing structures. While prior studies have explored deep 
beam behavior experimentally, limited work has sys-
tematically evaluated these specific material models in 
the context of deep beam shear strength predictions. 
This research, therefore, offers practical insights into the 
use of advanced material models and simulation tools 
for structural analysis, establishing a reliable and cost-
effective approach for analyzing deep beams in critical 
infrastructure applications. 

 

2. Literature Review 

The literature includes a wide range of experimental, 
analytical, and numerical studies that have employed 
various methods to predict the strength of deep beams. 
These diverse approaches are designed to enhance the 
accuracy and reliability of predictions related to the per-
formance and safety of deep beams in construction and 
engineering. In this section, key research studies are 
summarized to highlight the advancements in this field.  

Rogowsky et al. (1986) conducted experimental anal-
ysis of the shear behavior of reinforced concrete deep 
beams. The study examined 24 beams, including 7 
simply supported and 17 two-span continuous deep 
beams, with different shear span-to-depth ratios and 
web reinforcement patterns. The experiments observed 
a range of behaviors from brittle to ductile, depending on 
the presence and amount of vertical web reinforcement. 
The results indicated that horizontal web reinforcement 
had no significant impact on capacity. The ACI Building 
Code's predictions for continuous deep beams and those 
with horizontal shear reinforcement were found to over-
estimate strength. This study is crucial for understand-
ing the impact of reinforcement patterns on the strength 
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and behavior of deep beams. Arabzadeh (2020) studied 
on the impact of different boundary conditions on the 
behavior of RC deep beams. The study used experi-
mental and theoretical analysis of 43 deep beams with 
various reinforcement arrangements and boundary con-
ditions. The study concluded that boundary conditions 
significantly affect ultimate loads, failure modes, and de-
flections. The study also proposed a method for analyz-
ing deep beams, which shows good agreement with ex-
perimental data. Collins et al. (2008) examined the re-
search on shear behavior in beams tested in the past and 
assessed 1849 tests and evaluated the safety of shear 
provisions in North America. It was argued that current 
ACI shear provisions may be unconservative for mem-
bers with larger effective depths or higher stresses in 
longitudinal reinforcement. Chen et al. (2019) presented 
a comprehensive study on the shear strength of rein-
forced concrete deep beams. The research focused on 
both simple and continuous deep beams, analyzing their 
structural behavior, particularly in terms of shear 
strength. The study employed a combination of experi-
mental observations, nonlinear finite element analyses, 
and a review of existing test databases. Chen et al. (2020) 
presented a comprehensive study on shear-transfer 
mechanisms and strength modeling of reinforced con-
crete (RC) continuous deep beams. The study involves 
detailed experimental observations, numerical analysis 
using finite element methods, and theoretical considera-
tions of various shear-transfer mechanisms. Zargarian 
and Rahai (2022) conducted a study on continuous RC 
deep beams strengthened with carbon fiber reinforced 
polymer (CFRP) strips. The study included experimental 
and numerical analyses, focusing on the effect of differ-
ent shear span-to-overall depth ratios and CFRP strip ar-
rangements. Finite element analyses of the tested speci-
mens were developed to simulate experimental speci-
men behavior. Gedik et al. (2012) investigated the im-
pact of stirrups on deep beam shear failure mechanisms 
using an analytical tool 3-D Rigid-Body-Spring Model 

(RBSM). The study examined stress distribution, defor-
mations, crack patterns, and stirrup strain, providing in-
sights into deep beam shear failure mechanisms influ-
enced by stirrups. Ma et al. (2023) explored a data-
driven model to predict the shear strength of reinforced 
concrete (RC) deep beams. They utilized machine learn-
ing (ML) algorithms and interpretable models, to com-
pare the performance of different ML models in predict-
ing shear strength. Li et al. (2023) introduced a new 
shear strength determination method for reinforced 
concrete (RC) deep beams using a statistical approach. 
The study employed the Bayesian-Markov Chain Monte 
Carlo (MCMC) method to establish a new shear predic-
tion model and improve existing deterministic models. 
 

3. Description of the Reference Deep Beam Models 

Within the scope of this study, experimental study of 
Rogowsky et al. (1986) carried on two single-span and 
four double-span reinforced concrete deep beams with an 
aspect ratio of 1.0 were considered. In the experimental 
study, various combinations of vertical and horizontal re-
inforcement on the behavior of these beams were exam-
ined, failure modes and the influence of different rein-
forcement configurations and quantities on the struc-
tural performance of the beams were investigated.  
Fig. 1(a-f) shows the reinforcement layout in the refer-
ence beams considered in this study. As reported by 
Rogowsky et al. (1986) the reinforcements were de-
signed in accordance with the ACI Code Sections 11.8.8 
and 11.8.9 (ACI 318-83 1983), adhering to both the min-
imal and maximal vertical and horizontal reinforcement 
limits: the quantity of shear reinforcement varied from 
the minimum requirement of 0.0015, as specified by the 
code, to a value four times greater than this minimum, 
and the primary flexural reinforcements were carefully 
chosen to ensure that shear was the predominant mode 
of failure.

 

Fig. 1. Reinforcement layout of the reference beams: (a) BM1; (b) BM2; (c) BM3; (d) BM4; (e) BM5; (f) BM6.  
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The original nomenclature for the beams is main-
tained in the study. In Fig. 1 'N' and 'S' represent the 
north and south sides of the beams. As shown in the fig-
ure BM1 has stirrups only on the left shear span and no 
stirrups on the right; BM2 has horizontal body reinforce-
ment at both spans and shear reinforcement only at the 
left span; BM3 is a continuous beam and has shear rein-
forcement at all the four span; BM4 is a continuous beam 
with body reinforcement passing through all spans but 
does not have shear reinforcement; BM5 is a continuous 
beam and has heavy shear reinforcement across the four 
shear spans; BM6 is a continuous beam with a high 

amount of body reinforcement, but it does not have 
shear reinforcement.   

Table 1 details the properties of concrete and reinforce-
ment used in the test beams. The reinforcement included 
two types: stirrups with a diameter of 6 mm, and 20M (19.5 
mm diameter) bars for the bottom reinforcements. The 
properties of the reinforcement are given in Table 2. The 
beams had concrete strengths between 26.1 and 36.9 MPa. 
The maximum aggregate size used was 10 mm. Fig. 2 pre-
sents the typical dimensions of the tested deep beams, both 
single-span and double-span. The dimensions specified are 
A = 750 mm, B = 300 mm, C = 450 mm, and D = 1000 mm.

Table 1. Concrete and reinforcement properties of the tested beams (Rogowsky et al. 1986). 

Beam models 
𝑓𝑐
′ 

MPa 

Top reinforcement Bottom reinforcement Web reinforcement 

Number- 
diameter 

𝐴𝑠𝑓𝑦 

(kN) 
d 

(mm) 
Number- 
diameter 

𝐴𝑠𝑓𝑦 

(kN) 
d 

(mm) 
Number of 

stirrups 
Number of 

horizontal bars 

1 26.1 - - - 6-20M 114 950 4 - 

2 26.8 2-6 mm 16.2 980 6-20M 114 950 4 4 

3 28.9 4-20M 114 950 3-20M 114 975 4 - 

4 28.5 4-20M 114 950 3-20M 114 975 - 4 

5 36.9 4-20M 121 950 3-20M 121 975 16 - 

6 35.8 4-20M 121 950 3-20M 121 975 - 12 

Table 2. Properties of steel reinforcement used in tested beams (Rogowsky et al. 1986). 

Bar diamater 
(mm) 

𝐴𝑠𝑓𝑦 

(𝑘𝑁) 
Yield 
strain 

𝐴𝑠 
(mm2) 

E 
(MPa) 

𝑓𝑦 

(MPa) 

20 114 0.00185 302 205400 377-380 

6 16.2 0.00210 37.8 273000 428-573 

 

Fig. 2. Typical dimensions of the reference beams: (a) Single-span; and, (b) Double-span.

4. Summary of Experimental Observations 

The study of beams BM1 to BM6 showed different fail-
ure patterns. BM1 had significant early cracks and a brit-
tle failure due to strong concrete struts. BM2 failed from 
concrete crushing at strut ends, with early strut for-
mation. BM3, moderately ductile, failed due to concrete 
strut failure, with major cracks appearing under signifi-
cant load. BM4 exhibited clear strut formations and 
failed due to crushing at the strut's top. BM5 had major 
cracks and less pronounced struts, failing in shear com-
pression at the strut's upper end. BM6, similar in crack-
ing, also failed due to shear compression at the struts' 
upper ends, with some handling damage noted. 

