


 

CHALLENGE JOURNAL OF CONCRETE RESEARCH LETTERS 15 (3) (2024) ISSN 2548-0928 

 

 

i 

 
EDITOR IN CHIEF 

Prof. Dr. Mohamed Abdelkader ISMAIL   Brunel University London, United Kingdom 
 

EDITORIAL BOARD 

Prof. Dr. Gamal Elsayed ABDELAZIZ   Benha University, Egypt 

Prof. Dr. Zubair AHMED   Mehran University, Pakistan 

Prof. Dr. Ahmet Ferhat BİNGÖL   Atatürk University, Türkiye 

Prof. Dr. Jiwei CAI   Henan University, China 

Prof. Dr. Ferit ÇAKIR   Gebze Technical University, Türkiye 

Prof. Dr. Mohamed GHRICI   Hassiba Benbouali University of Chlef, Algeria 

Prof. Dr. Khandaker M. Anwar HOSSAIN   Toronto Metropolitan University, Canada 

Prof. Dr. Jamal KHATIB   Beirut Arab University, Lebanon 

Prof. Dr. Han Seung LEE   Hanyang University, Republic of Korea 

Prof. Dr. Jahangir MIRZA   Hydro-Québec Research Institute, Canada 

Prof. Dr. Ashraf Ragab MOHAMED   Alexandria University, Egypt 

Prof. Dr. Hamidah Mohd SAMAN   Universiti Teknologi Mara, Malaysia 

Prof. Dr. Xiao-Yong WANG   Kangwon National University, Republic of Korea 

Assoc. Prof. Dr. Saleh Omar BAMAGA   University of Bisha, Saudi Arabia 

Assoc. Prof. Dr. Mohammed Seddik MEDDAH   Sultan Qaboos University, Oman 

Assoc. Prof. Dr. Brabha NAGARATNAM   Northumbria University, United Kingdom 

Assoc. Prof. Dr. Ayman Youssef NASSIF   Vietnamese-German University, Vietnam 

Assoc. Prof. Dr. Meral OLTULU   Atatürk University, Türkiye 

Dr. Mahmoud SAYED AHMED   Toronto Metropolitan University, Canada 

Dr. Ibrahim ALAMERI   Sana’a University, Yemen 

Dr. Salam Rafea ARMOOSH   University of Anbar, Iraq 

Dr. Aamer Rafique BHUTTA   Aramco, Saudi Arabia 

Dr. Ali KEYVANFAR   Kennesaw State University, United States 

Dr. Türkay KOTAN   Erzurum Technical University, Türkiye 

Dr. Khairunisa MUTHUSAMY   Universiti Malaysia Pahang, Malaysia 

Dr. Arezou SHAFAGHAT   Kennesaw State University, United States 

Dr. Jitendra Kumar SINGH   Hanyang University, Republic of Korea 
 

E-mail: cjcrl@challengejournal.com 
 

Web page: cjcrl.challengejournal.com 
  

Tulpar Academic Publishing 
 www.tulparpublishing.com 

https://cjcrl.challengejournal.com/
mailto:cjcrl@challengejournal.com
https://cjcrl.challengejournal.com/
https://www.tulparpublishing.com/
https://www.tulparpublishing.com/


 

CHALLENGE JOURNAL OF CONCRETE RESEARCH LETTERS 15 (3) (2024) ISSN 2548-0928 

 

 

ii 

 

CONTENTS 

Research Articles  

A different approach for green concrete production: Determination of the effect of  

e-waste and waste rubber powder on durability properties of concrete 

H. Alperen Bulut 

69‒81 

Enhancing mechanical properties of foam concrete with sisal fiber reinforcement:  

An experimental investigation 

Mehmet Uzun 

82‒89 

Investigation of the seismic response of irrigation channel  

using Coupled Eularian-Lagrangian approach 

Muhammet Ensar Yiğit, Betül Üstüner 

90‒100 

Investigation of structural performances of historical building  

elements made with local materials using the finite element method 

Saeid Zardari, İzzettin Kutlu, Aslan Nayeb 

101‒111 

 
 

 

https://cjcrl.challengejournal.com/
https://doi.org/10.20528/cjcrl.2024.03.001
https://doi.org/10.20528/cjcrl.2024.03.001
https://doi.org/10.20528/cjcrl.2024.03.002
https://doi.org/10.20528/cjcrl.2024.03.002
https://doi.org/10.20528/cjcrl.2024.03.003
https://doi.org/10.20528/cjcrl.2024.03.003
https://doi.org/10.20528/cjcrl.2024.03.004
https://doi.org/10.20528/cjcrl.2024.03.004
https://www.tulparpublishing.com/


 

CHALLENGE JOURNAL OF CONCRETE RESEARCH LETTERS 15 (3) (2024) 69–81 
 

 

 

 
* Corresponding author. Tel.: +90-446-224-0088 ; E-mail address: habulut@erzincan.edu.tr (H. A. Bulut)  
ISSN: 2548-0928 / DOI: https://doi.org/10.20528/cjcrl.2024.03.001 

Research Article 

A different approach for green concrete production:  

Determination of the effect of e-waste and waste rubber powder  

on durability properties of concrete 

H. Alperen Bulut a,*  

a Department of Civil Engineering, Erzincan Binali Yıldırım University, 24002 Erzincan, Türkiye 

 

A B S T R A C T 

This study was carried out to present a different approach to green concrete production 

by utilizing electronic waste (e-waste) and waste rubber powders in order to provide 

a solution to both the cost and carbon footprint problems arising from the rapid con-

sumption of aggregate resources and cement. For this purpose, 0%, 5% and 10% of e-

waste was utilized instead of aggregate and 0%, 2.5% and 5% of waste rubber powder 

was utilized instead of cement. In addition, mixtures in which both wastes were com-

bined in concrete were also prepared and comparisons were conducted. Capillary wa-

ter absorption, acid and sulfate attack tests were carried out on the concretes with dif-

ferent wastes at the end of 28 and 90 days. The capillary water absorption of concrete 

produced with 5% waste rubber powder at the end of 28 days (P5E0/28) was 80% less 

than the control concrete (C/28) (these values were 0.46, 2.36 respectively). It was de-

termined that the utilization of waste rubber powder had a decreasing effect on the 

compressive strength losses of the concretes after acid attack compared to the control 

concrete, while e-waste had an increasing effect. It was determined that the compres-

sive strength losses of the concretes in which waste rubber powder and e-waste were 

combined against sulfate attack were positively differentiated from both control con-

crete and concretes produced with single waste type. In parallel with the weight and 

compressive strength losses obtained after acid and sulfate attack, the results of the 

visual analyses of the concretes were similar. The use of 5% waste rubber powder in 

the concrete produced the greatest results. In addition, the ideal ratio between con-

cretes in which e-waste and waste rubber powder used together was determined as 

5% waste rubber powder and 5% e-waste. The results verified that e-waste and waste 

rubber powder can be considered for the production of green concrete. 
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1. Introduction 

As a result of the rapid advancement of technology 
and the unregulated disposal of electronic devices (e.g. 
photocopiers, computers, televisions, printers, mobile 
phones, white goods, etc.) that can be produced at lower 
costs, a new type of waste called electronic waste (e-
waste) has emerged (Kiddee et al. 2013; Farooq et al. 
2019). The amount of e-waste among solid wastes is in-
creasing day by day (Bhutta et al. 2011). For example, 

44.7 million tonnes of e-waste was reported worldwide 
in 2016 (Hameed et al. 2020). The rate of recycled e-
waste is only 12.5% and the rest is either discarded or 
incinerated (Ullah et al. 2022). Direct disposal of e-
waste, which contains composite materials in the struc-
ture, is not feasible, thus posing significant damage to 
both the environment and health worldwide (Par-
theeban et al. 2021). This situation has enabled the utili-
zation of e-waste as a potential material in construction 
practices. 

tel:+90-446-224-0088
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Studies evaluating e-waste in concrete have started to 
increase rapidly in the literature. For example, improve-
ments in the abrasion resistance of e-waste concretes 
have been reported (Ferreira et al. 2012). As a result of 
the study conducted by Gawatre et al. (2015), the ideal 
compressive strength was obtained with the utilization 
of 7.5% e-waste. In another study (Suchithra et al. 2015), 
it was determined that concrete produced with e-waste 
had high resistance to chloride attack. Compressive and 
splitting tensile strengths decreased as a result of e-
waste utilization instead of fine aggregate in concrete 
(Alagusankareswari et al. 2016). As a result of the evalu-
ation of e-waste as aggregate in polymer concretes, 
which is a special type of concrete, it was found that e-
waste increased the ductility of polymer concretes, alt-
hough mechanical properties decreased as the e-waste 
ratio increased (Bulut and Şahin 2017). As a result of the 
study carried out by Ullah et al. (2022), decreases in the 
compressive strength of e-waste added concretes were 
observed with the effect of high temperature. 

Overall technological developments, industrializa-
tion, urbanization, and expansion of the construction 
sector due to the population growth have quickly pre-
sented humankind with unprecedented problems. One 
significant consequence of this is the increase in the 
amount of waste products (Canbaz et al. 2021; Şengel et 
al. 2022a). Utilizing waste materials in concrete struc-
tures is crucial for environmental cleanup and recycling 
(Karalar and Çavuşlu 2022). Waste tires generated by 
the rapidly developing automobile industry have 
demonstrated tremendous annual growth globally (Co-
lette et al. 2023). In fact, statistics report that the amount 
of waste tires generated worldwide each year exceeds 
1.5 billion (Qaidi et al. 2021). It is known that waste tires, 
which are intended to be destroyed by traditional dis-
posal methods (storage, incineration, burial, etc.), both 
lead to environmental pollution and increase carbon 
emissions (Islam et al. 2023a). Thus, the disposal of 
waste tires in an environmentally friendly and economi-
cal way has gained urgency globally (Jurado et al. 2023). 
In recent years, the utilization of waste tires in civil engi-
neering practices has become widespread (Jiang et al. 
2019; Gao et al. 2024). 

Many studies on rubberized concretes produced with 
waste rubbers are present in the literature. In a study, it 
was reported that compressive strength losses reached 
20% when 20% waste rubber was incorporated into 
concrete (Youssf et al. 2020). Mechanical properties, du-
rability and deformation of rubberized concretes were 
investigated (Xu et al. 2021), and it was determined that 
chloride permeability decreased (Thomas et al. 2016), 
while ductility (AbdelAleem and Hassan 2022; Şengel et 
al. 2022b), toughness (Bahtli and Ozbay 2021) and ther-
mal conductivity increased (Ma et al. 2023) as a result of 
utilizing the proper rubber particles in concrete. Kandil 
and Bulut (2023) investigated the behavior of concretes 
containing different proportions of waste rubbers 
against acid and sulfate attack. As a result, it was stated 
that rubberized concretes with a water/cement ratio of 
0.5 exhibited high resistance to acid and sulfate attack. It 
was also emphasized that 12% and 16% waste rubber 
ratios are ideal ratios. In addition, as a result of a study 

conducted by Bulut (2024), both splitting tensile 
strength and UPV (Ultrasonic pulse velocity) test results 
gave the best results as a result of using 2.5% waste rub-
ber and 5% e-waste rates together in concrete. 

This study was carried out to present a different ap-
proach to green concrete production by evaluating elec-
tronic waste (e-waste) and waste rubber powders in or-
der to provide a solution to both cost and carbon foot-
print problems arising from the rapid consumption of 
aggregate resources and cement. For this purpose, 0%, 
5% and 10% of e-waste was substituted for aggregate 
and 0%, 2.5% and 5% of waste rubber powder was sub-
stituted for cement in concrete. In addition, mixtures in 
which both wastes were combined in concrete were also 
prepared and comparisons were carried out. Capillary 
water absorption, acid and sulfate attack experiments 
were carried out on concretes with different wastes after 
28 and 90 days. The novelty of the research, unlike the 
literature, is that the durability properties of concrete 
are examined at both normal and advanced ages by using 
e-waste instead of aggregate and waste rubber powder 
instead of cement in different proportions in concrete 
production. In addition, it was aimed to increase the 
originality of the study by using these two waste types 
together and evaluating their effect on the durability 
performance of concrete. Thus, the effects of both types 
of waste on concrete will be comprehensively evaluated 
and introduced to the literature. 
 

2. Materials and Method 

2.1. Materials 

CEM I 42.5 R type Portland cement was employed as 
a binder material for concretes with different wastes. 
The properties of this cement are presented in Table 1. 
Within the scope of the study, 4/8 mm and 8/16 mm 
graded coarse aggregates of crushed stone origin and 
0/2 mm and 2/4 mm graded natural river sand were uti-
lized as fine aggregates. The specific gravity of coarse ag-
gregates of crushed stone origin was 2.651 for 4/8 mm 
gradation and 2.675 for 8/16 mm gradation. The specific 
gravity of fine aggregates is 2.478. As a result of prelimi-
nary tests, aggregate grades of 0/2 = 35%, 2/4 = 20%, 
4/8 = 25% and 8/16 = 20% were selected and sieve anal-
ysis was performed according to TS EN 933-1 (2012) 
and TS 802 (2016) standards.  

Superplasticizer chemical additive material was em-
ployed in the study. Information about this material is 
provided in Table 2. E-waste from electronic devices 
such as mobile phones, printers, monitors and televi-
sions were shredded to aggregate size in the factories of 
Exitcom Recycling Company (Kocaeli/TR) and substi-
tuted for crushed stone and river sand in concrete pro-
duction. The specific gravity of e-waste is 1.290. The vis-
ual of e-waste is presented in Fig. 1. 

Waste rubber powder, which was utilized instead of 
cement, was obtained from Cemer Company (İzmir/TR). 
The visual of the waste rubber powder is presented in 
Fig. 2. The grain size distribution of waste rubber pow-
der is given in Fig. 3.  



 Bulut / Challenge Journal of Concrete Research Letters 15 (3) (2024) 69–81 71 

 

Table 1. Properties of CEM I 42.5 R type Portland cement. 

Chemical Compositions (%)  

SiO2 19.27 

Al2O3 4.62 

Fe2O3 3.23 

CaO 63.05 

MgO 2.43 

SO3 2.88 

Na2O 0.32 

K2O 0.70 

CI- 0.01 

Loss on ignition 2.79 

Insoluble residue 0.70 

Physical Characteristics  

Residue on a 32 micron sieve 7.34 

Specific gravity 3.10 

Specific surface (cm2/g) 3432 

Beginning of setting 2hrs-31min 

End of setting 3hrs-27min 

Volume expansion (mm) 1.0 

Compressive strength (MPa)  

                   2nd day 27.9 

                 28th day 53.6 

Table 2. Properties of the superplasticizer (ViscoCrete SF-18). 

