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Concrete is one of the most widely used construction materials globally; however, its 

production contributes significantly to carbon dioxide emissions. In the Middle East, annual 

date production is substantial, and date seeds, as a byproduct, are typically discarded. This 

study investigates three methods for incorporating date seeds into concrete: (1) Cement 

replacement: Using powdered date seeds (PDS) as a partial substitute for cement at 5%, 10%, 

15%, and 20% levels; (2) Aggregate replacement: Replacing coarse aggregates with crushed 

date seeds (CDS) at 10%, 20%, and 30% ratios and (3) Hybrid approach: Combining PDS 

(0%, 5%, 10%, and 20%) with fly ash (fixed at 20%). Mechanical tests revealed that 

replacing cement with up to 10% PDS had no significant impact on compressive strength, 

whereas higher replacement levels reduced strength. Similarly, increasing the aggregate 

replacement percentage led to a decline in concrete strength. In contrast, the hybrid 

approach—combining PDS with 20% fly ash—enhanced compressive strength. Based on 

these findings, the third method emerged as the most effective for improving both the 

strength and sustainability of concrete. The optimized hybrid mixture was selected for 

further comprehensive evaluation, including tests for tensile strength, flexural strength, 

water absorption (porosity), sulfate resistance, and freeze-thaw durability. These 

assessments aimed to verify not only the mechanical properties but also the long-term 

durability of the modified concrete under diverse environmental conditions. 
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1. Introduction 

Concrete is one of the most widely used construction 

materials globally, playing a vital role in modern 

infrastructure. However, cement production—a key 

component of concrete—poses significant environmental 

challenges, including substantial greenhouse gas emissions 

and the depletion of natural resources [1–4]. Consequently, 
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the development of sustainable concrete and eco-friendly 

alternatives has emerged as a critical research priority. To 

address this, researchers have focused on reducing cement 

consumption by incorporating sustainable substitute 

materials. Among these, organic pozzolans have garnered 

increasing attention due to their demonstrated effectiveness 

in enhancing concrete properties [5–9].  
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The impact of pozzolanic waste materials on the 

durability, physical, and mechanical properties of 

cementitious materials has been extensively studied [10–

13]. The utilization of waste materials as substitutes for 

cement in concrete, particularly to mitigate the negative 

environmental impacts of cement production and enhance 

the mechanical properties and durability of concrete, has 

garnered significant attention in recent years. Recycling 

such waste materials offers a dual benefit: reducing 

ecological footprints while generating economic savings 

[14–17]. For instance, studies have explored food industry 

by-products (e.g., sugar factory residues) and agricultural 

wastes (e.g., date seeds, walnut shells, eggshells, and 

peanut shells) as viable cement replacements. These 

materials act as pozzolanic additives, improving concrete 

properties while lowering cement consumption and its 

associated environmental burden. Notably, combining 

them with supplementary pozzolans (e.g., fly ash) has 

shown further improvements in durability under harsh 

conditions.  

Among sugar industry wastes, carbonated sludge has 

also been investigated [18]. Sugar production generates 

substantial by-products like bagasse, molasses, and 

calcium carbonate sludge, which can be repurposed for 

value-added applications. While molasses has been tested 

in cementitious systems [19–22], bagasse has found reuse 

across industries [23-30], particularly in food industry [31–

33]. 

A promising strategy to reduce concrete’s 

environmental impact involves partial replacement of 

conventional materials with agricultural wastes. Walnut 

shell is one of the agricultural wastes that has been 

recognized as a pozzolanic material in the concrete 

industry. Researchers have shown that walnut shell can 

improve the mechanical properties of concrete while 

reducing cement consumption [34-38]. These researchers 

have reported that the addition of walnut shell to concrete 

can enhance the compressive and flexural strengths while 

reducing porosity and improve the concrete performance 

under various environmental conditions, including freeze-

thaw cycles. Eggshell has also been studied as another 

pozzolanic material in concrete research [39-44]. Studies 

indicate that this material, particularly when combined 

with other substances such as fly ash, can enhance the 

mechanical properties and durability of concrete [45-49]. 