Experimental observations (Rogowsky et al. 1986) 
identified two main behavior patterns in deep beams. 
Beams without or with minimal web transverse rein-
forcement (stirrups) exhibited tied-arch action at failure, 
independent of the amount of horizontal body reinforce-
ment. These beams, structured with minimal reinforce-
ments, typically failed in a brittle manner following a 
tied-arch pattern. Conversely, beams with substantial 
amounts of transverse reinforcement demonstrated 
more ductile behaviors. This distinction highlights the 
significant impact of reinforcement type and amount on 
the failure characteristics of deep beams. 

Although designing beams without stirrups is not per-
missible in practical applications, the referenced experi-

(b) (a) 
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mental study, which forms the basis of this research, 
aimed to investigate the influence of reinforcement on 
beam behavior and strength rather than develop design 
strategies. Shear reinforcement was intentionally re-
moved or omitted on one side of the beams to isolate and 
examine its impact on shear strength and structural be-
havior. Similarly, this study focuses on replicating those 
experimentally tested configurations using finite ele-
ment models to validate the numerical approach against 
established experimental results and ensure its reliabil-
ity in simulating such scenarios. 

 

5. Description of Finite Element Modeling 

5.1. Element and material models 

In the modeling of the reference deep beams, LS-DYNA 
was used. In the modeling, the concrete part of the beam 
was represented by "Solid 1," an eight-node constant-
stress solid element (standard solid element model in the 
software). The beam's transverse and longitudinal rein-
forcements, which in reality undergo deformations due 
to axial load, shear force, and bending moments, were 
modeled using two-node beam elements, known as 
"Beam 1." (default beam element model in the program). 

In the modeling, the concrete elements (solid nodes) 
and reinforcement elements (beam nodes) were meshed 
similarly and coupled directly. This approach assumes a 
perfect bond between concrete and reinforcement, with 
no slip occurring at the interface. Such an assumption 
simplifies the modeling process and is a commonly used 
methodology for representing rebar in concrete struc-
tures in numerical simulations. 

Additionally, there are constraint-based contact mod-
els available in LS-DYNA, such as the CONSTRAINED_LA-
GRANGE_IN_SOLID (CLIS) keyword, which can achieve 
similar coupling between concrete and rebar without re-
quiring identical meshing. This method ties the displace-
ment of reinforcement nodes to surrounding concrete 
nodes, effectively simulating perfect bond behavior. Ac-
cording to Tay et al. (2016), this approach is widely em-
ployed in reinforced concrete modeling and has been 
validated for both static and dynamic applications.  

In this study, while a direct mesh coupling was used, 
CLIS could also have been an effective alternative. Both 
methods inherently rely on the assumption of perfect 
bond behavior, which aligns with the configurations and 
objectives of our research  

In the numerical study, a single steel material model 
was employed for the reinforcements, and four distinct 
concrete models were utilized. These models include: 
Mat084/085 (Winfrith), Mat159 (CSCM), Mat072R3 
(KCC), and Mat016 (Pseudo-TENSOR). Wu et al. (2012) 
examined these models' performance in capturing key 
concrete behaviors through single-element simulations 
and structural analyses under various load conditions 
and compared numerical responses with test data to as-
sess each model's effectiveness in predicting actual 
structural responses. These materials were also used 
and compared in the analysis of composite plate shear 
walls (Polat and Bruneau 2018; Polat 2022a).  

Mat003 plastic kinematic material model was used 
for the material modeling of the beam reinforcements. 
This model demonstrates a bilinear behavior, character-
ized by a unit strain-stress curve as illustrated in Fig. 3. 
The required parameters are the yield strength, the elas-
tic modulus (E), the tangent modulus (Et), and the hard-
ening parameter (β).  

 

Fig. 3. Illustration of typical stress-strain curve of  
plastic kinematic material model. 

The Mat003 plastic kinematic material model was 
chosen due to its simplicity and efficiency. This model re-
quires minimal input parameters and is computationally 
efficient, reducing convergence issues. Given the lack of 
detailed steel component test history in the reference 
study and the focus of this research on predicting ulti-
mate strength rather than the complete load-defor-
mation behavior, Mat003 was deemed appropriate for 
the numerical modeling of beam reinforcements. 

The Winfrith Concrete material in the software pro-
gram is represented by two separate material models, 
Mat084 and Mat084/085. The Mat084 model includes a 
specific formulation designed for structural reinforce-
ment. In contrast, the Mat084/085 lacks a formulation 
tailored for structural reinforcement (LSTC 2017). For 
Mat084/085 the amount of reinforcement must be spec-
ified in the analysis model using different elements 
through direct, one-to-one modeling. This approach al-
lows for a more detailed and accurate representation of 
the reinforcement within the structural analysis. The 
formulation of this material is based on the research of 
Broadhouse and Neilson (1987) and Broadhouse (1995). 
This model is commonly employed in the structural 
modeling of concrete under diverse loading conditions. 
Its popularity stems from the minimal input require-
ments, which align closely with the properties of con-
crete typically used in engineering applications. A nota-
ble feature of this material model is its capability to ac-
commodate crack planes in three directions per element 
(Wittmann et al. 1988). This feature enables the visual 
simulation of crack formation in analysis results. The es-
sential material parameters required for this model are 
tangent modulus, poisson's ratio, uniaxial compressive 
strength, uniaxial tensile strength, crack width, aggre-
gate size.  

The Mat159 model, also known as Continuous Surface 
Cap Model (CSCM), is one of the most commonly used 
concrete models in LS-DYNA. Users have the option to 
input their own material properties for normal strength 
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concrete or request default material properties (LSTC 
2017). This model is noted for its efficiency in simulating 
key concrete properties with minimal user input. The pa-
rameters required for the default material properties are 
uniaxial compressive strength, and aggregate size. Eval-
uation of this material model has been studied by many 
researchers (Murray et al. 2007; Winkelbauer 2015; 
Novozhilov et al. 2022) 

Mat072R3 material model is also known as the Kara-
gozian & Case Concrete (KCC) Model and utilizes three 
shear failure surfaces (LSTC 2017). The foundations of 
this concrete material model are based on the Pseudo-
TENSOR Model (Material Type 16). The latest version, 
referred to as Rel3 or Version III, generates the required 
concrete material parameters used in this study based 
on simple concrete properties. The model is based on 
partially associative plasticity theory and has the ability 
to replicate a wide range of concrete behaviors, includ-
ing hardening, softening, rate effects, confinement, shear 
dilatancy, and fracture. The model's effectiveness under 
various loading conditions has been demonstrated by re-
searchers (Wu and Crawford 2015). 

The Mat16 model, being a pseudo-tensor model, is 
particularly suited for materials that exhibit complex 
mechanical responses, including non-linear behavior, 

anisotropy, and rate dependency. The material has been 
used to analyze embedded steel-reinforced concrete 
structures subjected to impulsive loads. This model is 
highly suitable for the application of standard geological 
models such as the Mohr-Coulomb yield surface with the 
Tresca limit (LSTC 2017). 

5.2. Definition of finite element analysis 

Fig. 4 shows the finite element models developed for 
the BM1 and BM3 beams, illustrating the concrete and 
reinforcement components separately. The analyses 
were conducted using displacement-controlled loading. 
Fig. 5 presents the displacement curve established for 
the analysis, where the horizontal axis (abscissa) repre-
sents time, and the vertical axis (ordinate) indicates dis-
placement in millimeters. A displacement of 10 mm is 
characterized as a linear increment over a 1-second time 
interval. In the numerical model, this displacement was 
uniformly applied to the top surface nodes of the column 
at the mid-span of the beam. Nonlinear analysis was ex-
ecuted using the implicit solution algorithm in the soft-
ware. In this solution approach, the predefined displace-
ment curve is applied in loading steps (dt) of 0.001 sec-
onds.

      

Fig. 4. Finite element models for BM1 and BM3: (a) Concrete part; (b) Reinforcement layout.

 

Fig. 5. Time-displacement curve used in analyses. 

The tolerances used in the nonlinear analyses were 
set to the default values provided by LS-DYNA for im-
plicit simulations to ensure consistent and reliable con-
vergence. Specifically, the convergence tolerance for re-
sidual forces (TOL) was set to 1.0×10-9. The minimum al-
lowable time step size (Δtmin) was 1.0×10-8, while the 
maximum allowable step size increment (Δtmax) was 
0.004. 

The shear strengths of the analysis models were ob-
tained by adding up the shear forces generated in each 
span (left and right) of the beam. For instance, in the nu-
merical model, the shear force demand for the left span 
of the beam model was determined by measuring the ax-
ial force demand (in the z direction) at a cross-section 
located at the beam's left support. Likewise, the shear 
force demand for the right span was ascertained by 
measuring the axial force demand at a cross-section at 
the right support. The overall shear carrying capacity of 
the numerical model was calculated as the sum of these 
two support reactions (i.e., V1 + V2). 