Chemical base Modified polycarboxylate based polymer 

Appearance Light brownish liquid 

Density (at +20°C) (gr/cm3) 1.10 

pH value 3-7 

Alkali content (w/w, %) ≤ 3 

Soluble in water chloride ion content (by mass, %) ≤ 0.10 

Freezing point -10 °C 

 

Fig. 1. Image of e-wastes. 

 

Fig. 2. Image of waste rubber powders.  
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Fig. 3. Particle size distribution of waste rubber powder.

2.2. Parameters, coding and concrete mix design 

The first parameter selected in this study is the differ-
ent types of wastes and their proportions. In this context, 
0%, 5% and 10% e-waste was utilized instead of aggre-
gate and 0%, 2.5% and 5% by weight of waste rubber 
powder was utilized instead of cement. There was no 
waste type in the control concretes. The second parame-
ter of the study was the comparison of capillary water 
absorption, acid and sulfate attack tests, which are the 
durability properties of concrete, at both 28 and 90 days. 
It is also considered that the single and combined utili-
zation of both waste types in concrete is also a parameter 
for the study. 

In the coding of the concretes, the abbreviations of the 
waste types (in English) are indicated by letters, the ra-
tios are indicated by numbers, and the test days are indi-
cated by numbers after the '/' sign. For example, 

P2.5E10/90 represents concrete containing 2.5% waste 
rubber powder and 10% e-waste and tested on day 90. 
Control concretes are indicated by the letter C. Wa-
ter/cement ratio, cement dosage and superplasticizer 
ratio were constant at 0.45, 400 kg/m3 and 1.8% respec-
tively.  

By using new generation superplasticizer chemical 
additives in concrete production, the slump values of 
concrete could be kept constant at 8 ± 1 cm. Considering 
that the slump value affects both the strength and dura-
bility properties of concrete (Moustafa and ElGawady 
2015; Gesoglu et al. 2017; Helmy et al. 2023), it is con-
sidered that the properties of concrete to be examined in 
this study can be analyzed meaningfully by keeping the 
slump values constant thanks to the superplasticizer. 
Concrete mix design is presented in Table 3. In the cod-
ing in Table 3, the numbers representing the day of the 
experiments were excluded.

Table 3. Concrete mix design (kg/m3). 

Code Cement E-waste Waste rubber powder Fine agg. Coarse agg. Water 

C 400   928.09 815.62 180 

P2.5E0 390  10 927.62 814.51 180 

P5E0 380  20 926.49 813.51 180 

P0E5 400 43.92  881.69 774.85 180 

P0E10 400 87.85  835.28 734.07 180 

P2.5E5 390 43.92 10 871.33 742.38 180 

P2.5E10 390 87.85 10 834.69 733.51 180 

P5E5 380 43.92 20 853.22 724.56 180 

P5E10 380 87.85 20 822.73 714.43 180 
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2.3. Methods 

Experiments were carried out on concretes with dif-
ferent ratios of e-waste and waste rubber powder at the 
end of 28 and 90 days curing period. In order to carry out 
the dry weighing (W0) of the concrete in the capillary wa-
ter absorption test, the samples were dried in an oven 
(65±5 °C) for one day and cooled at ambient tempera-
ture. The concretes were placed in 5 cm contact with wa-
ter (measured by the size of their surface area (F, cm2), 
the mass increase was found by weighing the amount of 
water absorbed in 1-4-9-16-25-36-49-64-81 minutes (t, 
min). Capillary water absorption coefficients were calcu-
lated by the slope of the curve obtained from the square 
root of the amount of water absorbed from the unit area 
and the elapsed time. The calculated values were also 
confirmed by Eq. (1).  

𝐾 =
𝑄

𝐹.√𝑡
 (1) 

In Eq. (1), K; capillary water absorption coefficient, Q; 
amount of water absorption, F; denotes the surface area 
where the samples come into contact with water, and t 
denotes the time. Capillary water absorption experi-
ments were performed on cube samples after 28 and 90 
days. Acid and sulfate tests were carried out on two sam-
ples from each concrete that were immersed in 5% 
H2SO4 and 5% Na2SO4 solutions for 28 and 90 days. The 
names of these experiments, related standards and sam-
ple sizes are presented in Table 4. 

 

3. Results and Discussion 

3.1. Capillary water absorption 

Capillary water absorption test results of concretes 
with different waste types and ratios are presented in 
Fig. 4. 

Table 4. Experimental studies, related standards and sample sizes. 

Type of the test Standard Sample size 

Capillary water absorption ASTM C 1585 (2020) 150x150 mm cube 

Acid attack ASTM C 267 (2020) 150x150 mm cube 

Sulfate attack ASTM C 1012 (2019) 150x150 mm cube 

 

 

Fig. 4. Capillary water absorption results of concrete with different waste types and ratios.

Accordingly, the utilization of waste rubber powder 
in the concrete resulted in lower capillary water absorp-
tion values than the control concrete. For example, 
when the 28-day results are analyzed, while the capil-
lary water absorption of the control concrete (C/28) 

was 2.36, this value decreased to 1.14 in concrete with 
2.5% waste rubber powder (P2.5E0/28), and the capil-
lary water absorption value decreased by 80% with a 
value of 0.46 in concrete produced with 5% waste rub-
ber powder (P5E0/28). Similar situation was also ob-
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served in 90 days results. Similar behavior was also re-
ported in studies on capillary water absorption proper-
ties of waste rubber concretes (Medine et al. 2018; 
Steyn et al. 2021).  

Capillary water absorption values increased as a re-
sult of the utilization of different ratios of e-waste in con-
crete. For example, when the 90-day results were ana-
lyzed, capillary water absorption of 5% e-waste concrete 
(P0E5/90) was 3.16, while this value was 5.98 when the 
e-waste ratio increased to 10% (P0E10/90). At the end 
of 90 days, the capillary water absorption value of 10% 
e-waste concrete was 4.5 times higher than the control 
concrete and 21 times higher than the concrete with 5% 
waste rubber powder. It is believed that the porous 
structure of e-waste is effective in obtaining this result 
(Ahmad et al. 2023). Parameters such as air content, 
presence of chemical additives, number and type of 
voids, aggregate properties, curing time, and hydration 
time are believed to be effective on capillary water ab-
sorption values of concretes (Gesoğlu and Güneyisi 
2011).   

When the concretes in which waste rubber powder 
and e-waste were combined, it was observed that the 
best result was obtained in concretes containing 5% 
waste rubber powder and 5% e-waste. The capillary wa-
ter absorption values of this concrete (P5E5) were quite 
low with 0.48 and 0.32 for 28 and 90 days respectively. 
In this situation; it is considered that e-waste is hydro-
phobic in nature and its low water absorption capacity is 
effective in producing concretes with low capillary water 
absorption coefficient by exhibiting strong compatibility 
when combined with 5% waste rubber powder in the 
presence of 5% e-waste ratio (Manjunath 2016; Ullah et 
al. 2021; Ahmad et al. 2022). Additionally, as a result of 
the limited studies on this subject in the literature 

(Pedro et al. 2013; Fadiel et al. 2014; Si et al. 2017), it has 
been reported similar to this study that rubber aggre-
gates used at low rates (especially 5% and less) reduce 
the capillarity coefficients of concrete. 

 It was observed that capillary water absorption val-
ues decreased in all concretes as the curing time in-
creased. This is attributed to the increase in cement hy-
dration over time and to the fact that the water on the 
wastes reduces the air voids and prevents capillary wa-
ter ingress (Islam et al. 2023b).  

3.2. Acid attack 

After 28 and 90 days of exposure to acid attack, 
weight loss, compressive strength loss and visual evalu-
ations of waste rubber powder and e-waste concretes 
with different ratios were carried out comprehensively. 

3.2.1. Weight loss of acid attacked concretes 

       The weight losses of the concretes after acid at-
tack are presented in Fig. 5. The weight losses of the con-
cretes after acid attack decreased as a result of the sub-
stitution of 2.5% and 5% waste rubber powder for ce-
ment. For example, when the 90-day results are ana-
lyzed, the weight loss of the control concrete (C/90) was 
1.92%, while the weight loss of the concrete with 5% 
waste rubber powder (P5E0/90) was 0.42%. As ob-
served during concrete production, other concrete com-
ponents that are highly compatible with waste rubber 
powder exhibited superior workability, did not show 
any negative behavior such as crack formation or mate-
rial separation in the concrete, and concretes with high 
resistance to acid attack could be produced (Kandil and 
Bulut 2023).

 

Fig. 5. Loss in weight results of concretes after acid attack.  
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When different ratios of e-waste were included in the 
concrete, weight losses were less than the control con-
crete. For example, the weight losses of concretes with 
5% and 10% e-waste ratios after 28 days of acid expo-
sure were 0.81% (P0E5/28) and 0.83% (P0E10/28), re-
spectively. As a result of the combined utilization of both 
waste types in concrete, it was observed that the lowest 
weight loss was 0.52% and 0.57% in concretes contain-
ing 5% waste rubber powder and 5% e-waste (P5E5) af-
ter 28 and 90 days, respectively. 

After 28 and 90 days of exposure to acid, the weight 
losses of concretes containing waste rubber powder and e-
waste were lower than the control concrete. This indicates 

that more resistant concretes can be produced against acid 
attack by incorporating two waste types in concrete. 

3.2.2. Compressive strength loss of acid attacked 
concretes 

The compressive strengths of the concretes before 
and after acid and sulfate exposure were carried out ac-
cording to TS EN 12390-3 (2019) standard and given in 
Table 5. Based on the results in Table 5, In Fig. 6, the com-
pressive strength losses of concretes with different types 
and ratios after 28 and 90 days of exposure to acid attack 
are provided in percentages.

Table 5. Initial compressive strength results of concretes before acid and sulfate tests. 

Code 28-day compressive strength (MPa) 90-day compressive strength (MPa) 

C 41.10 44.50 

P2.5E0 48.60 51.40 

P5E0 44.00 48.40 

P0E5 39.00 42.90 

P0E10 19.20 23.40 

P2.5E5 42.00 44.80 

P2.5E10 24.50 28.80 

P5E5 35.20 36.20 

P5E10 29.30 32.00 

 

 
According to Fig. 6, it is observed that the utilization of waste rubber powder has a decreasing effect on the com-

pressive strength loss of concretes after acid attack compared to the control concrete, while e-waste has an increasing 
effect. For example, when the 28-day results are analyzed, while the compressive strength loss of the control concrete 
(C/28) was 16.06%, this loss decreased by 23% to 12.39% in concrete with 5% waste rubber powder (P5E0/28), and 
increased by 30% to 22.8% with 10% e-waste. The lowest compressive strength loss was observed for all days in 
concretes containing 5% waste rubber powder and 5% e-waste (P5E5). 

 

Fig. 6. Loss in compressive strength results of concretes after acid attack.  
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In general, compressive strength losses increased in 
all concrete groups after acid exposure from 28 days to 
90 days. It is thought that the strength losses experi-
enced by concretes after acid exposure may be due to the 
negative impact of the cement paste, especially as a re-
sult of long-term acid exposure, deterioration of the e-
waste (aggregate)-matrix interface, and decreases in 
strength with the increase of microcracks (Kajorncheap-
punngam et al. 2002; Ghassemi and Toufigh 2020). As a 
result of the study, it can be stated that especially waste 
rubber powder can make concretes more resistant to 
acid attack. Considering that concretes containing 2.5% 
waste rubber powder-5% e-waste and 5% waste rubber 
powder-5% e-waste experienced less weight and com-
pressive strength loss than the control concrete, it can be 
stated that they can be evaluated together in concretes 
that will be exposed to acid. 

3.2.3. Visual evaluation results of acid attacked concretes  

Fig. 7 presents the visual results of the concretes 
subjected to acid attack for 90 days. Accordingly, the 
visual damages of the specimens displayed a similar 
trend to the weight and compressive strength losses. It 
is clearly observed in a and b images that concrete with 
5% waste rubber powder (P5E0/90) and concrete with 
5% waste rubber powder-5% e-waste (P5E5/90), which 
are the concretes with the lowest weight and 
compressive strength losses, are visually more resistant 
to acid exposure. Control concrete (C/90) and concrete 
containing 10% e-waste (P0E10/90) suffered more 
visual damage (surface peeling, discolouration, abrasion, 
exfoliation) as a result of acid attack (visible in images c 
and d). This coincided with the weight and compressive 
strength losses.

 

Fig. 7. Images of concretes exposed to acid attack for 90 days:  
(a) 5% waste rubber powder added concrete (P5E0/90);  

(b) 5% waste rubber powder and 5% e-waste added concrete (P5E5/90);  
(c) Control concrete (C/90); (d) 10% e-waste added concrete (P0E10/90).  
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3.3. Sulfate attack 

Weight loss, compressive strength loss and visual 
evaluations of concretes containing waste rubber pow-
der and e-waste subjected to sulfate attack on different 
days were analyzed in detail. 

3.3.1. Weight loss of sulfate attacked concretes 

Fig. 8 presents the weight losses of the concretes ex-
posed to sulfate attack for 28 and 90 days. 

The results obtained are remarkable and engaging for 
the literature and all of the concrete groups experienced 
weight increases instead of weight losses. For example, 
when the 90-day results were analyzed, the highest 
weight loss/increase was observed in concrete contain-
ing 5% waste rubber powder-10% e-waste (P5E10/90) 
and concrete containing 5% waste rubber powder-5% e-

waste (P5E5/90) with values of -1% and -0.74%, respec-
tively. When the sulfate attack increased from 28 days to 
90 days, the weight increases in the concretes also in-
creased. Sulfate attack is a complex mechanism with me-
chanical, chemical and physical processes and negatively 
affects the properties of concrete (Tanyildizi 2016; 
Ikumi et al. 2019). It is believed that sulfate ions blocked 
the pores of the concretes and caused an increase in 
weight. In addition, it is considered that the high absorp-
tion ability and deformation capacity of both waste types 
in the face of energy increase, which will reduce the en-
try and reactivity of sulfate ions into the internal struc-
ture, are effective in this situation (Onuaguluchi and 
Banthia 2019). It was determined that the weight 
losses/increases after the sulfate attack were similar to 
each other and very close to 0. This showed that con-
cretes produced with waste rubber powder and e-waste 
can be resistant to sulfate attack.

 

Fig. 8. Loss in weight results of concretes after sulfate attack.

3.3.2. Compressive strength loss of sulfate attacked 
concretes 

Based on the results in Table 5, Fig. 9 illustrates the 
compressive strength losses due to sulfate attack de-
pending on the day parameter on concretes with differ-
ent proportions of waste rubber powder and e-waste. 