These studies have shown that powdered eggshell, due to 

its high calcium content and mineral composition, can 

improve concrete performance under heavy loads and 

environmental cycles such as freeze-thaw conditions. 

Another agricultural waste that has been explored as a 

cement substitute in concrete is the peanut shell. This 

material, due to its pozzolanic properties, can strengthen 

the mechanical characteristics of concrete. Some studies 

have demonstrated that incorporating peanut shell into 

concrete mixtures enhances its microscopic and 

mechanical properties, resulting in a stronger and more 

durable material capable of withstanding various 

environmental conditions [50-53].  

Of these, date seeds stand out due to their untapped 

potential [54–58]. With millions of tons produced 

annually, date seeds—largely discarded—contain 

pozzolanic compounds suitable for cement substitution 

[57, 58]. However, existing studies lack a systematic 

comparison of application methods (e.g., powder 

replacement vs. hybrid use with fly ash). 

This study introduces a novel approach by not only 

investigating the use of date seeds as a substitute in 

concrete but also systematically evaluating and comparing 

different methods of its application. Unlike previous 

studies, which have not comprehensively assessed various 

techniques—such as grinding the date seeds into powder, 

using date seeds as a direct replacement, or combining date 

seeds with supplementary cementitious materials (e.g., fly 

ash), this study addresses this gap by: (1) Evaluating three 

different methods of date seeds incorporation including: 

cement replacement with powdered date seeds (PDS) (5–

20%), aggregate replacement with crushed date seeds 

(CDS) (10–30%) and hybrid use of PDS (0–20%) + fly ash 

(20%); and (2) Comprehensively assessing mechanical 

properties (compressive/tensile/flexural strengths) and 

durability (water absorption, sulfate resistance, freeze-

thaw cycles). By identifying the optimal approach, this 

work advances sustainable construction practices while 

offering a practical solution to repurpose agricultural 

waste, ultimately reducing the construction sector’s 

environmental footprint. 

2. Materials and Methods  

2.1. Collection and Preparation of Materials  

In all experiments, Type II Portland cement was used 

(see Table 1). The water-to-cement ratio (w/c) was 

maintained between 0.4 and 0.45 based on the test type: 

0.42 for aggregate replacement with CDS and 0.45 for the 

other two cases, in accordance with ASTM C192 

standards. We used drinking water from Sabzevar city, 

which met pH requirements (see Table 2 for complete 

characteristics). 

All aggregates complied with ASTM C33 requirements. 

The sand used in this study had a maximum particle size of 

4.75 mm, 5% moisture content, and a fineness modulus of 

3.45. To enhance concrete's mechanical properties, coarse 

aggregates—including pea gravel (4.75-9.5 mm) and 

crushed stone (9.5-19 mm)—were used, both with 0% 

moisture content. All aggregates were sourced from 

Sarakhs Tangshur-Sardar Road, Iran.
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Table 1. 

 Chemical Composition of Type II Portland Cement 

Oxides 
(%) 

Key Factors 
(%) 

MIN MAX MIN MAX 

 Silicon Dioxide SiO2 20.50 22.0 Lime Saturation Factor  LSF 92.0 97.0 

Aluminium Oxide  Al2O3 4.60 5.30 Silica Module  SiM 2.40 2.60 

 Ferric Oxide   Fe2O3 3.50 4.00 Alumina Module AlM 1.20 1.40 

 Calcium Oxide CaO 63.00 65.00 Tricalcium Silicate C3S 50.00 60.00 

Magnesium Oxide MgO 1.50 2.50 Dicalcium Silicate C2S 15.00 25.00 

Sulphur Trioxide   SO3 1.50 2.50 Tricalcium Aluminate C3A 5.00 8.00 

Potassium Oxide K2O 0.50 0.70 Tetracalcium Aluminate 
Ferrite 

C4AF 10.0 12.00 

 Sodium Oxide   Na2O 0.30 0.50     

 Loss on Ignition  L.O.I 1.00 2.50     

Insoluble Residue I.R. 0.10 0.70     

Free Lime Free CaO 0.70 1.40     
 

Table 2.  