It should be noted that a convergence study was con-
ducted to establish the appropriate element sizes for the 
numerical beam model. Considering the distribution of 
transverse and longitudinal reinforcements and their 
spacings within the concrete of the beam, two element 
sizes were evaluated: 50 mm and 25 mm. These sizes 
were selected to enable as accurate as possible modeling 
of the reinforcements, resembling the actual tested spec-
imen. The nodes of the beam elements used for rein-
forcements were aligned with the nodes of the solid ele-
ments, allowing the reinforcement to be coupled in dis-
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placements with the concrete. This was achieved by 
merging the mutual nodes, ensuring that the reinforce-
ment elements and the concrete elements moved in a de-
pendent manner. To facilitate this integration, the di-
mensions of the reinforcement beam elements were 
made identical to those of the solid elements, that is, 50 
mm or 25 mm in length. 

Note that the element sizes used in this study (50 mm 
and 25 mm) were chosen considering the geometrical di-
mensions of the beam, the layout of the main and shear 
reinforcement, and the spacing between the rebars. Us-
ing finer meshes would result in excessively short beam 
elements for the reinforcement, given the 20mm diame-
ter of the rebar. This could introduce numerical inaccu-
racies and undesired effects in the modeling of reinforce-
ment behavior. Additionally, finer mesh resolutions 
would significantly increase computational cost. While 
intermediate sizes between 50mm and 25mm could im-
prove robustness, the current configurations were 
deemed sufficient for accurately predicting ultimate 
strength within the scope of this study. 

The model was set up as a simply supported beam 
with fixed boundary conditions at one end and roller 
support at the other, restricting vertical and transverse 
displacements while allowing longitudinal translation. 
Prescribed displacements were applied at the load appli-
cation points. For the mesh sizes used, the total number 
of degrees of freedom (DOF) was approximately 78,000 
for the 50mm mesh and 264,000 for the 25mm mesh. 
The beam reinforcements were modeled using beam el-
ements coupled to the concrete solid elements through a 
constraint-based coupling method to simulate a perfect 
bond. The concrete was represented with the Mat084 
material model, and the reinforcement with the Mat003 
plastic kinematic material model. Hourglass control was 
applied to maintain numerical stability. 

Fig. 6 displays the shear force-deflection curves de-
rived from the nonlinear inelastic analysis results of the 
numerical beam models with two distinct mesh sizes. 
Additionally, the figure includes the experimentally de-
termined maximum shear force capacity of the reference 
beam for comparison purposes. The findings from these 
outcomes reveal that the analysis result obtained with 
the model featuring a 50mm mesh size exhibited a 
strength that surpasses the actual beam strength upon 
comparison. Conversely, the analysis results from the 
model with a 25 mm mesh size exhibited a strength 
lower than the former and its results closely aligned with 
the actual beam's maximum shear strength. 

It should be noted that the observed jumps in Fig. 6 are 
a result of the behavior of the numerical model during the 
nonlinear analysis, particularly in relation to the concrete 
material model (Mat084) used in the convergence study. 
The Mat084 concrete model has the ability to simulate 
concrete cracking, which results in the formation of sud-
den shear cracks in the beam. This leads to abrupt 
changes in the structural response, causing the sudden 
drops in the observed beam strength displayed in Fig. 6. 

However, it is important to note that the finite ele-
ment (FE) simulation used in this study does not explic-
itly model concrete failure or element erosion. As a re-
sult, the model does not capture the softening behavior 

of the concrete or the subsequent beam failure after 
reaching the maximum strength. This limitation contrib-
utes to the sharp transitions observed in the load-deflec-
tion curves. 

 

Fig. 6. Comparison of the numerical model results for 
the convergence study. 

6. Finite Element Analysis Results 

In this section, comparisons are made of the global 
load-displacement curves of beams subjected to nonlin-
ear inelastic analyzes using different concrete materials, 
taking into account the experimentally measured beam 
strengths. Additionally, the axial force demands on the 
reinforcements for each model are examined. This ap-
proach allows for a comprehensive assessment of how 
different concrete materials affect the overall structural 
response of the beams, as well as the specific demands 
placed on the reinforcements under different material 
models. 

It should be noted that comparing the overall beam 
behavior, such as force-displacement analysis, requires 
explicit modeling of not only the specimen but also the 
test setup itself. This is because the stiffness of the tested 
specimen can be influenced by various factors, such as 
deformation in the loading equipment, stiffeners, or slip-
page at the beam supports. Properly replicating these 
conditions in the FE model is a demanding task and re-
quires careful calibration, including considerations such 
as friction between components, the modulus of elastic-
ity of the concrete, and other parameters. Due to these 
complexities, no attempt was made to calibrate the stiff-
ness of the numerical models or to replicate the entire 
nonlinear behavior of the specimens. Instead, the focus 
of the study was on predicting the ultimate strength of 
the beams, which is independent of these factors. The de-
cision to prioritize ultimate strength stems from its in-
herent stability against variations in external testing 
conditions, ensuring a more robust comparison of mate-
rial models. 

The analysis results indicate that the beams exhibit a 
truss-like behavior within the concrete, characterized by 
the formation of diagonal compression struts. Fig. 7 pre-
sents the minimum principal stress contours for BM1 
across the different concrete material models. These 
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contours highlight the development of diagonal com-
pression struts, which are crucial for understanding the 
distribution of internal stress and overall structural per-
formance of the beams. The stress contours for the 
Mat084 and Mat159 models are significantly more pro-
nounced than those for the Mat072R3 and Mat016 mod-
els, reflecting the varying responses of the beams under 
the specified deflection. This distinction in stress con-
tour prominence corresponds to the differing strengths 
retained by the beams under load. Specifically, the 
beams analyzed with the Mat084 and Mat159 models 
maintain a greater degree of strength, while those ana-
lyzed with Mat072R3 and Mat016 exhibit moderate to 
significant strength losses, respectively. In the case of the 
Mat072R3 model, there is a notable localized loss of min-
imum principal stress, which is attributed to the signifi-
cant yielding of the shear reinforcements at the given de-
flection. This yielding alters the stress distribution 
within the concrete, affecting the formation and integrity 
of the diagonal compression struts. These phenomena, 

particularly the reinforcement behavior and its impact 
on stress distribution, are explored in greater detail in 
the force-displacement curves discussed in the subse-
quent sections. 

Fig. 8 illustrates the minimum principal stress con-
tours for BM3 across the different concrete material 
models analyzed in this study. The results reveal that the 
formation of compression struts is notably pronounced 
in the interior shear spans of the beam compared to the 
exterior spans. This indicates that the force distribution 
is more concentrated in the interior spans of these dou-
ble-span beams, making them more critical in terms of 
load transfer. Consequently, the reinforcement in the in-
terior shear spans is expected to experience more signif-
icant yielding than that in the exterior spans. This obser-
vation aligns with the force-flow mechanisms typical of 
such structural systems and is further explored in detail 
in the following sections of the study, where the impact 
of reinforcement and material behavior on the overall 
structural performance is thoroughly analyzed.

 

Fig. 7. Minimum principal stress distributions of BM1 at deflection of 7.5mm:  
(a) Mat084/085; (b) Mat159; (c) Mat072R3; (d) Mat016. 
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Fig. 8. Minimum principal stress distributions of BM3 at deflections of 7.5mm:  
(a) Mat084/085; (b) Mat159; (c) Mat072R3; (d) Mat016.

6.1. Global load-displacement response 

Fig. 9 shows the shear-deflection response of the nu-
merical simulations for six reference beams (BM1, BM2, 
BM3, BM4, BM5, and BM6) derived from nonlinear ine-
lastic FE analysis. The behavior of each beam model was 
assessed using four different concrete material models 
(specifically, Mat84/85, Mat159, Mat071R3, and Mat16) 
alongside a single steel material model (Mat003 Plastic 
Kinematic). Fig. 9 also includes experimentally meas-
ured maximum shear strengths of the beams for compar-
ison with the numerical outcomes. 

For BM1, the experimentally measured maximum 
strength was 1204 kN, achieved at a deflection of ap-
proximately 5.5 mm. The numerical predictions for max-
imum shear strength using different material models 
yielded the following results: Mat084/085 approxi-
mated 1190 kN at 5.5 mm deflection, Mat159 predicted 
1282 kN at 5 mm, Mat072R3 estimated 1079 kN at 4.7 
mm, and Mat016 calculated 1085 kN at 2.5 mm. The dis-
crepancies between these numerically obtained values 
and the experimental measurement were 1.2%, 6.4%, 
10.0%, and 9.8%, respectively. 

For BM2, the experimentally measured maximum 
beam strength was 1500 kN, achieved at a deflection of 
approximately 6.2 mm. It is important to note that BM2, 
in contrast to BM1, featured distributed body reinforce-
ment. Regarding the numerical models, using 
Mat084/085, Mat159, Mat072R3, and Mat016, the pre-
dicted maximum shear strengths were approximately 
1202 kN at 2.27 mm deflection, 1361 kN at 6.3 mm, 1119 
kN at 4.4 mm, and 1110 kN at 5.7 mm, respectively. The 
discrepancies between these numerically obtained results 
and the experimentally measured value were about 
19.86%, 9.26%, 25.3%, and 25.9%. When comparing the 
actual strengths of BM1 and BM2, it is observed that the 
inclusion of body reinforcement in BM2 increased the 
beam strength from 1204 kN to 1500 kN, indicating a sub-
stantial increase of 24.58%. However, this enhancement 
in strength was not reflected in the numerical results. 