From Fig. 9, it is clearly observed that the utilization 
of increasing proportions of waste rubber powder in 
concrete results in lower compressive strength loss after 
sulfate attack compared to the control concrete. For ex-
ample, while the compressive strength loss experienced 
by the control concrete (C/28) after 28 days of sulfate 
attack was 6.81%, this loss decreased approximately 7 
times less to 0.91% in concrete with 5% waste rubber 

powder (P5E0/28). The use of e-waste resulted in higher 
compressive strength losses. For example, after 90 days 
of sulfate attack, the compressive strength loss of 5% e-
waste concrete (P0E5/90) was 13.84%, while the com-
pressive strength loss of 10% e-waste concrete 
(P0E10/90) increased approximately 2 times to 25.39%. 
These two concretes had the highest compressive 
strength loss among all groups at the end of 90 days. It is 
considered that the strength losses of e-waste concretes 
after sulfate attack are affected by the fact that sulfate 
ions move more easily at the aggregate-matrix interface, 
which weakens and voids increase with the increase in 
ratio, negatively affecting the adherence and causing an 
increase in cracks (Griffiths and Ball 2000; Hashemi et al. 
2018).  
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Fig. 9. Loss in compressive strength results of concretes after sulfate attack.

As a result of the combination of waste rubber pow-
der and e-waste in concrete, interesting results were ob-
tained for compressive strength losses after sulfate ex-
posure. For example, at the end of 90 days, concrete con-
taining 5% waste rubber powder and 5% e-waste 
(P5E5/90) and concrete containing 5% waste rubber 
powder and 10% e-waste (P5E10/90) did not lose com-
pressive strength after sulfate attack, but on the con-
trary, their compressive strengths increased. These val-
ues were obtained as -9.39% and -17.19%, respectively. 
A similar pattern was observed in the concretes in which 
two waste types with lower ratios were combined. It was 
determined that the compressive strength losses of the 
concretes in which waste rubber powder and e-waste 
were utilized together against sulfate attack were posi-
tively differentiated from both control concrete and con-
cretes produced using single waste type. For this study, 
it was determined that, with the ideality of the waste ra-
tios, these expandable products can be applied to the 
walls of concrete voids, such as gypsum, ettringite and 
tomasite, which may occur due to sulfate attack in the in-
ternal structure of concretes produced by using both e-
waste and waste rubber powder together at low rates. It 
is thought that the crystallization pressure is less and 
does not have a negative effect on the strength. (Scherer 
2004).  

3.3.3. Visual evaluation results of sulfate attacked 
concretes  

Fig. 10 presents the visual results of concretes 
exposed to sulfate attack for 90 days. It was observed 
that 5% waste rubber powder-10% e-waste concrete 
(P5E10/90) and 5% waste rubber powder-5% e-waste 

concrete (P5E5/90), which differed from other 
concretes in a positive way in terms of both weight and 
compressive strength loss, did not suffer any significant 
damage after sulfate attack, as can be observed in a and 
b images. However, concrete with 5% e-waste 
(P0E5/90) and concrete with 10% e-waste (P0E10/90) 
were severely damaged after sulfate attack (chipping, 
peeling, cracking, discolouration at the corners) as can 
be clearly visualised in images c and d. The results of the 
visual analysis were similar to the weight and 
compressive strength losses obtained after sulfate 
attack. 

 

4. Conclusions 

The results obtained from this study, in which capil-
lary water absorption, acid and sulfate attack experi-
ments of concrete were carried out depending on the day 
parameter as a result of the utilization of e-wastes and 
waste rubber powder in concrete at different ratios, are 
summarized below: 
 Capillary water absorption values of the concretes in 

which waste rubber powder was utilized instead of 
cement were lower than the control concrete. Capil-
lary water absorption values of concretes produced 
using e-waste increased. At the end of 90 days, capil-
lary water absorption value of 10% e-waste concrete 
was 4.5 times higher than control concrete and 21 
times higher than 5% waste rubber powder concrete. 

 The weight losses of concretes containing waste rub-
ber powder and e-waste exposed to acid for 28 and 
90 days were lower than the control concrete. It was 
determined that the utilisation of waste rubber pow-
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der had a decreasing effect on the compressive 
strength losses of concretes after acid attack com-
pared to control concrete, while e-waste had an in-
creasing effect. 

 All of the concrete groups exposed to sulfate attack
experienced weight increases instead of weight
losses. These increases were similar to each other and
very close to 0. It was observed that the utilisation of
increasing amounts of waste rubber powder in con-
crete resulted in lower compressive strength loss af-
ter sulfate attack compared to the control concrete.
The use of e-waste resulted in higher compressive
strength losses.

 In parallel with the weight and compressive strength

losses obtained after acid and sulfate attack, the visual 
analysis results of the concretes were similar. 

 When the test results are evaluated in general, the use
of 5% waste rubber powder in concrete individually
brought the best results. In addition, among the con-
cretes in which e-waste and waste rubber powder
were utilized together, the ideal ratios were deter-
mined as 5% waste rubber powder 5% e-waste.

 In terms of both the protection of natural resources
and sustainability, it is significant for the literature to
determine that waste rubber powder can be utilized
instead of cement and e-waste can be substituted for
aggregate in concrete production as a result of this
study.

Fig. 10. Images of concretes exposed to sulfate attack for 90 days: 
(a) 5% waste rubber powder and 10% e-waste added concrete (P5E10/90);

(b) 5% waste rubber powder and 5% e-waste added concrete (P5E5/90);
(c) 5% e-waste added concrete (P0E5/90); (d) 10% e-waste added concrete (P0E10/90). 
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A B S T R A C T 

In this study, we explore the possibility of using sisal fibers as an environmentally-

friendly reinforcing agent for foam concrete. We aim to improve its physical proper-

ties by combining environmental friendliness with engineering practicality to create 

a durable material that can be used safely today and a supplier of ecological sustain-

ability for tomorrow. Known for being lightweight and thermally insulating, foam 

concrete has very low tensile strength and ductility as compared with other materi-

als. This is why its application is often limited in scope. We naturally think that adding 

sisal fibers, which are a high-performance and renewable resource in themselves, 

will improve these properties. It is well known that they have a tensile strength of 

more than 400 kg/cm, and their long, stiff lamellae further increase this advantage. 

As a result, we integrated sisal fibers at different mixing rates: 0 (no Sisal), 0.25g, 0.5g 

and so on up to 1% volume. After the test specimens were standardized like this they 

went into the hence examining each of these properties in turn. With a reasonable 

content of fibres, the mechanical properties of foam concrete improved significantly. 

It was observed that the properties of fresh concrete decreased slightly in the sam-

ples where 0.50% sisal fiber was used. However, the compressive strength increased 

by 12.9% compared to the reference sample, and the flexural strength increased by 

2.85 times compared to the reference sample. This study not only confirms the feasi-

bility of using sisal fibers to reinforce foam concrete theoretically, but it will also 

serve as a useful reference for the development of more sustainable scientific build-

ing materials. The author provides a discussion of their results and future directions 

for research on construction materials, highlighting environmental and economic 

benefits from incorporating natural fibers into these materials. 
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1. Introduction 

Foam concrete is an ideal construction material, char-
acterized by its cellular structure made of a mixture of 
cement, sand, water, and foaming agent, that combines 
the best of lightweight form, thermal insulation, and 
sound absorption (Raj et al. 2019; Shi et al. 2021; Tran et 
al. 2022; Shaheen et al. 2023). Traditionally, it has been 
applied in construction for non-load-bearing walls, insu-
lation panels, and void filling, as a result of the relatively 
low density and good thermal performance it brings 
(Hamada et al. 2023). However, despite these advantages, 

foam concrete has its weaknesses in mechanical strength 
and durability that confine its use to parts of a building 
structure that are not bearing considerable load 
(Falliano et al. 2018). 

Foam concrete's intrinsic properties, such as low den-
sity and high thermal insulation, make it an attractive 
choice for specific construction applications. However, its 
broader use is hampered by limited mechanical strength 
and durability. Studies exploring ways to enhance these 
properties have focused on various admixtures and rein-
forcements (Huang et al. 2015; Ji et al. 2015; Oren et al. 
2020). For instance, Jones and McCarthy (2005) demon-
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strated that the inclusion of synthetic fibers could mar-
ginally improve the compressive strength of foam con-
crete. Similarly, a study by Renjith et al. (2021) explored 
the use of micro-silica to enhance the material's mechan-
ical properties, noting improvements in both compres-
sive and flexural strengths. Despite these advancements, 
the environmental impact of synthetic reinforcements re-
mains a concern. This has led researchers to explore nat-
ural, sustainable alternatives that would not compromise 
the material's performance (Jones and McCarthy 2005). 
The exploration of natural fibers as reinforcement in con-
struction materials has surged due to their environmen-
tal benefits over synthetic fibers. Natural fibers, including 
bamboo, hemp, flax, and sisal, have been investigated for 
their potential to enhance the mechanical properties of 
construction materials (Coutts and Ni 1995; Frydrych et 
al. 2019; Netinger Grubeša et al. 2018; Okeola et al. 2018). 
In addition to their ability to deliver high structural per-
formance, low density, high acoustic damping and re-
duced industrial fuel expense, the use of natural fiber-re-
inforced composite materials has been proposed to pro-
vide optimal recyclability and biodegradability 
(Çakıroğlu and Bekdaş 2021; Gultekin 2023). Wang et al. 
(2023) provided an extensive review of the mechanical 
properties of natural fiber-reinforced concrete, empha-
sizing the positive impact of natural fibers on improving 
tensile strength, flexural strength, and crack resistance. 
Due to the high mechanical properties of natural fibers, 
natural fiber added concretes are preferred not only in 
structural elements but also in non-structural elements. 
Due to its high tensile strength, it is very common to use 
it as a wall element, as a superstructure element for 
roads, and in underground systems. Sisal fiber stands out 
due to its availability, cost-effectiveness, and mechanical 
properties. Its application in construction materials has 
been limited but promising, with studies showing its po-
tential to improve not only the mechanical properties but 
also the thermal and acoustical insulation of composites 
(Shalwan et al. 2017). 

The construction industry, today a major cause of 
global carbon emissions, is under increasing pressure to 
shift towards more sustainable practices. Part of this 
shift involves seeking out green building materials which 
not only meet structural requirements but also reduce 
the environmental effects of their production and use. In 
this context, natural fibers used for reinforcement in 
construction materials make sense. Renewable, biode-
gradable and having a low carbon footprint, natural fi-
bers are well partnered with the aims of sustainable con-
struction (Zini and Scandola 2011). 

One method to enhance the mechanical properties of 
concrete is by adding fibers to the concrete mix (Canbaz 
et al. 2022). Of the natural fibers available, sisal, in par-
ticular, has attracted attention because it has high tensile 
strength, durability and resistance to degradation in harsh 
environments (Ahmad et al. 2022). In this way, it is suita-
ble for use in buildings where it may be exposed to chem-
icals and some similar harsh conditions. Sisal fiber de-
rived from the Agave sisalana plant is traditionally em-
ployed in the manufacture of rope or twine but has been 
more recently proposed as reinforcement for polymer 
composites and building materials (Sabarish et al. 2020). 

Sisal fiber's potential in reinforcing construction ma-
terials, particularly in foam concrete, has garnered atten-
tion in recent years. A pivotal study by Zhang et al. 
(2024) investigated the effects of sisal fiber on the com-
pressive and tensile strengths of foam concrete. They 
found that small additions of sisal fibers could signifi-
cantly enhance the material's ductility while marginally 
improving its compressive strength. This study laid the 
groundwork for further exploration into the optimal 
percentage of sisal fiber inclusion for maximizing me-
chanical benefits. 

Moreover, a recent research has begun to address the 
long-term durability of sisal fiber-reinforced foam con-
crete under various environmental conditions. Naik et al. 
(2024) explored the effects of moisture and microwaves 
on the mechanical properties of sisal fiber-reinforced 
composites, highlighting the fibers' resilience and the 
composite's maintained integrity over time. 

The utilization of natural fiber, such as sisal, is an en-
vironmentally friendly way to improve the mechanical 
properties of composite materials due to its excellent 
properties. However, specific records of how this fine 
product should for the best parameters used in foam 
concrete construction do not exist. Addressing this gap 
has both theoretical and practical worth, benefiting the 
environment too. This paper fills this area, promoting in 
greater depth a better understanding of renewable ma-
terials in construction-able objects, and thereby further-
ing on sustainable development of our construction. In 
this study, sisal fiber-added foam concrete samples were 
prepared. Fiber ratios of 0.25, 0.50, 0.75 and 1.00% by 
volume were used in the samples. The effect of the 
amount of fiber changing on the fresh and hardened con-
crete properties of foam concrete was examined. 

 

2. Experimental Program 

River sand with a specific gravity of 1.68 g/cm3 was 
used as fine aggregate for the concrete mixture. Fine ag-
gregate gradation is presented in Fig. 1. 

Mixtures were prepared with CEM I 42.5R type ce-
ment, whose specific gravity and specific surface area 
are 3.02 g/cm3 and 3150 cm2/g, respectively (TS-EN-
197-1 2000). The physical and chemical properties of ce-
ment are given in Table 1.  

Foaming agents and foam stabilizers were used to pro-
duce foam concrete. The foaming agent is a material that fa-
cilitates foam formation. Foam stabilizer makes the foams 
in fresh concrete long-lasting. In this way, the porous struc-
ture in foam concrete is preserved during the concrete set-
ting. A foam stabilizer based on Calcium stearate was used 
for the production of foam concrete. A protein-based foam-
ing agent was also used for foam production. The produc-
tion of foam concrete is presented in Fig. 2.  

Sisal fiber was used to increase the mechanical prop-
erties of foam concrete. Sisal fiber is a type of natural fi-
ber obtained from the Agave sisalana plant. Agave si-
salana plant is a plant native to Kenya, Tanzania and Bra-
zil. Sisal leaves are dark green and have straight flesh. Si-
sal leaves are crushed with a smooth-edged stick until 
they are separated into fibers. The fibers are then 
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cleaned with plenty of water to get rid of dust and waste. 
The cleaned fibers are air-dried. Sisal fiber is presented 

in Fig. 3. The physical and chemical properties of sisal fi-
ber are given in Table 2. 

Table 1. Physical and chemical properties of cement. 

Chemical properties (%) Physical and mechanical properties 

SO3 4.12 Initial setting time (min.) 165 

CaO 69.51 Final setting time (min.) 210 

SiO2 13.45 2-days compressive strength (MPa) 34.3 

MgO 1.03 28-days compressive strength (MPa) 51.8 

Fe2O3 7.34 Specific gravity (g/cm3) 3.02 

Na2O 0.59 Specific surface (cm2/g) 3150 

Al2O3 3.94   

 

Fig. 1. Aggregate gradation. 

Table 2. Physical and chemical properties of sisal fiber. 