For BM3, the experimentally determined maximum 
strength of the beam was 2170 kN, achieved at a deflec-
tion of approximately 6.1 mm. It's noteworthy that BM3 
is a continuous beam with shear reinforcement across all 
four spans. In the numerical models using Mat084/085, 
Mat159, Mat072R3, and Mat016, the predicted maxi-
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mum shear strengths were approximately 1950 kN at 
2.27 mm deflection, 2263 kN at 6.3 mm, 1830 kN at 4.4 
mm, and 1740 kN at 5.7 mm, respectively. The differ- 

ences between these numerically obtained results and 
the experimentally measured value were about 10.13%, 
3.83%, 15.66%, and 19.81%, respectively.

    

    

    
Fig. 9. Shear-deflection curves: (a) BM1;( b) BM2; (c) BM3; (d) BM4; (e) BM5; (f) BM6.

For BM4, the experimentally measured maximum 
strength of the beam was 2176 kN, achieved at a beam 
deflection of approximately 7.0 mm. Notably, BM4 is a 
continuous beam with body reinforcement extending 
through all spans, but it lacks shear reinforcement. In the 
numerical models using Mat084/085, Mat159, 
Mat072R3, and Mat016, the predicted maximum shear 
strengths were approximately 2035 kN at 5.0 mm deflec-
tion, 2240 kN at 6.2 mm, 1810 kN at 2.2 mm, and 1770 

kN at 1.7 mm, respectively. The discrepancies between 
these numerically obtained results and the experimen-
tally measured value were about 6.5%, 2.9%, 16.8%, and 
18.7%. Upon comparing the actual strengths of BM3 and 
BM4, and considering that BM3 used stirrup reinforce-
ment while BM4 used web reinforcement without stir-
rups, it was observed that stirrups contribute to a 
greater increase in beam strength than body reinforce-
ment. 
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For BM5, the experimentally measured maximum 
strength of the beam was 2571 kN, achieved at a beam 
deflection of approximately 8.5 mm. It's important to 
note that, similar to BM4, BM5 is a continuous beam with 
body reinforcement throughout all spans but lacks shear 
reinforcement. In the numerical models using 
Mat084/085, Mat159, Mat072R3, and Mat016, the pre-
dicted maximum shear strengths were approximately 
2385 kN at 5.0 mm deflection, 2840 kN at 6.1 mm, 2120 
kN at 2.1 mm, and 2100 kN at 1.7 mm, respectively. The 
differences between these numerically obtained results 
and the experimentally measured value were about 
7.2%, 10.5%, 17.5%, and 18.3%. When compared to 
beams with lighter shear reinforcements, it was ob-
served that the use of heavy stirrups in BM5 significantly 
enhanced the beam strength. 

For BM6, the experimentally measured maximum 
strength of the beam was 2198 kN, reached at a deflec-
tion of approximately 5.5 mm. Notably, BM6 is a contin-
uous beam with heavy horizontal body reinforcement 
spanning all spans but lacks shear reinforcement. It's 
also important to acknowledge that the specimen suf-
fered some damage during handling, which might impact 
the realism of the comparison. Nonetheless, similar nu-
merical model comparisons were conducted for this 
beam as well. Using the numerical models with 
Mat084/085, Mat159, Mat072R3, and Mat016, the pre-
dicted maximum shear strengths were approximately 
2430 kN at 6.0 mm deflection, 2780 kN at 6.1 mm, 2120 
kN at 1.8 mm, and 2100 kN at 1.2 mm, respectively. The 
discrepancies between these numerically obtained re-
sults and the experimentally measured value were about 
10.6%, 26.5%, 3.5%, and 4.5%. 

The observed differences in the results between the 
material models are due to the inherent mathematical 
formulations and assumptions underlying each model. 
These models differ in how they represent concrete be-
havior under varying loading conditions, including 
stress-strain relationships, failure criteria, and damage 
mechanisms.  

MAT072R3 (K&C Model) utilizes three failure sur-
faces to capture yield, maximum, and residual strength. 
However, it often overestimates the degradation of com-
pressive strength and does not account for stiffness re-
duction under loading, leading to discrepancies in 
strength and deformation predictions. MAT084/085 
(Winfrith Model), based on a smeared crack approach, 
assumes elastic-perfectly plastic behavior in compres-
sion with bilinear strain softening in tension. While ef-
fective in some applications, it may not capture strength 
degradation under highly nonlinear scenarios. MAT159 
(CSCM Model) uses a continuous surface cap model that 
combines shear failure and hardening compaction sur-
faces, allowing simulation across a wide range of stress 
states. Although versatile, it can overestimate parame-
ters like tensile fracture energy. MAT016 (Pseudo-Ten-
sor Model) is a simpler model with lower computational 
requirements but limited accuracy in capturing complex 
stress states and nonlinear behavior. 

The differences arise primarily due to how each 
model addresses key aspects of concrete behavior. Ad-
vanced models like MAT159 incorporate explicit damage 

mechanics, whereas others, like MAT084, use smeared 
approaches. Stress-strain relationships differ in how 
they handle tension softening, compression hardening, 
and strain rate effects. Additionally, variations in yield 
surfaces and failure envelopes significantly influence 
strength and deformation predictions. 

6.2. Axial force demands of stirrups 

In this section, axial force demands in the beam stir-
rups under a range of beam deformations (i.e., Δ=1, 2.5, 
3.0, 3.5, 6.0, 10 mm) are examined considering different 
concrete models. Due to page limitations, the results are 
discussed using only two beam models: BM1, represent-
ing a single-span beam, and BM3, representing a contin-
uous beam. For BM1, the analysis covers the four shear 
reinforcements located in the left shear span, positioned 
at distances of 350 mm, 500 mm, 650 mm, and 800 mm 
from the beam's left end. In the case of BM3, the results 
pertain to eight shear reinforcements. These are located 
in both an interior and an exterior shear span of the 
beam's half symmetric span. Specifically, the shear rein-
forcements in the exterior shear span are placed at dis-
tances of 350 mm, 500 mm, 650 mm, and 800 mm from 
the left end of the beam. Those in the interior shear span 
are situated at 1400 mm, 1550 mm, 1750 mm, and 1850 
mm from the left end.  

For BM1, the axial force distribution for each stirrup 
is detailed in Fig. 10 to 12, corresponding to the mate-
rial models Mat084/085, Mat159, and Mat072R3. No-
tably, results pertaining to Mat016 are excluded, as 
they were deemed unreasonable. When analyzing the 
distribution of axial forces in the four shear reinforce-
ments located in the left span of the BM1 model, a no-
table observation is that the axial forces concentrate in 
a specific region along the length of the reinforcement. 
This concentration of axial forces correlates with the 
diagonal compression strut shape illustrated in Fig. 7. 
Essentially, the length of the shear reinforcement expe-
riencing the most significant axial force concentration 
corresponds to the region where the minimum princi-
pal stresses occur in the concrete. This indicates a di-
rect relationship between the stress patterns in the 
concrete and the distribution of axial forces within the 
shear reinforcements. 

When analyzing the axial force demands on the shear 
reinforcement for different concrete models, it was 
found that yielding in the reinforcements was most pro-
nounced in the Mat072R3 model, followed by the 
Mat084/85 model, and least in the Mat59 material. For 
the Mat159 model, yielding was observed only in the sec-
ond shear reinforcement (located at X=500mm) at the 
maximum deformation of 10mm. The other shear rein-
forcements in this model generally remained within the 
elastic range. In contrast, for both the Mat84/85 and 
Mat72 models, the onset of yielding in the shear rein-
forcement began at approximately 6 mm deformation. In 
these two material models, yielding was observed in al-
most all of the four shear reinforcements within the 
shear span, indicating a more widespread distribution of 
yielding across the reinforcements in response to beam 
deformation.  
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Fig. 10. Axial force demands of stirrups of BM1 using Mat084/085. 

 
Fig. 11. Axial force demands of stirrups of BM1 using Mat159. 

 
Fig. 12. Axial force demands of stirrups of BM1 using Mat072R3.

For BM1, the axial force distribution for each stirrup 
is detailed in Fig. 13 to 15 corresponding to the material 
models Mat084/085, Mat159, and Mat072R3. In the ex-
amination of the axial force distribution on the eight 
shear reinforcements in the first span of the continuous 
beam BM3 model, a pattern similar to that observed in 
the BM1 model is evident. The axial forces on the shear 
reinforcements in BM3 are found to concentrate in spe-
cific regions along the lengths of the reinforcements. 
These areas of concentration align with the pattern of the 
diagonal compression struts, as depicted in Fig. 8. This ob-
servation indicates that, just as in the BM1 model, the re-
gions on the shear reinforcements where axial forces are 
most intense correspond to the areas where the diagonal 
compression struts are formed in the concrete.  

In the analysis of the axial force demands on the shear 
reinforcements in the continuous beam BM3 model, a 
notable distinction is observed between the exterior and 
interior shear spans. The first four shear reinforcements, 
located in the exterior span, experience significantly 
lower axial force demands compared to the subsequent 
four reinforcements in the interior span. Specifically, for 
the Mat72 model, the axial force demands on the rein-

forcements in the exterior span are almost negligible. 
Regarding the yield ratios in the shear reinforcements: 
In the exterior span, the highest yielding is seen in the 
Mat084/85 model, followed by the Mat159 model, and 
the least in the Mat072R3 model. In the interior span, the 
highest yielding is observed in the Mat072R3 model, 
then the Mat84/85 model, and finally, the Mat159 model. 

For the shear reinforcements in the interior span 
across all material models, the yield ratios are predomi-
nantly higher in the middle regions of the shear span. 
Moreover, all reinforcements yield at the maximum 
beam deformation. In the Mat84/85 and Mat72R3 mod-
els, the first yielding in the reinforcements occurs at a 
beam deformation of 3.5 mm, while in the Mat159 
model, it starts at a deformation of 6 mm. In terms of the 
extent of yielding: In the Mat84/85 and Mat72R3 mod-
els, yielding occurs along more than 50% of the rein-
forcement length. For the Mat159 model, this yielding 
ratio is around 20%. This analysis highlights the differ-
ences in the axial force demands of shear reinforcements 
in different spans and under various material models, es-
pecially in terms of yielding patterns and axial force de-
mands. 
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Fig. 13. Axial force demands of stirrups of BM3 using Mat084/085. 

 

 

Fig. 14. Axial force demands of stirrups of BM3 using Mat159. 

 

Fig. 15. (continued) 
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Fig. 15. Axial force demands of stirrups of BM3 using Mat072R3.

The reported findings for the tested beams reveal dif-
ferent patterns of yielding and failure mechanisms: For 
BM1: Yielding was observed in both the shear and the 
bottom longitudinal reinforcements before the collapse 
of the beam. The distribution of tensile force in the lon-
gitudinal reinforcement at failure was almost constant, 
suggesting a uniform stress state along its length. This 
indicates that both shear and flexural capacities were 
critical in the failure process; For BM2: Both the shear 
and longitudinal reinforcements yielded before the 
beam collapsed. This suggests a combined influence of 
shear and flexural stresses leading to the failure, similar 
to BM1; For BM3: Yielding occurred in the main (longi-
tudinal) reinforcement, indicating a flexural failure 
mechanism. The beam was described as moderately duc-
tile, which implies it underwent significant deformation, 
typically associated with flexural yielding, before col-
lapsing; For BM4: Yielding in the lower steel reinforce-
ment was noted significantly before the collapse, point-
ing towards a flexural failure mechanism. This early 
yielding suggests that the beam's failure was primarily 
governed by flexural stresses; For BM5: All shear rein-
forcements yielded, leading to the separation of the 
struts, indicative of a shear failure. Additionally, the lon-
gitudinal reinforcements were under tensile stresses 
along the entire length of the internal shear spans. How-
ever, there was a more pronounced decrease in stress 
towards the ends of the span compared to the BM3 
model, suggesting different stress distributions and pos-
sibly different failure mechanisms between the two 
beams. 

6.3. Axial force demands of main reinforcements 

In this section, the axial force demands of the longitu-
dinal reinforcement bars located in the bottom regions 
of the beams were examined for varying beam defor-
mations. The analysis and comparisons are based on the 
BM1 model, representing a single-span beam, and the 
BM3 model, representing a continuous beam. To recall 
the key aspects of the reinforcements in these models: 
For BM1 (and BM2) there are two rows of bottom rein-
forcements. Each row consists of 3ϕ20 bars. For BM3 
(and BM4, BM5, and BM6) there is only single row of bot-
tom reinforcements, with each row also containing 3ϕ20 
bars. The positioning of the reinforcements is such that 
the center of the first-row reinforcements is located 25 
mm above the concrete's outer surface, while the sec-

ond-row reinforcements are positioned 50 mm above 
the surface. For BM1, the results are presented as the 
sum axial force acting on the three bars in a single row. 
It's noted that the axial force demands on the second-
row reinforcements are nearly the same. The average ax-
ial force demands of the three bars in a single row are 
given at beam deflections of Δ=1.0, 2.0, 3.0, 3.5, 6.0, and 
10 mm. Note that, the measured tensile strength of the 
reinforcement materials are 114 kN for models between 
BM1 to BM4, and 121 kN for models BM5 and BM6. This 
analysis aims to understand how the axial forces in the 
longitudinal reinforcements vary under different levels 
of beam deformation and how these forces are influ-
enced by the reinforcement arrangement and material 
characteristics in various beam models. 

For BM1, the axial force demands on the longitudinal 
reinforcements under increasing beam deformations are 
presented in Fig. 16, considering four different concrete 
materials. The key observations for this model are as fol-
lows: For Mat084/85 and Mat159 Models yielding of the 
reinforcements is observed. The reinforcements re-
mained elastic up to a beam deflection of 6 mm, with 
yielding commencing after this point. In the Mat084/85 
model, about 65% of the longitudinal reinforcements 
yielded, while in the Mat159 model, 50% yielded. Yield-
ing started from the midspan and spread towards the 
supports. Near the supports, a decrease in axial force de-
mands was noted, suggesting that the reinforcements re-
mained elastic in these areas. For the Mat072R3 model, 
the reinforcements stayed elastic throughout the entire 
beam length. However, the axial force demands de-
creased from the midspan towards the supports. The ax-
ial forces reached about 70% of the yield strength of the 
reinforcements. For the Mat016 model, after a beam de-
flection of 2 mm, the axial force demands on the longitu-
dinal reinforcements remained constant along the entire 
length of the beam. These forces corresponded to ap-
proximately 30% of the yield strength of the reinforce-
ments. These findings indicate a significant variation in 
the behavior of the longitudinal reinforcements under 
different concrete models and beam deformations.  

For BM3, the axial force demands on the longitudinal 
reinforcements under increasing beam deformations are 
presented in Fig. 17, considering four different concrete 
materials. The single bar yield strength for this beam is 
114 kN, resulting in a total yield force of 342 kN for the 
bottom row of beam reinforcement. Yielding occurred in 
all models that used the four different concrete materials.   
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Fig. 16. Axial force demands of longitudinal reinforcement of BM1:  
(a) Mat084/085; (b) Mat159; (c) Mat072R3; (d) Mat016. 

      

      

Fig. 17. Axial force demands of longitudinal reinforcement of BM3:  
(a) Mat084/085; (b) Mat159; (c) Mat072R3; (d) Mat016.  

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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In the Mat084/85, Mat159, and Mat072R3 models, 
yielding in the reinforcements started at approximately 
3.5 mm beam deformation. The axial force demands in 
the reinforcements of these three models showed simi-
lar behavior along the beam length, with axial force dis-
tributions being generally symmetric across both spans. 
In these models, the axial force demand in the reinforce-
ments reached its peak in the midspan of the beam 
spans, then decreased and approached zero towards the 
mid-span and end supports. In contrast, the Mat016 
model displayed a different behavior, with reinforce-
ment yielding observed only under high beam deflection, 
specifically at 10 mm. The distribution of axial force de-
mands in the reinforcements along the beam length in 
this model was different from the other three models. 
While the other three concrete models had almost zero 
axial force demand in the central support region, the re-
inforcements in this region in the Mat016 model experi-
enced some level of force demand. 

These observations indicate a range of behaviors in 
the longitudinal reinforcements under varying concrete 
models and beam deformations. The yielding patterns, 
axial force demands, and their distribution along the 
beam length vary significantly, reflecting the influence of 
concrete material properties and the structural response 
to loading. 
 