Chemical properties (%) Physical and mechanical properties 

Hemicellulose 12.3-14.6 Density (g/cm3) 1.36-1.41 

Cellulose 66.0-74.0 Diameter (mm) 0.10-0.13 

Pectin 10.0 Tensile strength (MPa) 540-720 

Wax 2.0 Elasticity modulus (GPa) 9.0-12.4 

Lignin 7.4-10.3   
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Fig. 2. Foamed concrete production. 

    

Fig. 3. Agave sisalana plant and sisal fiber. 

The samples using different proportions of sisal fiber 
were prepared to examine the effect of sisal fiber on the 
fresh and mechanical properties of concrete. Fresh and 
hardened concrete properties were examined for sam-
ples to which sisal fiber was added at 0.25, 0.50, 0.75 and 
1.00% by volume. The mixtures are given in Table 3.

Table 3. Mix design. 

Mix Sisal fiber % (by volume) Cement (kg) W/C Fine aggregate (kg) Foaming agent and stabilizer (kg) 

R 0 720 0.48 230 2.2/1.4 

SF0.25 0.25 720 0.48 230 2.2/1.4 

SF0.50 0.50 720 0.48 230 2.2/1.4 

SF0.75 0.75 720 0.48 230 2.2/1.4 

SF1.00 1.00 720 0.48 230 2.2/1.4 

The mini-slump test was performed to measure the 
spreading diameter of fresh concrete, according to TS-
EN 1170-1 (TS-EN-1170-1 1999), as shown in Fig. 4.  

 

Fig. 4. The spread diameter test. 

The cubic samples with dimensions of 150x150x150 
mm were prepared to determine the compressive 
strength of foamed concrete. The samples were tested by 
TS-EN 12390-3 (TS EN 12390-3 2002). The compressive 
strength test is presented in Fig. 5. The samples were 
kept in the mold for 16 hours and were then placed in 
curing pools at 20 °C. Compressive strength test samples 
were tested at the end of 7 and 28-day cures. 

 

Fig. 5. The compressive strength test. 

Prismatic samples measuring 40x40x160 mm were 
prepared for the flexural test. The samples were tested 
according to the TS-EN 12390-5 (TS EN 12390-5 2019), 
as seen in Fig. 6. The density of foam concrete was meas-
ured according to TS-EN 12390-7 (TS-EN-12390-7 
2010). 
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Fig. 6. The flexural strength test. 

3. Results and Discussion 

A mini slump test was applied to evaluate the worka-
bility of samples prepared according to different sisal fi-

ber ratios. Foam concrete was filled into the cylindrical 
mold with a height and diameter of 80 mm. The cylindri-
cal mold was then removed to allow the foamed concrete 
to spread. After the foam concrete became stable, the 
spreading diameter was measured. Workability in foam 
concrete is affected by many parameters (amount and 
type of foaming agent, amount of fiber, water/cement ra-
tio, etc.) (Amran et al. 2015; Kearsley and Mostert 2005; 
Nambiar and Ramamurthy 2006; Rooholamini et al. 
2018). Increasing the amount of fiber in foam concrete 
increases stability, as workability decreases (Yildizel 
2020). Increasing the fiber ratio in the mixture increases 
the internal resistance of the mixture. Therefore, while 
the stability in the mixture increases, the fluidity de-
creases. Additionally, there is a decrease in workability 
due to natural fibers absorbing water. Mini slump test re-
sults are presented in Fig. 7. The increase in the amount 
of fiber causes the spreading diameter to decrease. How-
ever, while the loss in workability was less in samples 
containing 0.25% and 0.50% fiber, the workability de-
creased more in samples containing 0.75% and 1.00% fi-
ber. The results are consistent with the literature (Calis 
et al. 2021; Gencel et al. 2022; Hanafi et al. 2020).

 

Fig. 7. The mini-slump test results.

The change in density in fiber-added foam concrete 
depends on the amount of fiber. Increasing the amount 
of fiber causes the number of solids in the mixture to in-
crease. The increase in the number of solids increases 
the density of concrete (Mydin et al. 2023). In this study, 
it was observed that the density increased in samples 
with an increasing fiber ratio. In addition, increasing the 
fiber ratio may cause changes in the foam structure in 
the concrete. Fibers in concrete can affect the stability 
and size distribution of air bubbles, causing the density 
of the concrete to change. Deterioration of the foam 
structure causes the density of the concrete to increase. 
Fresh and hardened foam concrete densities are given in 
Fig. 8. The increase in fiber content caused the density of 
foam concrete to increase. The increase in the amount of 
fiber increased the amount of solid matter in the mix-
ture, causing the density to increase slightly. However, 
the difference was not significant. 

The compressive strengths of the samples depending 
on different fiber ratios are presented in Fig. 9 for 7 and 
28 days. The highest compressive strength was obtained 
in the sample with a fiber content of 0.50%. The com-
pressive strength of SF0.50 increased by 12.9% com-
pared to the reference sample. Foamed concrete me-
chanical properties depend on the concrete matrix and 
the microstructure of the concrete. Adding fiber to the 
concrete matrix increased the compressive strength of 
foam concrete. In fiber-added foam concrete, fibers con-
tribute to the concrete compressive strength by reducing 
crack propagation (Mahzabin et al. 2018; Serri et al. 
2014). In addition, the fibers caused the air bubbles in 
the foam concrete to break down, thus reducing the 
voids in the concrete. This also contributed to the in-
crease in compressive strength in foam concrete 
(Yildizel and Calis 2019). Fiber content greater than 
0.50% caused the foam concrete strength to decrease. 
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The reason for this is that the hydration water decreases 
as a result of the fibers absorbing the water in the con-
crete. The large surface area of the fibers increases their 
water absorption (Farzanian et al. 2016; Pourjavadi et al. 

2013). Hydration water was insufficient due to the 
amount of fiber in the mixture being more than a certain 
ratio. The results are compatible with the literature 
(Amran et al. 2015; Ardhira et al. 2023).

 

Fig. 8. Fresh and dry density values. 

 

Fig. 9. The compressive strength test results.

Flexural strength test results are shown in Fig. 10. 
While the increase in the amount of fiber increased the 
flexural strength up to a certain ratio, more than a cer-
tain ratio caused the strength to decrease. The highest 
flexural strength was obtained in the SF0.50 sample. The 
flexural strength of the SF0.50 sample is 2.85 times 
higher than the reference sample. Due to the high tensile 
strength of sisal fibers, adding them to concrete at a cer-
tain ratio increases flexural strength (Castillo-Lara et al. 
2020; Raj et al. 2020). Fiber content greater than 0.50% 
caused a decrease in strength. Using more than a certain 
amount affects the distribution of fibers in the mixture 
due to the increase in fiber concentration (Raj et al. 
2020).  

Although the increase in fiber amount causes the fiber 
distribution in the matrix to deteriorate, even SF0.75 and 
SF1.00 samples have more flexural strength than the ref-
erence sample. Due to the high tensile strength of sisal 
fiber, it improves the flexural strength of concrete com-

pared to the reference sample even when used in high 
amounts. Because the flexural strength of conventional 
concrete is quite weak. Natural fibers, especially sisal fi-
ber, have very high water absorption. Therefore, it ab-
sorbs the hydration water in the concrete. Decreasing 
hydration water reduces the ultimate strength of con-
crete. Therefore, the use of high fiber reduces flexural 
strength. To use high amounts of fiber, the surface of the 
fibers should be coated. 

 

4. Conclusions 

In this study, the properties of sisal fiber-added foam 
concrete were examined. The foamed concrete samples 
with different sisal fiber ratios were prepared. Workabil-
ity was evaluated for each mixture. The mechanical 
properties of the samples were examined. The findings 
obtained based on the test results are as follows:  
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Fig. 10. The flexural strength test results.

 Sisal fiber improved the compressive strength of foam 
concrete due to its uniform distribution in the con-
crete matrix. An increase in the amount of sisal fiber 
up to 0.50% increased the compressive strength of 
foam concrete. The use of more than %0.50 sisal fiber 
reduced the compressive strength as it greatly in-
creased the concentration within the concrete matrix.  

 Approximately a 12.9% increase in compressive 
strength was achieved in samples using 0.50% sisal 
fiber. In addition, there were no significant losses in 
the workability of samples added %0.50 sisal fiber. 

 Sisal fiber with high tensile strength contributed to 
the flexural strength of foam concrete. However, the 
use of more than 0.50% sisal fiber decreased flexural 
strength. 

 In samples with 0.50% sisal fiber added, the flexural 
strength increased 2.85 times compared to the refer-
ence sample. 

 Excessive use of sisal fiber absorbs the hydration wa-
ter in the concrete. Therefore, the sisal fibers should 
be coated with waterproof materials to use large 
amounts of sisal fiber in concrete mixture. There are 
many surface coating methods such as polyester resin 
and bio-based shellac. Before these coating methods, 
some treatment methods can be applied to clean the 
fiber surface from organic substances. There are 
many treatment methods recommended in the litera-
ture, such as hornification, alkaline treatment and 
polymer impregnation. 

 Even if the workability decreases in foam concretes 
with sisal fiber addition, the use of 0.50% or fewer si-
sal fibers provides acceptable workability. 

 Foam concrete is used as a non-structural member in 
buildings with its high heat and sound insulation 
properties. If the mechanical properties obtained in fi-
ber-added foam concrete are improved, it will also be 
possible to use it as a structural member. 
Foam concrete is preferred in non-structural ele-

ments because of its lightweight and high sound and 
thermal insulation properties. However, its mechanical 
properties are not sufficient for use as a structural ele-
ment. Future studies should aim to improve the mechan-
ical properties of foam concrete without increasing its 
density. In this way, it will be possible to use foam con-
crete as structural elements. 
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A B S T R A C T 

While devastating earthquakes affect cities, they can also cause serious damage to 

irrigation structures in agricultural areas. Cracks and structural deteriorations may 

occur in water structures using concrete such as dams, aqueducts and open channels. 

This study investigates the earthquake response of irrigation canals through fluid-

structure interaction analysis. The earthquake response of an irrigation canal was 

examined by establishing fluid-structure interaction. Finite element models, with 

material properties and dimensions determined, were created and analysed with de-

structive earthquake records. In the finite element model, the behaviour of water in-

side the channel is simulated using the Coupled Eulerian-Lagrangian (CEL) approach. 

In the analyses, displacement and stress values were examined in the model without 

water, and in addition to these, fluctuations on the water surface were examined in 

the model with water. The observed changes are shown with graphs and contour di-

agrams. As a result, it was shown that hydrodynamic effects reduced horizontal dis-

placements by 42% but increased the maximum principal tensile stresses by 49% and 

the maximum principal compressive stresses by 75%, compared to the non-water 

model. In addition, it was observed that in both models, the dynamic analysis values 

at the time of the earthquake increased by approximately 7‒13 times the static values 

before the earthquake. These findings underscore the importance of dynamic analy-

sis using fluid-structure interactive models for safeguarding irrigation structures 

against seismic hazards, thereby ensuring food security in vulnerable agricultural re-

gions. Therefore, it is important to perform dynamic analysis with fluid-structure in-

teractive models for irrigation structures exposed to destructive earthquake forces. 
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1. Introduction 

Today, the world's population is rapidly increasing, 
and this situation is exerting significant pressure on the 
management of water resources. While the growing pop-
ulation increases the demand for water, the fact that wa-
ter resources are limited makes water management 
more critical. In this context, the sustainable use and dis-
tribution of water is becoming increasingly important 
(Cosgrove and Loucks 2015; Sophocleous 2004). Water 
management involves the effective use, distribution and 
conservation of water. With the increasing population, 
there are increases in water consumption areas such as 

agricultural irrigation, industrial use and urbanization. 
The growing population and urbanization have driven a 
rapid expansion in the construction sector (Canbaz et al. 
2021). While this situation requires more efficient use of 
water resources, it also requires the development of sus-
tainable water resources management strategies. Man-
agement of water resources includes distributing water 
equitably, reducing the risks of water scarcity, and pro-
tecting water resources (Jury and Vaux 2007; Pedro-
Monzonís et al. 2015). With the increasing population, 
using water resources more efficiently and protecting 
them for future generations becomes even more im-
portant. As a result, while the increasing population 
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makes water management more important, strategic 
planning and implementation is required to effectively 
use and protect water resources. In this context, sustain-
able water management policies and projects are vital to 
meet the water demand of the increasing population and 
to transfer water resources to future generations. Chan-
nels constitute an important part of irrigation systems 
and are structural elements that enable the distribution of 
water to irrigate agricultural lands (Angelakιs et al. 2020; 
Ertsen 2010). These canals are usually placed on prefab-
ricated legs and are generally built-in rows with 5-to-7-
meter intervals. The observation and laboratory tests 
conducted to examine the current condition of the ducts 
made between 1960‒1966 were crucial. In these tests, 
carried out in laboratories, important characteristics such 
as weld strength, tensile strength, yield point, and elonga-
tion at break were examined. As a result of these tests, it 
was determined that the ducts produced were suitable for 
prefabricated structures (Uluöz and Tayakısı 2003). Such 
tests are essential for determining the quality and perfor-
mance of building materials and are widely used in the 
construction industry to ensure reliability. The outcome 
of these tests indicates how reliable a particular material 
is under certain conditions, thereby helping to determine 
its suitability. Channels are the basic building blocks of 
the flume and allow water to flow in a certain direction. 
Flumes are generally arranged prefabricated and de-

signed as small water channels. Generally, their cross-
section can be elliptical or circular (Fig. 1). An important 
feature of these flumes is that the water level can be kept 
at the desired level by changing the foot heights. In this 
way, the slope of the channel is adjusted to ensure that 
the water remains at the desired level. This adjustment 
is made depending on irrigation requirements and the 
topography of the land. These channels are used to pro-
vide water to farmers according to the water demand 
system or unit field unit water system to meet irrigation 
needs. These systems ensure the effective distribution of 
water and regular irrigation of agricultural lands. In ad-
dition, balanced distribution of water increases agricul-
tural productivity by meeting the water needs of plants 
(Özbek 1987). They are used for various purposes such 
as directing, storing, transporting or distributing water. 
Canals are widely used in areas such as agricultural irri-
gation, drinking water supply, industrial processes, flood 
control and hydroelectric power generation. These 
structures contribute to the effective and efficient man-
agement of water resources (Vanani and Ostad-Ali-As-
kari 2022). Canals used for agricultural irrigation sup-
port food production by increasing agricultural produc-
tivity. Drinking water channels meet the water needs of 
cities and meet a basic need for a healthy life. Therefore, 
channel structures are of fundamental importance in 
water management and infrastructure projects.

 

Fig. 1. Prefabricated irrigation flume samples (URL 1; Sepetçioğlu et al. 2018).