7. Conclusions 

This study presents an efficient and cost-effective 
method for evaluating the shear capacity of reinforced 
concrete deep beams using LS-DYNA, offering a reliable 
alternative to extensive experimental testing. The analy-
sis of four different concrete models provided insights 
into the most accurate approaches for predicting beam 
capacities. These findings can be important for enhanc-
ing the resilience of critical urban infrastructure, such as 
bridges and foundations. By optimizing deep beam de-
signs, engineers can create more durable, disaster-re-
sistant structures, contributing to the long-term sustain-
ability and safety of rapidly growing cities. The study has 
the following outcomes: 
 Significant differences in strength predictions and the 

distribution of reinforcement forces among different 
material models were observed. Among the various 
materials used, the Mat159 model provided the most 
accurate estimate of the experimentally measured 
beam shear strength. While the beam strengths ob-
tained with this material are on the conservative side, 
the percentage differences between the computa-
tional results and the values measured in experi-
mental studies were found to be 6.4%, 9.3%, 3.8%, 
2.9%, and 10.5% for BM1, BM2, BM3, BM4, BM5, re-
spectively. For BM6, the difference was notably 
higher at 26.5%. It is important to note that the BM6 
model experienced damage during the test setup. 
Moderate prediction was achieved using the 
Mat084/85 model. The analysis results obtained us-
ing the Mat072R3 and Mat016 models underesti-
mated the measured beam carrying capacity values. 
The analysis results obtained using the Mat016 model 

exhibited very poor performance in predicting the 
measured beam carrying capacity, as well as the prin-
cipal stress distributions within the beam and the ax-
ial force demands on the beam reinforcements. 

 Similar to the findings in experimental studies, an 
analysis of the minimum principal stress distributions 
in the beams showed that a truss mechanism, made 
up of struts, was formed regardless of the amount and 
configuration of reinforcement. However, it was ob-
served that the struts in double-span beams were 
more prominently developed in the interior spans as 
compared to the exterior spans. This finding suggests 
that in two-span deep beams, the inner spans are 
more critical than the outer spans and should be rein-
forced with more shear reinforcement.  

 The minimum principal stresses in the diagonal com-
pression struts along the shear span did not exceed 
the concrete's compressive strength, yet stress con-
centrations are found near the strut ends at the top 
and bottom surfaces of the beam, aligns with experi-
mental findings. This highlights the importance of 
these areas, as crushing in concrete is typically ob-
served in these regions of the struts.  

 The numerical analyses results showed that the longi-
tudinal reinforcement in the beams does not contrib-
ute to the beam strength, while an increase in the 
amount of shear reinforcement does enhance beam 
strength. This outcome of the numerical models is 
consistent with experimental findings. 

 When examining the axial force demands on the shear 
reinforcement for different concrete models, yielding 
in the reinforcements is observed most prominently 
in the Mat072R3 model, followed by the Mat084/85 
model, and finally, the Mat159 material. It has been 
observed that the yielding of shear reinforcements oc-
curred within the dimensions of the diagonal com-
pression struts observed in the principal stresses of 
concrete. Outside these dimensions, the shear rein-
forcements remained elastic. This finding is im-
portant as it indicates the localized nature of yielding 
in shear reinforcements and highlights the signifi-
cance of the diagonal compression struts in the struc-
tural behavior of reinforced concrete beams. 

 When analyzing the axial force demands on the bot-
tom longitudinal reinforcements of beams for differ-
ent concrete models, it was found that these demands 
are consistent with experimental observations. Upon 
examining the axial force demands on the bottom lon-
gitudinal reinforcements of single-span beams for 
various concrete models, it was noted that the rein-
forcement yielded in the models using Mat159 and 
Mat072R3. In contrast, the reinforcement remained 
elastic in the models utilizing Mat084/085 and 
Mat016. In the case of double-span beams, however, 
reinforcement yielding was observed in all the mate-
rial models used. 

 The study's primary objective—predicting the 
strength values of reinforced concrete deep beams—
was comprehensively addressed through detailed 
analyses and validations. The comparison of numeri-
cal results with experimental data demonstrates the 
effectiveness of the proposed methodology in accu-
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rately estimating shear strength values. Mat159 
emerged as the most reliable concrete model for 
strength prediction, achieving close alignment with 
experimental measurements across all beam types. 
This accuracy highlights the method’s potential as a 
robust tool for predicting beam capacities. 

 The methodology employed in this study can be 
readily adapted for beams with different geometries, 
materials, or loading conditions by recalibrating ma-
terial models and boundary conditions. This flexibil-
ity enhances the applicability of the findings, saving 
time for researchers and practitioners alike. Fur-
thermore, disseminating these results to the broader 
research community enables critical evaluation and 
comparison, fostering the refinement of existing 
methods. 
By employing LS-DYNA's default concrete parameter 

options, this study established a cost-effective, reliable 
method for deep beam capacity estimation, reducing the 
need for extensive experimental testing. This approach 
facilitates the exploration of deep beams with various 
configurations without significant experimental invest-
ments. 
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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-
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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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Silica fume, which is rich in silicon dioxide, enhances 
the durability of concrete by improving its resistance to 
sulfate and chloride attacks (Şimşek et al. 2022). This ul-
tra-fine pozzolan reacts with the calcium hydroxide pro-
duced during cement hydration to form additional cal-
cium silicate hydrate (C-S-H) (Al-Saffar et al. 2023). It re-
sults in a much denser and more refined microstructure, 
significantly reducing the permeability of the concrete. 
This dense matrix acts as a barrier against the penetra-
tion of sulphate ions, which are known to cause expan-
sive chemical reactions leading to cracking and deterio-
ration (Shannag and Shaia 2003). By minimising the en-
try of these harmful ions, silica fume prevents the for-
mation of harmful compounds such as gypsum and 
ettringite, thus preserving the integrity of the concrete. 
In chloride-laden environments, such as coastal areas or 
areas where de-icing salts are used, the low permeability 
caused by silica fume is equally beneficial, as silica fume 
not only slows low chloride ingress but also increases 
the concrete’s ability to chemically bind these ions, re-
ducing their availability to initiate corrosion of steel re-
inforcement. This dual effect – as both a physical barrier 
and a chemical binder – makes silica fume an indispen-
sable additive for concrete exposed to aggressive sul-

phate and chloride conditions (Ortega et al. 2018). Pre-
vious studies, listed in Table 1, have extensively investi-
gated the effectiveness of silica fume in reducing sul-
phate and chloride attacks in concrete and have high-
lighted its fundamental role in enhancing the durability 
of the material. These studies used advanced analytical 
techniques such as scanning electron microscopy (SEM) 
and X-ray diffraction (XRD) to observe the microstruc-
tural changes and porosity reduction caused by silica 
fume. In addition, long-term exposure tests in aggressive 
environments confirmed the superior performance of 
silica fume-modified concrete, with results showing sig-
nificantly lower sulphate-induced expansion and chlo-
ride-induced corrosion rates compared to conventional 
concrete (Sharaky et al. 2019). Understanding the mech-
anisms and effects of these attacks is crucial for engi-
neers and builders aiming to increase the longevity and 
durability of concrete structures (Abed et al. 2018). 

This article highlights the important role of using sil-
ica fume in cement mortars, especially in enhancing the 
fresh, physio-mechanical and durability of mortars sub-
jected to high silica fume volume (up to 35%) and ex-
posed to different concentration of NaCl and Na2SO4 con-
ditions.

Table 1. Previous research related to the study. 

Authors Silica fume ratio (%) Experiments 
Optimum silica fume  

ratio found (%) 

Saif Allah et al. (2024) 23, 46, 69 
Compressive strength, Splitting tensile strength,  

Absorption test 
69 

Anwar (2005) 10 
Compressive strength, Flexural strength,  
Pulse velocity, Dynamic elastic modulus 

10 

Kumar et al. (2022) 

5,10, 15 
(2.5%SF+2.5%FA, 

5%SF+5%FA, 
7.5%SF+7.5%FA) 

Compressive strength, Splitting tensile strength,  
Water absorption 

10  
(with 7.5%SF+7.5%FA) 

Şimşek et al. (2022) 0, 2.5, 5, 7.5, 10, 12.5, 15 
Density, Setting time, Soundness,  

Compressive strength, Flexural strength 
 

10 

Ramezanianpour et al. (2020) 
7.5 (with a natural  

pozzolan: 17.5) 
Compressive strength, Capillary absorption, Penetration 
depth, Penetration profile, RCMT analysis, XRD analysis 

7.5 

Tripathi et al. (2020) 5, 10, 15, 20, 25 
Fresh concrete properties, Compressive strength,  

Weight change 
20 

Sharaky et al. (2019) 5, 10, 15 
Length expansion, Compressive strength, X-ray diffraction, 

DSC analysis, SEM analysis, EDX analysis 
30 

Abed et al. (2018) 0, 15, 25, 35 Compressive strength 25 

Shetti and Das (2015) 1, 2, 3, 4, 5, 6 
Slump, Compaction factor, Compressive strength, Acid attack, 

Water absorption, Chloride attack, Alkali attack 
6 

Lee et al. (2005) 5, 10, 15 Compressive strength 5, 10 

Shannag and Shaia (2003) 
0, 20, 40, 60 (+ natural 
pozzolan: 0, 5, 10, 15) 

Compressive strength, UPV 15 

2. Methodology 

2.1.  Materials  

In this study, cement mortar samples were prepared 
using ordinary Portland cement (OPC) according to 
ASTM C150 (2024) was supplied by Amran Cement 
Plant. Specific gravity and fineness for cement were 3.15 
g/cm3 and 3140 cm2/g. The used silica fume (SF) powder 

has a specific surface area of 20 m2/g; it was sieved from 
a 75 μm sieve for eliminating large particles, an average 
diameter of 0.15 µm, silicon dioxide of 88.6%, and a spe-
cific gravity of 2.20 g/cm3 (Fig. 1). Moreover, the chemi-
cal composition of both cement and silica fume is listed 
in Table 2.  