Channel structures offer significant advantages in ir-
rigation systems (Hunt 1988; Zhang et. al. 2019). Since 
they are prefabricated, construction times are short and 
material quality is high. In this way, long-lasting and du-
rable structures can be obtained with a quick assembly 
process. Additionally, it is easy to maintain and repair, 
reducing operating costs. Since channel structures are 
built on piers at a certain height from the ground, they 
are almost unaffected by surface flows. This increases ir-
rigation efficiency and ensures that water reaches the 
plants directly. Since their sealing properties are higher, 
they can be transported and reused. Routes can be easily 
changed by disassembly, which provides flexibility. 
Since the water level is kept high thanks to the feet, it 
provides ease of irrigation and there is no need for sock-
ets. In addition, channel structures take up little space, 
which reduces their costs. Since the legs are high enough, 
it prevents weeds from growing. Additionally, the small 

water surface reduces evaporation and increases irriga-
tion efficiency. As a result, channel structures offer many 
advantages such as fast installation, low maintenance 
costs, durability, flexibility and increased irrigation effi-
ciency. These structures increase agricultural productiv-
ity and support the sustainable use of water resources 
by ensuring the effective and efficient use of water. 

Canal irrigation networks may encounter some disad-
vantages in some cases. Canals may not be economical, 
especially if the irrigation area requires deep drainage. 
Excavation soils from drainage channels cannot be uti-
lized because there are no tertiary channels, and this 
may cause additional costs. The number of flumes re-
quired for small irrigation fields may not be economical, 
and remote material transportation may also increase 
costs. Level errors may occur during construction, which 
may cause overflows to occur. Additionally, even a single 
canal falling or breaking along the canal line can cause 
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irrigation to be interrupted or disrupted. Construction 
costs increase on sloping lands, which increases the cost 
of canal irrigation networks. This may lead to additional 
costs compared to piped irrigation networks. Flume irri-
gation networks can also be difficult to maintain and re-
pair, which can increase operating costs. Therefore, de-
pending on the irrigation needs and the structure of the 
land, alternative irrigation methods should also be con-
sidered (Sepetçioğlu et al. 2018). 

Damages to flume structures are problems that may 
occur due to various factors. Physical breaking or dam-
age to drains can reduce the efficiency of the irrigation 
system (Fig. 2). These fractures can be caused by a vari-
ety of reasons, such as ground movements, overloading, 
root pressure or natural disasters. Water leaks may oc-
cur at the junctions of drains or structural weak points. 
These leaks can cause loss of irrigation water and envi-
ronmental erosion. Mud, sediment or plant debris accu-
mulating in drains can cause blockages. These blockages 
block the flow of water and can render the irrigation 
system ineffective. Drains losing their slope over time 
can make it difficult to keep the water at the desired 
level. This can reduce irrigation efficiency and cause in-
adequate water delivery. Drains require regular mainte-
nance. Mud, sediment or plant residues accumulated on 
the surface should be cleaned and structural damages 
should be corrected. Otherwise, the performance of the 
channels may decrease and the irrigation system may 
become inefficient. In addition, channel structures may 

be affected by various natural disasters, which may 
cause various damages. Sewer structures may face 
floods due to heavy rains. Excessive pressure of high 
flow water on the channel may cause cracks or erosion 
on the channel walls due to the corrosive effect of the 
water. Earthquakes can cause serious damage to chan-
nel structures. Cracks, bending or ruptures may occur in 
the channels due to ground shifts or direct structural 
weaknesses. Heavy rains or floods can cause landslides 
in the soil around canal structures. This can weaken the 
supports of the channel piers, damaging the structure. 
In cold climates, the freezing-thawing cycle of water in 
channel structures can cause expansion and contraction 
in the structural elements. This may cause cracks to 
form in the channel walls and deteriorate structural in-
tegrity. Severe storms and hurricanes can directly dam-
age channel structures. The pressure applied to the 
channel walls due to the intensity of the wind may cause 
damage or dislocation of the channel elements. Flooding 
resulting from heavy rains or overflow of water re-
sources can cause serious effects on channel structures. 
A sudden increase in water height can cause erosion, 
erosion and collapse of channel walls. Channel designs 
that are resistant to these natural disasters can ensure 
less damage to structures. Regular maintenance, dam-
age assessment and strengthening works can also in-
crease the durability of channel structures and 
strengthen their resistance to natural disasters 
(Sepetçioğlu et al. 2018).

 

Fig. 2. Damages occurring in various irrigation channel:  
(a) Manisa; (b) Hasandede/Kırıkkale; (c) Kahramanmaraş (URL 2; URL 3).

Canal irrigation networks are prefabricated channels 
and generally consist of saddles, foundations and foun-
dation blocks. Farmers irrigate through portable siphons 
placed inside the sewers. In canalized irrigation net-
works, there are no drainage tertiaries in the classical 
system. However, the drainage backup and main drain-
age channel are also planned according to the same prin-
ciples. It consists of main structural elements such as 
channel, prefabricated flooring, retaining saddle, foun-
dation and foundation block (Fig. 3.). These channels are 
placed on prefabricated legs of different heights, and the 
water is kept at the desired level by changing the foot 
heights (Xiao and Wu 2022). 

Channel structures have an important place in irriga-
tion systems and are important structural elements that 
ensure the effective distribution of water. These struc-

tures are of critical importance for irrigation of agricul-
tural areas and management of water resources. Nowa-
days, studies on these structures are becoming increas-
ingly important. Bayramoğlu (2006) aimed to select an 
economically and technically suitable network in the 
Küre-Katlıç, Selbüküköy and Gemiciköy regions of the 
Central Sakarya Basin Irrigation by DSI (Republic of Tü-
rkiye, General Directorate of State Hydraulic Works). In 
his study, he discussed the importance of channel struc-
tures and their intended use in social and economic 
terms. The suitability of the network systems chosen in-
stead of these systems with today's technology was ex-
amined. Aydoğdu (2006), in his study on the evaluation 
of water resources and irrigation-drainage systems, pre-
sented suggestions on management and business issues 
that will ensure optimum use of resources, institutional 
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and legal contents, social and cultural behaviors, envi-
ronmental interaction potential, financial and economic 
needs. He compared other irrigation systems and talked 
about the advantages and disadvantages of flume struc-
tures. Sarı (2010) discussed the Balıkesir and Gönen 
Plains Irrigation in Balıkesir province in his thesis study. 
The data from the flume structures between 2005 and 
2009 were evaluated using the linear regression analysis 
method, and the problems encountered during opera-
tion and irrigation efficiency were examined. Aydoğdu 
and Yenigün (2008) conducted a comprehensive evalua-
tion of irrigation systems and drainage requirements in 
projects within the Euphrates and Tigris basins. Their 

assessment focused on analyzing water resources, irri-
gation systems, and water distribution methods based 
on collected data and field observations. Additionally, 
they identified water control structures and drainage 
needs.  

Furthermore, recommendations were provided to en-
sure efficient water usage, detect potential operational 
issues, and prevent similar problems in future projects. 
These recommendations encompass management and 
operational strategies to optimize resource utilization, 
institutional and legal regulations, social and cultural 
factors, environmental interaction potentials, and eco-
nomic requirements.

 

Fig. 3. Figure definition: (a) Schematic representation of flume system cross-section;  
(b) Flume system parts and on-site assembly situation (URL 5).

In this study, studies were carried out using the Cou-
pled Euler-Lagrangian approach to evaluate the seismic 
responses of channel systems. This approach best repre-
sents the fluid-structure interaction and has features not 
found in other models. For example, it allows the obser-
vation of situations such as shaking of the water in the 
channel, possible overflow and spillage. Material models 
adapted to different duct units were used in the study. 
Three different models were analysed using the destruc-
tive earthquake record and the results were compared. 
These studies can be considered as an important step to-
wards improving the seismic performance of channel 
structures and increasing their safety. 

 

2. Coupled Eularian-Lagrangian Analysis for 
Prefabricated Flume-Fluid Interaction 

The Eulerian approach tracks how variables (e.g. ve-
locity, pressure, or temperature) change at a point in the 
flow at a given time. This approach describes the flow at 
a specific point and observes the variables at that point 
over time. In contrast, the Lagrangian description fol-
lows the motion of individual particles or elements of a 
material. With the Lagrangian approach, the motion of a 
particle (or element) is monitored at a given time and the 
properties associated with this particle are formulated 
considering the position and speed of the particle in mo-
tion. These two approaches are different but comple-
mentary methods for analysing the behaviour of flow 
(Skrzat 2012). The Coupled Euler-Lagrange approach is 

a method used in research to study complex interactions 
and is often used in research on the design, safety and 
sustainability of water structures and in risk analysis. 
This method helps make informed decisions regarding 
the safety, integrity, and risk assessment of structures by 
considering both the broad spatial context and the be-
haviour of individual elements (Şermet et al. 2024; 
Zwick and Balachandar 2020; Martin et al. 2020).  

Conservation of mass : 
𝐷𝜌

𝐷𝑡
+ 𝜌𝛻. 𝑢 = 0 (1) 

Conservation of momentum : 𝜌
𝐷𝑢

𝐷𝑡
+ 𝛻. 𝜎 + 𝜌𝛽 (2) 

Conservation of energy :  
𝐷𝜖

𝐷𝑡
= 𝜎: 𝐷 (3) 

Here, u is the velocity vector, ρ is the density, σ is the 
Cauchy stress, β is the body force and e is the rate of in-
ternal energy per unit volume. The D/Dt operator is the 
material derivative operator defined by Eq. (4). 

𝐷𝜓

𝐷𝑡
=

𝜕𝜓

𝜕𝑡
+ 𝑢. 𝛻𝜓 (4) 

The ψ in the equation represents an arbitrarily chosen 
physical quantity. ∇ is a vector and differential operator 
and is expressed in Cartesian and cylindrical coordi-
nates, respectively, as follows. 

𝛻 = 𝑖
𝜕

𝜕𝑥
+ 𝑗

𝜕

𝜕𝑦
+ 𝑘

𝜕

𝜕𝑧
 (5) 



94 Yiğit and Üstüner / Challenge Journal of Concrete Research Letters 15 (3) (2024) 90–100  

 

𝛻 = 𝑒𝑟
𝜕

𝜕𝑟
+ 𝑒𝜃

𝜕

𝜕𝑦
+ 𝑒𝑧

𝜕

𝜕𝑧
 (6) 

{x, y, z} in Eq. (5) represents Cartesian coordinates, 
and {𝑖, 𝑗, 𝑘} represents the unit vectors of these coordi-
nates. {𝑟, 𝜃, 𝑧} used in Eq. (6) represents cylindrical co-
ordinates, and {𝑟, 𝜃, 𝑧} represents the unit vectors of cy-
lindrical coordinates. The general equation of the Euler 
approximation obtained by using Eq. (5) in the conser-
vation equations: 

𝜕𝜓

𝜕𝑡
+ 𝛻. 𝜑 = 𝑆 (7) 

It is in the form. 𝜑 used in the equation: flow function, 
𝑆: source term (Benson and Okazawa 2004; Zhang and 
Zhang 2014). 

 

3. Linear Dynamic Analysis of Prefabricated 
Irrigation Channel 

In this study, a three-dimensional model was built to 
examine the turbulence occurring during the transverse 
ground movement of the prefabricated flumes that pro-
vide irrigation to the Manisa plain in the central Gediz 
Basin within the scope of the Demirköprü Dam Irrigation 

project. The construction of Demirköprü and the hydro-
electric power plant started in 1954 and was completed 
in 1960. The installed power of the power plant, which 
consists of three units of 23 MW each, is 69 MW. The an-
nual electricity production capacity of the power plant is 
193 million kWh. By producing energy, the water coming 
out of the turbines is taken into channels from the Adala 
Regulator, approximately 1 km southwest, to irrigate 
25000 ha of Adala, 65000 ha of Ahmetli and 22000 ha of 
Menemen (Gündoğdu and Kocataş, 2006; Güner et al., 
2016).  

Macro modelling was done in this study. The flume ca-
pacity is modelled as 200 lt/h. Flow speed: V = 1 m/s, 
cross-section wet area: A = 0.2 m2, air share: f = 0.2 m, 
length: L = 5.0 m, water depth: h = 0.5 m, water surface 
width: b = 0.5 m (Fig. 4). 

3.1. Material properties 

The concrete flume material was chosen as C20 class 
and 0.05 m thick concrete. The linear material properties 
for concrete, steel, and water are provided in Table 1. 
Mechanical properties of concrete, steel and water were 
taken from the specified sources in accordance with the 
literature (Lin and Wu 2016; Yiğit et al. 2019; Yıldızel et 
al. 2014; Yıldızel 2020; Yılmaz 2023; URL 6).

 

Fig. 4. Schematic representation of the flume. 

Table 1. Concrete, steel and water material properties. 

Material 
Density 
(kg/m3) 

Modulus of elasticity 
(MPa) 

Poisson’s 
ratio 

Speed of sound 
(m/s) 

Dynamic viscosity 
(N.s/m2) 

Concrete 2374 28000 0.2 - - 

Steel 7834 210000 0.2 - - 

Water 1000 2200 (Bulk) - 1450 1.002x10-3 

3.2. Flume finite element model 

The flume three-dimensional solid model and finite 
element model (FEM) were created using the ABAQUS 
software (ABAQUS 2010) (Fig. 5). In the analysis, an ex-
plicit dynamic analysis was conducted using the soft-
ware. This type of analysis is characterized by its consid-
eration of time-dependent and transient effects, where 

the response of the structure is computed over small 
time increments. This approach is particularly suitable 
for modeling scenarios with rapid changes in loading 
conditions, such as seismic events or fluid structure in-
teraction.  

In our study, in ABAQUS enabled us to accurately cap-
ture the behavior of the irrigation canal under seismic 
forces and evaluate its response in detail. In creating the 
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FEM, a four-node triangular prism element (C3D4) (Fig. 
6a) was used for the foundation structure, and an eight-
node reduced integration cubic element (C3D8R) (Fig. 
6b.) was used for the foot, saddle, channel and liquid. For 
reinforcement, two-point linear bar (B31) element type 
was used (Fig. 6c.). In the finite element analysis pro-
gram, the interaction between the fluid and the struc-
tural elements was selected as a hard contact surface 
that can transfer pressure in the normal direction, and as 
a frictional contact surface in the tangential direction. 
The friction coefficient between the fluid and the struc-
ture is accepted as 0.03. The mesh spacing to be used in 

the FEM analysis of the channel was chosen as 0.05 m 
(Fig. 5b). The results of the analysis using the specified 
network range are given under the heading "Results". 
10892 solid elements and 23252 node points were 
used in the waterless model, and 66948 solid elements 
and 84449 nodal points were used in the aqueous 
model. As a boundary condition, earthquake accelera-
tion 𝐴𝑋 = 𝐴𝑌 = 0  in the X and Y directions and  𝐴𝑍 =
𝑎𝑐𝑐(𝑡) in the Z direction were entered at the base. On the 
sides, 𝑈𝑥 = 0 was entered only in the X direction. Gravi-
tational acceleration was entered as -9.81 m/s2 in the Y 
direction.

 

Fig. 5. Flume three-dimensional solid model and finite element mesh. 

 

Fig. 6. (a) C3D4 triangular prism structural element; (b) C3D8R cube fluid element;  
(c) B31 linear rod element (ABAQUS 2010).

3.3. Seismic records used 

The ground motions corresponding to the main and 
aftershocks of the earthquakes that occurred in 
Kahramanmaraş on February 6, 2023, were recorded at 
several stations operated by Tadas/AFAD. The latitude 
is 37.4851, the longitude is 37.2978, Vs30 (m/s) is 671, 
the soil class is ZC, and the effective duration is E-W: 
24.07 s, N-S: 23.16 s, U-D: 20.81 s. The distance (Repi) is 
61.30 km, and the magnitude (Mw) is 7.7 for the 
Kahramanmaraş-Pazarcık earthquake. The highest 
ground acceleration value recorded during this earth-
quake was at station 4614 in Pazarcık district of 
Kahramanmaraş province. The value measured in the 
East-West (E-W) component of the recording was 
2.005g, while the North-South (N-S) component was 
1.987g, and the vertical (U-D) component was 1.379g. In 

this study, to observe the fluid's agitation more clearly, 
the North-South direction, which caused the maximum 
displacement (approximately 0.23 m), is depicted in 
Fig. 7 with acceleration-time and spectrum graphs (Ta-
das 2023). To shorten the analysis time, values of the 
acceleration record between t=30s and t=70s were 
used. 

 

4. Results and Discussion 

The analysis results are presented in three different 
sections. The first section illustrates the surface shapes 
of water at different time intervals, showing the agitation 
of the fluid under the earthquake effect. The second sec-
tion includes displacement-time graphs of the canal's 
peak points and the contour diagram depicting the max-
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imum relative displacement of the canal. The third sec-
tion consists of graphs showing the maximum principal 
tensile-time and maximum principal pressure-time at 

selected points from the region where the main canal is 
most stressed, along with contour diagrams correspond-
ing to the maximum stresses of the main canal.

    

Fig. 7. North-South component of the 06/02/2023 Pazarcık/Maraş earthquake:  
(a) Acceleration-time graph; (b) Spectral acceleration - Period graph.

4.1. Flume surface sloshing 

 
As a result of the sloshing, water surface shapes are 

magnified by a factor of 5 in the y-y direction for different 
time intervals, as shown in Fig. 8. Upon examining the 
model, it is observed that the water mass in the canal 
(shown in blue) has been set in motion and agitated un-
der the earthquake effect. The distance between the 
wave crest and the wave trough, resulting from this ag-
itation, is measured to be approximately 0.29 meters. 
The wave height amounted to approximately 58% of 
the initial water height (h=0.50 meters). The total water 

rise relative to the calm water level is approximately 
0.19 meters. This rise accounts for about 40% of the in-
itial water height. It is observed that the previously de-
termined air gap for the canal (0.20 meters) is suffi-
cient.  

Since there is no partition wall or porous diaphragm 
restricting the movement between the fluid and the ca-
nal walls in the model, the fluid moves as a whole. Under 
the earthquake effect, the fluid collides with the canal 
walls and returns as a whole. This could lead to an in-
crease in the height of the sloshing and overflow outside 
the canal. These results are consistent with the findings 
obtained in the literature mentioned in the articles.

 

Fig. 8. Fluid sloshing surface shapes (CEL model).

Since there is no partition wall or porous diaphragm 
restricting the movement between the fluid and the ca-
nal walls in the model, the fluid moves as a whole. Under 
the earthquake effect, the fluid collides with the canal 

walls and returns as a whole. This could lead to an in-
crease in the height of the sloshing and overflow outside 
the canal. These results are consistent with the findings 
obtained in the literature mentioned in the articles. 
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4.2. Displacements 

The relative displacement between the top of the 
flume system and the base in the direction of the earth-
quake is shown in Fig. 10 as a displacement-time graph. 

When Fig. 10 is examined, the maximum relative dis-
placement value at the peak in the empty flume model is 

0.087 m, while it is measured as 0.050 m in the water-
filled model. The largest relative displacement contour 
diagrams of both models are given in Fig. 11. As can be 
seen, the relative displacement in the water-filled model 
is 42% less than in the empty model. The damping effect 
of water reduced the horizontal relative displacement 
values.

 
Fig. 9. Flume system peak relative displacement-time graph at upper level. 

 

Fig. 10. Maximum relative displacement contour diagrams (m):  
(a) Flume system empty; (b) Flume system full.

4.3. Stresses 

It was predicted that the presence of fluid in the wa-
ter-filled model would cause an increase in the largest 
principal tensile stresses and the largest principal com-
pressive stresses. Maximum principal tensile stress-time 
graphs (𝑆max) are given in Fig. 11 and maximum princi-
pal tensile stress contour diagrams are given in Fig. 12. 
As seen in Figs. 11 and 12, the largest principal tensile 
stresses increased as follows 49% when comparing the 
empty model with the water-filled model. In addition, in 
the static situation before the earthquake, the largest 
principal tensile stresses were measured as 0.48 MPa 
and 1.42 MPa in the empty and full models, respectively. 
These values increased to 6.82 MPa and 10.22 MPa due 
to dynamic effects at the time of the earthquake. This 
means an increase of approximately 13 times in the 
empty model and 7 times in the full model. The damping 

effect of the water in the channel limited the increase in 
the stress value. 

Maximum principal compressive stresses-time graphs 
(𝑆min)  and contour diagrams of the greatest principal 
compressive stresses are given in Figs. 13 and 14. Com-
pared to the empty model, it was observed that the maxi-
mum principal compressive stresses increased by 75% in 
the water-filled model. The largest principal compressive 
stresses were lowest in the empty model without the ad-
ditional weight of the fluid. In addition, in the static situa-
tion before the earthquake, the largest principal tensile 
stresses were measured as -0.45 MPa and -1.04 MPa in the 
empty and full models, respectively. These values in-
creased to -4.98 MPa and -8.61 MPa due to dynamic ef-
fects at the time of the earthquake. This means an increase 
of approximately 11 times in the empty model and 8 times 
in the full model. The damping effect of the water in the 
channel limited the increase in the stress value.  
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Fig. 11. Maximum principal tensile stress-time graphs (𝑆max). 

 

Fig. 12. Maximum principal tensile stress contour diagrams (MPa):  
(a) Flume system empty; (b) Flume system full. 

 
Fig. 13. Maximum principal compressive stress-time graphs (𝑆min). 

 

Fig. 14. Maximum principal compressive stress contour diagrams (MPa):  
(a) Flume system empty; (b) Flume system full. 
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5. Conclusions 

In this study, dynamic analysis was carried out to in-
vestigate the seismic responses of a prefabricated irriga-
tion canal in its empty and full state. To see the devastat-
ing earthquake effects, the North-South record of the 
06/02/2023 Pazarcık/Kahramanmaraş earthquake with 
a Peak Ground Acceleration (PGA) value of approxi-
mately 2.0g was used. Water was used as the fluid in the 
main irrigation channel, the material properties and di-
mensions of which were taken from the literature. As a 
result of the analysis, the following results were obtained. 
 It has been observed that water turbulence shows 

earthquake effects with the Coupled Eularian-Lagran-
gian (CEL) approach. By analysing the models, shak-
ing and possible water overflow during an earthquake 
could be easily observed. 

 During devastating earthquakes, the value between 
the sloshing peak and trough of the water mass in the 
prefabricated irrigation canal was approximately 
58% of the initial water level, and the water rise was 
40% of the initial water level. 

 Considering the fluid-structure interaction, relative 
displacements in the filled model decreased by 42% 
compared to the empty model. 

 The sloshing effect and liquid weight caused an in-
crease of 49% and 75% in the maximum principal 
tensile stresses (𝑆max ) and the maximum principal 
compressive stresses (𝑆min), respectively. 

 In the absence of water, dynamic effects increased the 
maximum principal compressive stresses by 13 times 
and the maximum principal tensile stresses by 11 
times compared to the pre-earthquake. In the case of 
water, these increases were 7 times and 8 times, re-
spectively. The damping property of the fluid showed 
its effect in the case of water. 
In all models, the largest principal compressive stress 

distributions and the largest principal tensile stress dis-
tributions are concentrated in an area close to the junc-
tion of the base and slope, where the flume is usually 
damaged in earthquakes. 

Future studies that can be done on this subject are 
listed below as suggestions. 
 Prefabricated irrigation channels have different sizes 

for different flow rates. For this reason, the issue of 
determining the most appropriate water height and 
air share under seismic effects can be investigated. 

 Fluid-structure interaction seismic analyses can be 
performed for earthquakes with different PGA(g) val-
ues and the results can be compared. 

 Comparative analysis can be conducted with different 
fluid-structure interaction models.  

 Analyses can be performed for various fill levels, and 
the results can be compared. 

 The damage situation can be examined in detail by per-
forming nonlinear dynamic analysis of the same structure. 
Analyses have shown how the seismic effects of the 

prefabricated irrigation canal can occur in empty and full 
situations. For this reason, it is recommended that dy-
namic calculations and sloshing analysis, as well as static 
and hydraulic calculations of the main channels, be made 
by considering the fluid-structure interaction. Thus, 
floods can be prevented in case of possible earthquakes. 
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A B S T R A C T 

The structural performance of the materials used in historical buildings can be dam-

aged, usually due to natural events or human-induced interference. Historical build-

ings in the Southeastern Anatolia Region were generally built with local materials 

such as stone and brick. This situation should be seen as a factor that may cause se-

vere structural damage in buildings located on a regionally active fault line. Within 

the scope of the study, the materials used in the region were discussed, and a numer-

ical model representing the behavior of the materials against an earthquake that 

could occur on the fault line was used. Stone, brick and concrete material definitions 

were made for the prototype of the arch form modeled with SAP2000, and time-his-

tory analyses were carried out separately for each material. Concrete material be-

haviors, frequently used in buildings constructed today, are also included in the anal-

ysis for comparison. As a result of the study, it has been observed that local materials 

do not have sufficient tensile strength against earthquakes compared to concrete ma-

terial and that the structures may face the risk of collapse in case of seismic move-

ments in the region. 
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1. Introduction 

The geographical expanse of Türkiye is situated 
within an active seismic belt, and historical records un-
derscore the occurrence of numerous earthquakes in 
these regions throughout human history. Considering all 
disasters in Turkey, it is evident that natural disasters, 
particularly earthquakes, have a significant impact (Bi-
rinci 2023). An investigation conducted by the Turkish 
Statistical Institute reveals that a substantial 92.3% of 
the nation's territory is susceptible to seismic activity 
(Önal and Koçak 2005; Sayıl and Osmanşahin 2008; 
Öztürk 2020; Doğangün et al. 2021; Medved et al. 2021). 
Therefore, Türkiye consistently faces the imminent 
threat of earthquakes. In the pursuit of safeguarding 
structures against seismic impacts and enhancing their 
structural resilience, a paramount prerequisite involves 
the meticulous identification of their existing structural 

condition. Empirical studies have revealed that histori-
cal structures exhibit a more complex response to seis-
mic forces when compared to contemporary buildings. 
Furthermore, these architectural structures demon-
strate different sensitivities to seismic influences de-
pending on the temporal context of their construction 
and how they have been used over time (Sezen et al. 
2008; Al-Nammari and Lindell 2009; Şeker 2011; Di Lu-
dovico et al. 2017).  

Historical buildings, having survived the passage of 
numerous years, have been exposed to seismic activity 
and various external forces. Thus, the structures of his-
torical buildings that are adversely affected by earth-
quakes sometimes collapse and sometimes become un-
usable (Camuffo et al. 2004; Sezen et al. 2008; Korkanç 
and Savran, 2015; Corradi et al. 2023). It is essential to 
identify the weak points of buildings that can be dam-
aged in an earthquake so that historical buildings are 
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minimally damaged, especially not destroyed, by earth-
quakes. Preserving the cultural heritage and architec-
tural integrity of these historical structures is of para-
mount importance, as they represent tangible links to 
the past and serve as invaluable repositories of a com-
munity's identity and traditions (Örmecioğlu 2010; 
Ahunbay 1996; Ertaş and Bekar 2021). Therefore, it is 
essential to conduct seismic analyses of historical build-
ings that provide insights that can inform interventions 
aimed at preserving structural integrity without causing 
damage (Çırak 2011; Lacanna et al. 2020; Eriçok 2022). 
A large number of studies are available in the literature 
report applications of ambient vibration testing and op-
erational modal analysis with multiple goals, such as 
damage assessment (Betti et al. 2015; Clementi et al. 
2017; Alkayem et al. 2018), seismic vulnerability assess-
ment (Bartoli et al. 2015; Erdogan 2017; İlerisoy and 
Soyluk), structural health assessment and monitoring 
(Castellazzi et al. 2012; Ramos et al. 2013; Bassoli et al. 
2018), modal updating and identification (Aoki et al. 
2008; Chiorino et al. 2011; Torres et al. 2017; Girardi et 
al. 2019; Pavlovic et al. 2019; Mertol 2023). Concurrently 
with the advancement of computer technology, the for-
mulation of models for historic buildings and their struc-
tural analysis using the finite element method is progres-
sively becoming widespread (Kutlu and Soyluk 2024). 

Preserving historical buildings for future generations 
necessitates an initial step of comprehensive documen-
tation. Documenting cultural assets in their current state 
or original form, utilizing data derived from their exist-
ing conditions, holds paramount significance (Styliadis 
2007; Kutlu et al. 2023). This meticulous documentation 
process captures the present state and proves instrumen-
tal in discerning damages that have transpired or are 
likely to occur in the future. Such a proactive approach fa-
cilitates a more informed and effective strategy for pre-
serving cultural heritage, ensuring its integrity is passed 
on to future generations (Durduran 2003; Donato and 
Giuffrida 2019). Developing conservation strategies and 
documentation is essential for analyzing historical build-
ings. Indeed, the analysis of a historical building be-
comes an unreliable exercise in the absence of detailed 
documentation. Documentation is the foundational ba-
sis, providing the essential data and details for a compre-
hensive structural analysis. However, documentation of 
historical buildings can be time-consuming. During this 
process, prototypes of undocumented buildings can be 
built, and preliminary information can be obtained. Pro-
totypes do not contain precise information, but they can 
provide quick information. These models function as ex-
perimental representations, allowing for basic observa-
tions and assessments of structural behavior. 