Sand was used as a fine aggregate, and the specific 
gravity and water absorption were laboratory deter-
mined as 2.60 g/cm3 and 1.40%, respectively. 
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Fig. 1. Silica fume. 

Table 2. Chemical composition of the portland cement 
and silica fume. 

Material 
Oxide composition by mass (%) 

SiO2 CaO MgO Al2O3 Fe2O3 SO3 

Cement 23.2 55.1 2.2 7.4 5.4 2.0 

Silica fume 88.6 0.99 0.26 1.11 0.66 0.33 

2.2. Mix proportions, curing methods and sample 
preparation 

In this study, based on the trial-and-error method to 
produce the best homogeneous, optimum cement dos-
age and W/B ratio, the control cement mortar sample 
was prepared as 1:1:0.45 for cement, fine aggregate, and 
water, respectively. A water reduction additive (super-
plasticizers (SPZ)) was used by a constant percentage 
(0.8%) of binder weight to increase mix workability. The 
other groups were prepared by replacing silica fume 
with 5%, 10%, 15%, 20%, 25%, 30%, and 35% by weight 
of cement. Table 3 shows the mixing ratios for each 
group. 

Table 3. Mixture details and formulation code of the 
control and silica fume based mortar exposed to  

different solutions. 

Group 
Component weight (g) 

Cement Silica fume Fine aggregate SPZ W/B 

SF0 1000 -- 1000 8 450 

SF5 950 50 1000 8 450 

SF10 900 100 1000 8 450 

SF15 850 150 1000 8 450 

SF20 800 200 1000 8 450 

SF25 750 250 1000 8 450 

SF30 700 300 1000 8 450 

SF35 650 350 1000 8 450 

 

Test samples were cured under five different condi-
tions: water (laboratory conditions), 5% NaCl solution, 
10% NaCl solution, 5% Na₂SO₄ solution, and 10% 
Na₂SO₄ solution, for 28 days. They were then air-dried 
for one day before testing. 

2.3. Experiments 

2.3.1. Slump test 

In this study, the slump test was done according ASTM 
C143 (2020). This test is used for fresh concrete to de-
termine the workability and percentage of water. 

2.3.2. Density test 

In this study, the average density of three samples in 
each group was calculated after 28 days. Samples were 
weighed with a sensitive electronic scale to an accuracy 
of 0.1 gm, and then density values (ρ) in g/cm3 were cal-
culated by dividing their mass (m) to their volume ac-
cording to ASTM C642 (2021). 

2.3.3. Ultra-sonic test (UPV) 

The UPV test is a non-destructive technique used to 
evaluate the quality and integrity of mortar specimens. 
Sound's velocity through mortars gives details about 
their homogeneity, internal structure, and possible 
flaws. In this study, cubes with 50×50×50 mm3 dimen-
sions were directly measured for velocity as per ASTM 
C597 (2022) and using Eq. (1).  

𝑉 = 𝐿
𝑇⁄    (m/sec) (1) 

2.3.4. Dynamic modulus of elasticity 

In this study, the dynamic modulus of elasticity was 
calculated as per ASTM E494 (2020). For each sample 
and Eq. (2) were applied, then the average dynamic mod-
ulus of elasticity value was found for each group. Pois-
son’s ratio of mortar was assumed as 0.17. 

𝐸𝑑 =
𝑉long

2  ∙ 𝜌 ∙  (1+𝜈) ∙  (1−2𝜈)

1−𝜈
 (2) 

where Ed is the dynamic modulus of elasticity, ρ is the 
mass density (g/cm3), ν is the Poisson’s ratio of mortar, 
and Vlong is the speed rate of wave in specimen m/sec. 

2.3.5. Capillary water absorption test 

The capillary water absorption test was conducted in 
accordance with the standard ASTM C1585 (2020) after 
28 days. The sides of the specimens were sealed with 
tape up to 20 mm in height so that only one face of the 
specimen was subjected to water. Water absorption 
measures were recorded from 2 min to 24 hr. 

2.3.6. Compressive strength test 

In this study, compression test was applied after 28 
days by different curing methods (water, sodium sul-
fate and sodium chloride solve). The specimens were 
placed on a compression testing machine with a capac-
ity of 2500 kN and a loading rate of 0.4 N/mm2/sec, ac-
cording to the ASTM C109 (2020). The load is applied 
gradually until the specimen fails. Stress-strain curved 
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were drawn and then, the modulus of elasticity, maxi-
mum compressive stress and strain values were calcu-
lated.  

2.3.7. Flexural test 

In this study, the flexural strength of prismatic beams 
(40×40×160 mm3) was obtained through a three-point 
bending (TPB) test based on the ASTM D790 (2017). A 
test machine of 50 kN with a controlled displacement 
rate of 0.2 mm/min was used. Average flexural strength 
values were measured at 28 days. 

 

3. Results and Discussion 

This study evaluated the fresh, physio-mechanical, 
and durability properties of mortars containing silica 
fume (up to 35%) under varying concentrations of NaCl 

and Na₂SO₄. The assessment included visual inspections, 
density measurements, ultrasonic pulse velocity, dy-
namic modulus of elasticity, capillary absorption, com-
pressive strength, modulus of elasticity, and flexural ten-
sile strength. The findings are systematically summa-
rized in this section. 

3.1. Slump 

The results of the slump test were summarized in 
Table 4 and Fig. 2. Results clearly show that, as the 
amount of silica fume increases, the workability 
decreases. For the reference group (SF0), a 250 mm 
slump value was observed, and a linearly slight decrease 
was observed in the SF5, SF10, and SF10 groups. While a 
significant sudden drop was observed at SF20 to SF35 by 
52% to 80%, respectively. Thus, silica fume particles 
with a high surface area require more water in combina-
tions more than mixtures without silica fume.

Table 4. Physical and mechanical results. 

Group 
Slump 
(mm) 

Density 
(kg/m3) 

UPV test 
(m/sec) 

Dynamic modulus of 
elasticity (GPa) 

Flexural strength 
(MPa) 

SF0 250 2,003.3 4,168.0 31.96 7.031 

SF5 230 2,019.2 4,170.4 32.22 8.906 

SF10 220 2,064.1 4,610.6 40.28 8.438 

SF15 200 2,055.8 4,312.3 35.11 7.575 

SF20 120 1,974.2 4,239.9 32.59 6.976 

SF25 80 1,945.4 4,204.2 31.58 6.064 

SF30 60 1,968.1 4,034.7 29.38 4.098 

SF35 30 1,954.2 4,148.4 30.88 3.642 

 

Fig. 2. Slump test results.  
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3.2. Density 

The results of the density test on cement mortars with 
varying percentages of silica fume reveal a particular 
trend which indicates the effect of silica fume on the mi-
crostructure of the matrix. The density rises from 2.00 
g/cm³ with 0% silica fume to a maximum of 2.06 g/cm³ 
with 10% silica fume. This is so because silica fume con-
sists of ultrafine particles, it also fills in the cracks be-
tween cement bases or grains and makes more C-S-H, 
which effectively enhances the density. However, be-

yond 10%, the density begins to decline, with values 
dropping to 2.05 g/cm³ at 15%, 1.98 g/cm³ at 25%, and 
further to 1.95 g/cm³ at 35% silica fume. The decline fea-
ture at higher percentages can be explained due to ex-
cessive fine nature of silica fume increasing the water de-
mand hence poor workability and compaction uni-
formity. The findings indicate that silica fume densifies 
the composite up to an optimum amount of 10%. Beyond 
this amount, SiO2 constitutes the mortar, which may lead 
to disruptions in homogeneity and segregation, making 
the mortar comparatively less dense.

 

Fig. 3. Density test results.

3.3. Ultrasonic pulse velocity (UPV) 

The results of UPV were listed in Table 4 and shown 
in Fig. 4. The UPV and density test results for cement 
mortars with varying silica fume contents show a paral-
lel trend that highlights how microstructural changes af-
fect both wave transmission and material density. Ini-
tially, both UPV and density increase, with UPV rising 
from 4168 m/s at 0% silica fume to a peak of 4610 m/s 
at 10%, and density increasing from 2.00 g/cm³ to 2.06 
g/cm³ over the same range. This simultaneous rise in 
UPV and density indicates that up to 10% silica fume con-
tributes to a denser, more uniform microstructure, likely 
due to improved particle packing and enhanced C-S-H 
formation through the pozzolanic reaction. This densifi-
cation reduces porosity, allowing sound waves to travel 
faster and improving the mortar's structural integrity. 