Natural stones have been esteemed for their enduring 
qualities and have been integral to architectural endeav-
ors across centuries (Winkler 1997; Pereira and Marker 
2016; Marzo and Neves 2020). Their incorporation into 
construction practices has encompassed a broad spec-
trum of applications, with natural stone serving as foun-
dational elements and aesthetic enhancements alike. No-
tably, historical edifices stand as testaments to the exten-
sive utilization of natural stone, where it has been em-
ployed as blocks in columns, integral components of 

load-bearing walls, external cladding material on fa-
cades, and flooring substrate (Kılıç 2009). The multifac-
eted roles that natural stones play underscore the neces-
sity for a comprehensive assessment of their resilience 
against environmental factors, an examination of their 
technical attributes, and the formulation of judicious de-
cisions informed by empirical data. The durability of nat-
ural stones is of paramount importance in architectural 
endeavors. Through the ages, architects and builders 
have relied on the robustness of natural stone to ensure 
the longevity and structural integrity of their construc-
tions. Winkler (1997) underscores the enduring nature 
of natural stones, highlighting their ability to withstand 
the passage of time and resist deterioration caused by 
external forces. Moreover, Pereira and Marker (2016) 
emphasize the role of natural stones as a sustainable 
building material, owing to their innate durability and 
longevity, which contribute to reduced maintenance re-
quirements and prolonged structural stability. In addi-
tion to their durability, natural stones possess a diverse 
array of technical properties that render them suitable 
for a multitude of architectural applications. Marzo and 
Neves (2020) delve into the intricacies of these proper-
ties, including compressive strength, porosity, thermal 
conductivity, and weathering resistance. Understanding 
these technical characteristics is imperative for archi-
tects and engineers, as it facilitates informed decision-
making during the design and construction phases. For 
instance, the compressive strength of natural stone dic-
tates its suitability for load-bearing applications, while 
its porosity influences its susceptibility to water ingress 
and subsequent deterioration. Wonganan et al. (2021) 
presents the physical and engineering properties of his-
torical building materials and substitution materials 
used for the preservation of historical structures in Thai-
land. Eslami et al. (2012) conducted a comprehensive re-
search study on the seismic behavior of a masonry vault 
structure in a historical building located in the city of 
Yazd. Yıldızlar et al. (2019) provides a detailed explana-
tion of the restoration works conducted on a historical 
masonry building, used as a hospital building in the 
1840s but now serving as the Faculty of Political Sci-
ences of İstanbul University, based on its original geo-
metrical and material characteristics. 

Türkiye has a rich and ancient history, with numerous 
empires leaving deep traces and significant historical 
heritage across the country (Karalar and Çavuşli 2021). 
Anatolia has a very diverse geography in terms of natural 
stone. The use of these stones in architecture is quite 
commonly observed. However, this region is also ex-
posed to destructive effects such as earthquakes. Tü-
rkiye, situated in a region of high seismic activity, has ex-
perienced significant consequences due to earthquakes 
occurring in various fault systems throughout its history 
(Pampal 1999; Dal Zilio and Ampuero 2023). Structural 
analyses are quite critical for a region that is under the 
earthquake effect to this extreme. This study examines 
the relationships established through the keywords in 
research literature that contains the terms "finite ele-
ment analysis" and "Anatolia". The objective is to iden-
tify the common words used in this field and gain in-
sights into the methodologies, aims and findings of the 
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relevant studies. The research process was conducted 
using the Web of Science (WoS) online database, which 
is utilized to monitor, analyze and access scientific re-
search and academic publications. Specifically, the stud-
ies that have employed both "finite element analysis 
AND Anatolia" in their content were searched and ana-
lyzed. Accordingly, 21 studies were found in the WoS da-

tabase. The VOSviewer (visualizing scientific land-
scapes) program was used to create bibliometric net-
works among these studies and visualize the keyword 
occurrences. The keywords that appeared at least once 
in the studies were shown in the program. Notably, the 
studies were highly related to the keywords "rock, nu-
merical analysis, movement monitoring" (Fig. 1).

 

Fig. 1. Bibliometric analysis performed with the expression "finite element analysis and Anatolia".

Masonry structures are some of the oldest building 
types used throughout history. Consequently, many ma-
sonry structures hold historical significance and are still 
in use today (Akın and Alagöz 2024). The structural in-
tegrity of masonry systems, prevalent in historical build-
ings across Anatolia and particularly in the Southeastern 
Anatolia Region, becomes crucial in mitigating the im-
pact of seismic events. Failure of these materials to with-
stand horizontal ground movements during earthquakes 
can lead to severe damage or collapse of historic struc-
tures. Therefore, there is a pressing need to investigate 
the earthquake resilience of buildings constructed with 
traditional materials such as stone and brick, comparing 
their performance to modern building materials like 
concrete. The primary objective of this study is to ana-
lyze the seismic behavior of structures composed of tra-
ditional materials prevalent in Anatolian historical 
buildings, with a particular focus on the Southeastern 
Anatolia Region. Mechanical properties of stone and 
brick, commonly utilized in these constructions, was ex-
amined in relation to their earthquake resistance. Fur-
thermore, this research aims to juxtapose their perfor-
mance against that of concrete, a staple material in con-
temporary construction practices. To achieve these ob-
jectives, a curvilinear structural element model, repre-
sentative of arches commonly found in historical build-
ings, was employed. Ground motion data from four sig-
nificant earthquakes in Türkiye was applied to the 
model, simulating seismic forces experienced by struc-

tures in the region. By subjecting these models to realis-
tic earthquake scenarios, the study seeks to elucidate the 
seismic response of historical buildings along the East-
ern Anatolian Fault Line. The findings of this research 
endeavor were expected to yield valuable insights into 
the seismic performance of traditional building materi-
als prevalent in Anatolia. By discerning the strengths and 
limitations of stone, brick, and concrete in withstanding 
seismic forces, architects, engineers, and policymakers 
can formulate informed strategies for the preservation 
and retrofitting of historical structures. Ultimately, the 
study aims to contribute to the development of seismic-
resilient building practices, safeguarding Anatolia's rich 
architectural heritage for future generations. 

 

2. Materials and Method 

The study used the finite element method to deter-
mine the changing seismic performance of local materi-
als and compare them with concrete. Finite elements 
analysis, a contemporary numerical modeling method 
that has increased in use with the development of com-
puter technology in recent years, is one of the most cru-
cial modeling methods today. It is an analysis method 
that allows 3-dimensional static and dynamic analysis of 
structures; linear and non-linear analyses can be made, 
and the results can be displayed numerically or graph-
ically (İmamoğlu and Çetin 2007; Demirtaş and Erkmen 
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2019). The finite element method of the study consists of 
three stages. In the first stage, the arch, whose dimen-
sions were defined above, was modeled with the 
SAP2000 (Structural Analysis Program) program. In the 
second stage, the properties of three different materials, 
stone, brick, and concrete, were defined on the model 
created in the program. In the third stage, four ground 
motion records accessed on the PEER Berkeley website 
were applied to the arch form for each material value en-
tered to determine the earthquake performances 
(Dabanlı 2008). The analysis results obtained after these 
stages were evaluated. 

In the study, the curvilinear structural element, the 
arch, frequently used to pass any opening in historical 
buildings, is discussed, and we aim to determine the 
changes to be seen in the earthquake performance of the 
arch form with different materials. In this context, a pro-
totype three-span arch form was created, and the mate-
rial properties of the arch were defined as stone and 
brick materials, primarily used in the Southeastern Ana-
tolia Region. The region is under the influence of the ac-
tive East Anatolian Fault System, which poses a danger 
to the historical structures in the region today. Despite 
the intense earthquake movements on the fault in recent 
years, the Eastern Anatolian Fault System is thought to 
be in a position to cause destructive earthquakes in the 
next century due to the seismic gaps on the fault (Hutton 
2003; Pacific Earthquake Engineering Research Center). 
Therefore, the studies to be carried out for the historic 
structures within the affected region are of great im-
portance. Within the scope of the study, the local materi-
als frequently encountered in the region, stone and 
brick, were discussed. In addition, concrete material 
properties are defined on the prototype arch to compare 
with concrete, which is one of the important building 
materials today. Previous experimental studies on mate-
rials from the literature were used to determine material 
properties. Altunışık et al. (2016) investigated the seis-
mic behavior of the Kaya Çelebi Mosque located in Tü-
rkiye, which has been undergoing a restoration process 
since the 2011 Van earthquake. In their study, the re-
searchers addressed the material mechanical properties 
of the historical structure. Ünay (2002), on the other 
hand, presented approaches regarding the general mate-
rial properties of historical structures. Based on the find-
ings of these two studies, average material mechanical 
properties were determined for a prototype model, and 
detailed information was included in the modeling pro-
cess. 

2.1. Local materials used in Southeast Anatolia 

Anatolia, positioned at the crossroads of Asia and Eu-
rope, has served as a fertile ground for the emergence of 
numerous civilizations since ancient times. The rich cul-
tural legacy left behind by these civilizations not only 
provides valuable insights into Anatolia's past but also 
sheds light on various aspects of its present-day socio-
economic, cultural, and architectural landscape. Preser-
vation efforts aimed at safeguarding Anatolia's cultural 
assets, spread across its seven distinct regions, play a 
crucial role in ensuring the transmission of this histori-

cal wealth to future generations. Among these regions, 
the Southeastern Anatolia Region stands out for its 
unique cultural heritage, shaped by the convergence of 
diverse civilizations over millennia. Local materials, par-
ticularly stone and brick, have played a central role in 
shaping the architectural identity of this region. Their 
abundant use in the construction of historical structures 
not only reflects the region's indigenous building tradi-
tions but also embodies its resilience and adaptability in 
the face of changing socio-political landscapes. The con-
servation of cultural assets in the Southeastern Anatolia 
Region holds profound significance, not only from a his-
torical perspective but also in terms of fostering local 
identity, promoting tourism, and stimulating economic 
development. By preserving and showcasing the archi-
tectural marvels crafted from indigenous materials like 
stone and brick, the region can capitalize on its cultural 
heritage as a catalyst for sustainable growth and commu-
nity empowerment. In essence, the discussion of local 
materials such as stone and brick within the context of 
the Southeastern Anatolia Region underscores the re-
gion's pivotal role in Anatolia's cultural narrative. By 
nurturing and protecting these invaluable cultural as-
sets, Anatolia can continue to serve as a beacon of cul-
tural heritage, inspiring curiosity, fostering understand-
ing, and bridging the past with the present for genera-
tions to come. 

Stones represent mineral formations resulting from 
the intricate interplay of elements within the atom-mol-
ecule-element chain, culminating in the creation of min-
erals, which subsequently aggregate to form stones 
(Yüzer et al. 2016). These mineral compositions, shaped 
by geological processes over eons, have been integral to 
human existence since antiquity, enduring through the 
passage of time and the advancements of technology. De-
spite the evolution of civilization and the advent of mod-
ern materials, natural stones persist as essential ele-
ments in various facets of human life. Türkiye stands out 
as a fortunate nation endowed with abundant natural 
stone resources, boasting remarkable reserves and di-
versity (Taşlıgıl and Şahin 2016). This geological wealth 
spans a spectrum of stone types, including marble, gran-
ite, limestone, travertine, and many others, each charac-
terized by distinct aesthetic, structural, and functional 
properties. The country's geological diversity, coupled 
with its strategic location bridging continents, positions 
Türkiye as a global hub for natural stone extraction, pro-
cessing, and trade. 

Türkiye has proven itself in this market, especially in 
production and export in recent years. At the same time, 
Türkiye has a special place in the sector with its unique 
stones and geographical location (Erkanol and Aydındağ 
2013). In addition to all these positive aspects, unfortu-
nately, there are still many shortcomings. Historical 
buildings, in which Türkiye's natural stone existence is 
shaped as a cultural and architectural heritage, are faced 
with many dangers today. When stone structures are ex-
amined, we can see that weathering occurs for many rea-
sons. Stones are often exposed to deterioration due to 
environmental and time-dependent factors. Natural 
stones weaken over time with these effects and lose their 
physical-mechanical properties (Hasbay and Hattap 
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2017). It is essential to know the factors that cause dete-
rioration in stones, to take precautions accordingly to 
prevent the deterioration of stones and to transfer the 
structures from generation to generation. 

Natural stones, commonly used in some cities consist-
ing of common areas where people live together, give 
this city a separate visual identity. For example, ‘Ba-
kirkoy Küfeki Stones and Marmara Island marbles’ used 
in historical buildings in İstanbul, ‘andesites’ in early re-
publican period buildings in Ankara, ‘basalts’ in Diyarba-
kir, and easily processed 'limestones’ in Urfa and Mardin 
can be shown among them (Yüzer et al. 2016; Kazancı 
and Gürbüz 2017). Another material used in the region 
is clay, the raw material of brick. It is possible to divide 
the materials made of clay into two as baked and un-
baked. The leading unbaked material is mud-brick. 
Bricks and tiles can be given as examples of baked mate-
rials. The production method of brick and tile is the 
same, only the molding systems are different (Şimşek 
2003). Regional conditions are important in the use of 
brick. Therefore, structures made of stone draw atten-

tion due to the density of stone resources in Anatolia, 
Caucasus, Crete, and Cyprus. Due to the limited availabil-
ity of stone in Mesopotamia, Iran, Central Asia, and 
Egypt, it was replaced by brick. In these regions, stone 
was only used to reinforce the brickwork (Bakırer 1981; 
Eroğlu and Akyol 2017). 

2.2.  Modeling of materials using the prototype finite 
element method 

In the study, the arch, one of the most important ele-
ments of historical buildings, is handled as four spans. 
The external dimensions of the created model are 15.0 x 
1.0, the arch height is 4 meters, and the total height is 5 
meters. The arch piers are arranged as 1 m each, the mid-
dle openings 3 m, and the openings at the corners 2 m 
(Fig. 2). The study's primary purpose is to identify the 
differences between the materials. For this reason, this 
data was not included in the analysis process, so that the 
results obtained from the created model would be inde-
pendent of the region and soil characteristics.

 

Fig. 2. Prototype model.

The mechanical properties of the materials used in 
the modeled prototype arch are given Table 1, and for 
this purpose, a finite element model of the prototype 
model was created in line with the model preparation 
features and rules of the SAP2000 software. 

Model creation and calculation values are given below:  
• The building's masonry walls and vault cover were 

modeled with SHELL elements.  
• The relationship of the building with the ground was 

defined as fixed support. 
• The model to be analyzed was prepared with 304 

nodes and 95 SHELL elements (Fig. 3). 
• Linear elastic calculation methods are also sufficient 

to comment on the modeled structural elements' gen-
eral structural and seismic behavior, such as arches. 
In cases where more detailed results are desired, non-
linear methods and experimental studies can also be 

evaluated. In the study, it was accepted that the mate-
rials defined in the model showed linear elastic be-
havior together with the mortar.  