However, as silica fume content increases beyond 
10%, both UPV and density begin to decline. UPV values 
drop from 4610 m/s to 4034 m/s at 30% silica fume, 
while density decreases from 2.06 g/cm³ to 1.96 g/cm³, 
indicating that higher silica fume levels may introduce 
microstructural inconsistencies. This parallel decline in 
UPV and density at higher silica fume levels underscores 
the importance of balanced silica fume content for en-
hancing both the material’s structural integrity and wave 

propagation properties. Fig. 5 shows the correlation be-
tween UPV and density with R2=0.657. 

3.4. Dynamic modulus of elasticity 

Fig. 6 and Table 4 show the dynamic modulus of elas-
ticity results of each group. The results for the dynamic 
modulus of elasticity, UPV, and density tests for cement 
mortars for all groups containing silica fume exhibit a 
closely related trend that illustrates how micro struc-
tural densification influences each property. Initially, all 
three properties - dynamic modulus, UPV, and density - 
show an increase with silica fume addition up to 10%. 
The dynamic modulus rises from 31.9 GPa at 0% to a 
peak of 40.2 GPa at 10% silica fume, UPV increases from 
4168 m/s to 4610 m/s, and density reaches its maximum 
at 2.06 g/cm³. This parallel improvement suggests that 
up to 10% silica fume promotes a denser and more uni-
form matrix.  

Beyond the 10% silica fume content, however, all 
three properties begin to decline, with the dynamic mod-
ulus dropping to 29.4 GPa at 30% silica fume, UPV falling 
to 4034 m/s, and density decreasing to 1.96 g/cm³. This 
trend suggests that excess silica fume may negatively im-
pact the compactness and uniformity of the matrix, likely 
due to reduced workability.  
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The alignment in the trends of dynamic modulus, UPV, 
and density indicates that around 10% silica fume is op-

timal for enhancing the mortar's overall physical and 
mechanical properties.

 

Fig. 4. UPV test results. 

 

Fig. 5. Correlation between UPV and density.

3.5. Capillary absorption 

     Each point in Fig. 7 is the average value of meas-
urements of three specimens. The capillary permeability 
of the mortar changed depending on the amount of SF. 
The graph shows an overall increasing trend in capillary 
rise with time for all samples. All the other samples (SF5 
to SF35) show higher capillary rise at any given time 
compared to SF0. The highest increase is observed in 
FS35, with a 160%. 

3.6. Compressive strength 

The results of compressive strength for specimens 
cured in water, 5% NaCl solution, 10% NaCl solution, 5% 
Na₂SO₄ solution, and 10% Na₂SO₄ solution for 28 days 
were calculated as the average of three samples from 
each group, as shown in Table 5 and Figs. 8‒10. The com-
pressive strength results for all groups reveal a trend 
that aligns with observed changes in UPV and density, 
providing insight into how silica fume influences the 
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overall matrix strength and compactness. Initially, com-
pressive strength increases sharply from 38 MPa at 0% 
silica fume to 53.1 MPa at 5%, reaching 46.8 MPa at 
10%. This improvement mirrors the rise in both UPV 
(from 4168 m/s to 4610 m/s) and density (from 2.00 
g/cm³ to 2.06 g/cm³) within the same range, indicating 

that the addition of silica fume enhances matrix densifi-
cation. Up to 10% silica fume, the finer particles fill mi-
cro voids and engage in a pozzolanic reaction with cal-
cium hydroxide to form additional C-S-H, which binds 
the matrix more effectively, increases compaction, and 
boosts strength.

 

Fig. 6. Dynamic modulus of elasticity test results. 

 

Fig. 7. Capillary test results.

Beyond 10% silica fume, compressive strength begins 
to decline, reaching 44.2 MPa at 15% and further de-
creasing to 36.8 MPa at 35%. This downward trend in 
compressive strength aligns with the reductions in UPV 

(dropping to 4034 m/s) and density (falling to 1.96 
g/cm³) observed at higher silica fume contents.  

These results suggest that while adding silica fume 
around 5–10% enhances compressive strength by im-
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proving microstructural densification hence higher silica 
fume contents lead to diminishing returns across all 
properties.  

The compressive strength results for cement mortars 
cured in a 5% NaCl solution reveal a notable decrease for 
all silica fume groups compared to samples cured in wa-
ter.  

Compressive strength values drop from 38 MPa at 0% 
silica fume to 35 MPa, from 53.1 MPa at 5% to 39 MPa, and 
from 46.8 MPa at 10% to 36.6 MPa. This trend indicates 
that exposure to a saline environment adversely affects 
the mechanical properties, likely due to the corrosive ef-
fects of sodium chloride on the concrete matrix. The re-
ductions in compressive strength are particularly pro-
nounced at higher silica fume contents, with values de-
creasing to 32 MPa at 30% and 27.8 MPa at 35%, com-
pared to 40.7 MPa and 36.8 MPa in the water-cured results. 

The compressive strength results for cement mortars 
cured in a 10%NaCl solution demonstrate a further de-

cline in strength across all silica fume content levels 
compared to the both water and 5%NaCl conditions. 
Specifically, compressive strength values decrease from 
38 MPa at 0% silica fume to 34 MPa, from 53.1 MPa at 
5% to 36.8 MPa, and from 46.8 MPa at 10% to 30.5 MPa. 
The decline in compressive strength is particularly sig-
nificant at 10% and higher silica fume contents, where 
the strengths drop to 31.4 MPa at 15%, 31.5 MPa at 20%, 
31.3 MPa at 25%, and 28.1 MPa at 35%. 

The observed reductions in strength can be attributed 
to the higher concentration of sodium chloride intensi-
fies the corrosive impact on the cement matrix, which 
can disrupt the formation and integrity of C-S-H and 
compromise the bond between the silica fume and the 
cement matrix. Additionally, the presence of NaCl at ele-
vated concentrations may also induce internal stresses 
and microcracking, particularly in mortars with higher 
silica fume content, which are already predisposed to 
brittleness (Zhou et al. 2015).

Table 5. Compressive strength results. 

Compressive strength at 28 days (MPa) 
Group 

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

30.45 34.36 34.03 35.08 38.00 SF0 

38.00 39.42 36.85 39.20 53.12 SF5 

35.16 37.81 30.53 36.64 46.76 SF10 

36.05 40.77 31.44 41.94 44.21 SF15 

43.40 44.50 35.60 37.40 40.70 SF20 

35.53 39.13 31.50 32.00 40.58 SF25 

29.87 31.21 31.30 32.12 41.62 SF30 

28.00 30.55 28.10 27.81 36.78 SF35 

 

Fig. 8. Compressive strength results for the samples cured in water. 
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Fig. 9. Compressive strength results for the samples cured in 5% NaCl solution. 

 

Fig. 10. Compressive strength results for the samples cured in 10% NaCl solution.

The compressive strength results for cement mortars 
cured in 5% and 10% Na₂SO₄ solutions reveal a signifi-
cant decline in strength across all silica fume content lev-
els compared to the compressive strengths obtained un-
der water curing conditions (Figs. 11‒12). In the 5% 
Na₂SO₄ solution, compressive strength values are rec-
orded as 34.36 MPa at 0% silica fume, 39.4 MPa at 5%, 
37.8 MPa at 10%, 40.77 MPa at 15%, 44.5 MPa at 20%, 

39.13 MPa at 25%, 31.2 MPa at 30%, and 30.5 MPa at 
35%. In comparison, the results for specimens cured in 
10% Na₂SO₄ show further reductions, with compressive 
strengths of 30.4 MPa at 0%, 38 MPa at 5%, 35.2 MPa at 
10%, 36.1 MPa at 15%, 43.4 MPa at 20%, 35.5 MPa at 
25%, 29.8 MPa at 30%, and 28 MPa at 35%. 

The initial decline in compressive strength in the 5% 
Na₂SO₄ solution compared to water-cured specimens 
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reflects the detrimental effects of sulfate ions, which can 
react with the hydration products in cement, poten-
tially leading to the formation of expansive products 
such as ettringite. This expansive reaction may create 
internal stresses within the mortar matrix, promoting 
cracking and reducing overall strength. The further de-
crease in compressive strength observed in the 10% 
Na₂SO₄ solution suggests that higher sulfate concentra-

tions exacerbate these effects, leading to increased per-
meability and more significant microstructural damage 
(Han and Li 2024). Notably, while some mortars, par-
ticularly those with 20% silica fume, show relatively 
higher strength retention in both sulfate solutions com-
pared to others, the overall trend emphasizes the vul-
nerability of silica fume-enhanced mortars to Na₂SO₄ at-
tack.

 

Fig. 11. Compressive strength results for the samples cured in 5% Na2So4 solution. 

 

Fig. 12. Compressive strength results for the samples cured in 10% Na2So4 solution.  
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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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