• The material properties used in the analysis for the 
masonry prototype model were produced as a result 
of previous studies for similar structures in the region 
and are given in Table 1 above. 

• In order to interpret the earthquake resistance data 
obtained as a result of the analysis, the resulting 
stresses were compared with the safety stresses of 
the material used in the building. The safety stresses 
of materials in the literature were used as mentioned 
(Altunışık et al. 2016; Ünay 2002). C25/30 was used 
for concrete, and the properties were implemented 
according to TS 500. The accepted safety stresses for 
the stone, brick and concrete used in the prototype 
model were presented in Table 2.  
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Table 1. Mechanical properties of the materials used in the arch during the analysis process and finite element 
model of prototype building (Altunışık et al. 2016; Ünay 2002). 

Structural components Modulus of elasticity (N/m2) Density (kg/m3) Poisson’s ratio 

Stone wall (with mortar) 4.50∙108 2400 0.200 

Brick 1.20∙109 2400 0.200 

 

Fig. 3. Finite element model view of the prototype in SAP2000.

Table 2. The accepted safety stresses for the materials 
used in the prototype model. 

Materials 
Pressure safety 
stresses (MPa) 

Tension safety 
stresses (MPa) 

Stone wall (with mortar) 0.90 0.135 

Brick 2.40 0.360 

Concrete 25.0 1.800 

 

With numerical modeling, analyses are prepared to 
observe the reaction of the whole or some parts of the 

structure under different loads or physical effects. This 
part of the study aims to apply four different ground mo-
tion records on the prototype model, the dimensions, 
and the plan mentioned above and to analyze the re-
sponse of the structural element to these earthquake 
loads. Earthquake records were taken from different sta-
tions as indicated in Table 3. The first of these records 
was the earthquake that took place in Erzincan in 1992 
with a magnitude of Mw=6.69; the second and third 
earthquakes occurred in Kocaeli in 1999 with Mw=7.51; 
the fourth is the earthquake of Mw=7.14, which took 
place in Düzce in 1999 (Ministry of Interior, Disaster and 
Emergency Management Presidency, Türkiye).

Table 3. Characteristics of ground motion records (Peak Ground Acceleration – PGA). 

No. Record ID Event Year Station Magnitude Fault distance (km) PGA-11 (g) PGA-12 (g) 

1 821 Erzincan, Türkiye 1992 Erzincan 6.69 0.00 0.496 0.386 

2 1166 Kocaeli, Türkiye 1999 İznik 7.51 30.73 0.124 0.090 

3 1158 Kocaeli, Türkiye 1999 Düzce 7.51 13.60 0.312 0.364 

4 1605 Düzce, Türkiye 1999 Düzce 7.14 0.00 0.404 0.515 

3. Findings 

First of all, the behavior under modal analysis was ex-
amined to analyze the structure's behavior under dy-
namic loads, independent from the region and earth-
quake, only depending on its system. Mode 1 and Mode 
3 shapes that dominate in Y and X directions are shown 
in Fig. 4(a-b), and the period values resulting from the 
modal analysis are given in Table 4. 

Table 4. Period values of the dominant Mode 1  
and Mode 3 of the prototype model. 

Materials  Mode 1 Mode 2 Mode 3 

Stone T(s) 0.56 0.41 0.26 

Brick T(s) 0.34 0.15 0.15 

Concrete T(s) 0.07 0.032 0.032 
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Fig. 4. Modal analysis: (a) Mode 1 translation is in the Y direction; (b) Mode 3 translation is in the X direction.

Four different ground motion recordings were ap-
plied to the arch from which the prototype model was 
created. For each earthquake record, the behaviors of 
the arch element, whose stone, brick, and concrete ma-
terials were defined, were compared. As the dynamic re-
sponse of the arch, the displacements and the maximum 
compressive and tensile stresses in the materials are in-
vestigated. When the earthquake acceleration records 

are applied to the model and the stresses occurring in 
the structure are compared, the most significant stress 
was obtained from the Erzincan earthquake acceleration 
record. X and Y direction compressive stress values ob-
tained from recordings applied to the prototype arch for 
all three materials are shown in Figs. 5(a-b), 6(a-b), and 
7(a-b). Time-history analysis results are given in Table 
5.

  

Fig. 5. Compressive stresses obtained from the Erzincan earthquake analyses for the stone arc:  
(a) X direction; (b) Y direction. 

  

Fig. 6. Compressive stresses obtained from the Erzincan earthquake analyses for the brick arc:  
(a) X direction; (b) Y direction. 

  

Fig. 7. Compressive stresses obtained from the Erzincan earthquake analyses for the concrete arc:  
(a) X direction; (b) Y direction.

The result of the earthquake code 821 (Erzincan) was 
applied in the X direction. The analysis values were pro-
vided in the Table 5. For stone material, the maximum 
compressive stress value is 0.652 MPa, and the maxi-
mum tensile stress value is 0.650 MPa. The maximum 

compressive stress value for brick material is 1.300 MPa, 
and the maximum tensile stress value is 1.300 MPa. The 
maximum compressive stress value for the concrete ma-
terial was 1.252 MPa, and the maximum tensile stress 
value was 1.250 MPa.  

(a) (b) 

(a) (b) 

(a) (b) 

(a) (b) 
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Table 5. Maximum compression stresses and maximum tensile stresses (MPa). 

   Stone Brick Concrete 

Maximum compression 
stresses 

Erzincan 821 
Ex 0.652 1.300 1.252 

Ey 1.423 2.544 3.292 

Kocaeli 1166 
Ex 0.526 0.475 0.329 

Ey 0.379 0.753 1.029 

Kocaeli 1158 
Ex 0.376 0.691 0.770 

Ey 0.489 1.795 3.555 

Düzce 1605 
Ex 0.450 1.416 0.906 

Ey 0.654 1.847 5.350 

Maximum stresses Erzincan 821 
Ex 0.650 1.300 1.250 

Ey 1.397 2.807 2.138 

Kocaeli 1166 
Ex 0.526 0.474 0.329 

Ey 0.330 0.771 0.865 

Kocaeli 1158 
Ex 0.375 0.690 0.770 

Ey 0.619 1.609 4.986 

Düzce 1605 
Ex 0.450 1.416 0.906 

Ey 1.099 1.408 5.674 

Maximum displacements were given in Table 6. In 
SAP2000, U1 and U2 typically represent the displace-
ment components in the global X and Y directions, re-
spectively, for a structural analysis model. When you 
perform a structural analysis using SAP2000, the soft-
ware calculates various results to help you understand 
how the structure behaves under different loading con-
ditions. Displacement results, represented by U1 and U2, 

provide information about how much the structure 
moves or deforms in the X and Y directions, respectively, 
due to applied loads. As can be seen from the results, the 
maximum displacement for the stone material was 38.9 
mm displacement under the effect of the acceleration in 
the Y direction of the Erzincan earthquake. This value 
was determined as 29.3 mm for brick material and 1.33 
mm for concrete material.

Table 6. Maximum displacements (mm). 

 Stone Brick Concrete 

 U1 U2 U1 U2 U1 U2 

Erzincan - 821 8.27 38.9 6.18 29.30 0.22 1.33 

Kocaeli - 1166 6.60 10.3 2.20 8.01 0.061 0.41 

Kocaeli - 1158 4.70 17.0 3.28 18.70 0.142 2.02 

Düzce -1605 5.70 30.0 6.70 19.40 0.15 2.30 

4. Evaluation 

Finite element analysis (FEA) was conducted utiliz-
ing linear elastic material properties to investigate the 
behavior of a modeled arch element subjected to four 
distinct ground motion scenarios. Through meticulous 
calculations, comprehensive insights were gained into 
the performance of the arch form constructed from 
three different materials in response to seismic forces 
and stress effects anticipated during an earthquake 

event. The utilization of FEA enabled the simulation of 
complex structural behaviors under varying seismic 
conditions, providing a rigorous assessment of the arch 
element's response to dynamic loading. By employing 
linear elastic material properties, the analysis ac-
counted for the linear relationship between stress and 
strain within the materials, allowing for a precise evalu-
ation of structural performance within the elastic defor-
mation regime. The examination encompassed the eval-
uation of displacement patterns, stress distributions, 
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and deformation mechanisms exhibited by the arch ele-
ment under different ground motion excitations. 
Through systematic analysis, notable distinctions in the 
seismic response of the arch form constructed from dif-
ferent materials were elucidated, shedding light on their 
respective capacities to withstand earthquake-induced 
forces. The outcomes of the study unveiled critical in-
sights into the seismic resilience of the arch element 
modeled with various materials, delineating their abili-
ties to resist external loads and endure stress effects 
arising from seismic activity. 

When the compressive stresses in the analysis results 
are examined, the stone arch element is durable for all 
three earthquake records, but the maximum compres-
sive stress of the stone was obtained as 1.423 MPa under 
the effect of the Erzincan earthquake in the Y direction. 
Since the obtained compressive stress is higher than the 
value of 0.9 MPa, which is accepted in the material prop-
erties, the stone material could not show sufficient com-
pressive strength during the Erzincan earthquake. The 
brick arch element is also durable for all three earth-
quake records, but the maximum compressive stress of 
the brick was obtained as 2.544 MPa under the effect of 
the Erzincan earthquake in the Y direction. Since the ob-
tained compressive stress is higher than 2.4 MPa, which 
is accepted in the material properties, the brick material 
could not show sufficient compressive strength during 
the Erzincan earthquake. Concrete material showed suf-
ficient compressive strength against all four earthquake 
records. Therefore, brick and stone could not show suf-
ficient compressive strength against the Y direction ef-
fect of the Erzincan record. 

When the tensile stresses were examined, the stone 
and brick arch elements did not show sufficient tensile 
strength for all four earthquake records. Concrete ma-
terial showed sufficient tensile strength in the X direc-
tion earthquake effects but could not show sufficient 
tensile strength in the Y direction effects of the Erzin-
can, 1158-Kocaeli, and Düzce records. Therefore, it has 
been observed that the tensile strength of stone and 
brick materials is insufficient, and concrete has suffi-
cient strength. 

 

5. Conclusions 

Determining the behavior of the structural elements 
that make up the historical structures under the influ-
ence of earthquakes is very important for protecting 
these structures. In this study, using the finite element 
method, an arch model was created in the SAP2000 pro-
gram, and ground motion records of 4 different earth-
quakes in our country were examined by applying them 
to time-history analysis. During the examination, stone 
and brick, which are frequently encountered as local ma-
terials in the historical structures of the Southeast Ana-
tolian Region, which is under the influence of the Eastern 
Anatolian Fault System, and concrete materials that are 
frequently used in today's contemporary architecture 
are defined separately for the arch, after the ground mo-
tion records applied to the arch elements that emerged 
as a result of the material definitions, the displacement 

and stress values were discussed. The results were com-
pared according to the material behavior. In the results 
of four different ground motion records applied sepa-
rately for each material, generally, the highest stress val-
ues were observed in the Erzincan earthquake, with a 
magnitude of 6.9 in 1992. 

When the data was considered numerically; 
• It was observed that the compressive stress of the 

stone arch element exceeded the safety stress only in 
the Y direction effect of the Erzincan earthquake. 
While the same is true for the brick arch element, the 
concrete showed sufficient compressive strength 
against all four earthquake records and did not ex-
ceed the safety stress. Therefore, in compressive 
stresses, it can be concluded that concrete is the safest 
material against all four records. It is seen that when 
the stone and brick exceed the safety stress, the con-
crete does not even reach approximately 20% of its 
safety strength.  

• While stone and brick arch elements could not show 
sufficient tensile strength for all four earthquake rec-
ords in both directions, concrete showed sufficient 
tensile strength in X direction records, but it could not 
show sufficient tensile strength in the Erzincan, 1158 
Kocaeli and Düzce records in the Y direction. Since 
concrete cannot show sufficient resistance to tensile 
strength as a material property, it is reinforced with 
reinforcements today. 

• While it has approximately sufficient strength in the 
compressive stress of stone and brick, which is fre-
quently used as local material, it has low strength in 
tensile stress. Tensile strengths may vary depending 
on the properties of the mortar used as binding mate-
rial. Therefore, if a mortar with high binding proper-
ties is used, an increase in the safety tensile strength 
can be observed. 

• Since stone and brick behave more flexibly than con-
crete, they showed more displacement under the ef-
fect of ground motion records applied. In terms of 
material properties, concrete has a higher modulus 
of elasticity and behaves more rigidly than other ma-
terials. Therefore, in the analyses made, the con-
crete showed less displacement. When the periods 
of the structure in the modes are examined, the low-
est period belongs to the concrete structural ele-
ment, confirming that the concrete has shown a rigid 
behavior. 

• In the event of an earthquake with an earthquake ac-
celeration record similar to the Erzincan earthquake 
in the Eastern Anatolian Fault System, it can be pre-
dicted that the historical buildings with stone and 
brick arches in the region cannot provide sufficient 
compressive and tensile strengths where there is a 
risk of damage. 
The evaluation of the obtained results has revealed 

that the local materials used in the arches, which are 
commonly found in historical buildings, may not ex-
hibit sufficient resistance against seismic forces com-
pared to contemporary building materials such as con-
crete. This finding is particularly significant, as histori-
cal structures often rely on traditional construction 
techniques and local materials, which may not have 
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been designed with modern earthquake engineering 
principles in mind. 

The time-history analyses conducted within the scope 
of the study provide valuable insights into the dynamic 
behavior of these historical structures under earthquake 
loading. These advanced analytical techniques allow for 
a more comprehensive understanding of the structural 
response, including the identification of critical failure 
modes and the quantification of the seismic perfor-
mance. The results of these analyses can serve as a foun-
dation for future studies, informing the development of 
more effective seismic assessment and retrofitting strat-
egies for historical buildings. To further expand the 
knowledge in this field, it is essential to carry out similar 
studies on a wider range of historical buildings, encom-
passing different construction materials, structural sys-
tems, and architectural styles. This diversity of case 
studies would enable researchers to identify patterns, 
correlations, and underlying factors that influence the 
seismic performance of these structures. Additionally, 
the integration of advanced computational modeling and 
experimental validation could provide a more robust 
and reliable framework for assessing the seismic vulner-
ability of historical buildings. 

Furthermore, future studies may explore the incorpo-
ration of traditional construction techniques and local 
materials into modern seismic design approaches. By 
understanding the inherent strengths and weaknesses of 
these traditional systems, researchers can work towards 
developing innovative retrofitting solutions that pre-
serve the cultural heritage and architectural integrity of 
historical structures while enhancing their seismic resil-
ience. This multidisciplinary approach, combining his-
torical knowledge, structural engineering principles, and 
sustainable design, could pave the way for more effective 
and holistic preservation strategies for our architectural 
legacy. 
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