Chemical and physical characteristics of drinking water used in experiments compared with relevant standards 

Property Unit Desired Maximum Permissible 

Maximum 

Used Water 

Odor TON 
Max 2 units at 12°C and 

Max 3 units at 25°C 
- 3 at 25°C 

Color TCU - 15 12 

pH - 6.5 - 8.5 6.5 - 9 7.2 

Hardness ppm 200 500 450 

TDS ppm 1000 1500 1400 

Turbidity NTU ≤ 1 5 4 
 

 
Figure 1. Aggregate Gradation Based on ASTM C33 

All aggregates complied with ASTM C33 requirements. 

The sand used in this study had a maximum particle size of 

4.75 mm, 5% moisture content, and a fineness modulus of 

3.45. To enhance concrete's mechanical properties, coarse 

aggregates—including pea gravel (4.75-9.5 mm) and 

crushed stone (9.5-19 mm)—were used, both with 0% 

moisture content. All aggregates were sourced from 

Sarakhs Tangshur-Sardar Road, Iran. 

Date seeds were primarily obtained from a date syrup 

production factory in Dashtestan, Bushehr Province, Iran - 

one of the country's main date processing centers that 

generates substantial date seed waste. After collection, the 

date seeds were transferred to the laboratory for 

processing. To evaluate date seed effects through three 

different approaches, processing occurred in three stages: 

1. PDS as Partial Cement Replacement 

Date seeds were dried in an oven at 110°C for 24 hours 

to reduce moisture content. After drying, they were ground 

using either a ball mill or hammer mill to achieve a particle 

size below 75 μm (comparable to cement). The powder was 

substituted for cement at replacement levels of 5%, 10%, 

15%, and 20%. 

1. CDS as Coarse Aggregate Replacement 

Date seeds were first crushed with a jaw crusher, then 

sieved to match the size distribution of coarse aggregates. 

CDS replaced coarse aggregates at levels of 10%, 20%, and 

30%. 

3. Combined Use of PDS and Fly Ash  

This method incorporated PDS (processed as in Method 

1) with fly ash. A fixed 20% fly ash replacement was 

19.05, 100

12.7, 94

9.525, 62

6.35, 8

4.75, 0

25.4, 100

19.05, 76

12.7, 17

9.525, 0

4.75, 100

2.36, 65

1.18, 46

0.6, 31

0.3, 17

0.15, 5

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100

p
as

si
n

g
 (

%
)

Sieve Size (mm)

Pea Gravel

Crushed Stone

Sand

 Date Seed



 Journal of Civil Engineering Researchers 

2025-vol7(4)-p 1-11 

 

4 

selected due to its well-documented benefits including: (1) 

Pozzolanic reaction with calcium hydroxide enhances 

strength and durability and (2) Reduces cement 

consumption and carbon emissions without compromising 

structural integrity. PDS were tested at 0%, 5%, 10%, and 

20% alongside 20% fly ash baseline. The control sample 

contained 20% fly ash and 0% PDS. 

To figure out the best method, compressive strength was 

measured for all three methods mentioned above. The 

optimal method underwent additional tests: splitting tensile 

and flexural strengths, water absorption, sulfate attack and 

freeze-thaw resistances. 

3.1. Test Method  

To evaluate the quality of the produced concrete, the 

following tests were conducted: 

Compressive Strength: The compressive strength test 

was conducted in accordance with ASTM C39. The 

concrete cube specimens of 150 × 150 × 150 mm were 

prepared and cured for 7, 28, and 90 days. Before testing, 

their surfaces were inspected to ensure they were flat and 

free of irregularities. Then the specimens were centered in 

the compression testing machine, ensuring that the top 

surface was in direct contact with the loading plate. A 

continuous and uniform load was then applied at a 

specified rate (0.25 ± 0.10 MPa/s) until the specimen 

failed. Finally, the maximum load sustained before failure 

was recorded. The compressive strength was calculated by 

dividing the maximum load by the cross-sectional area of 

the specimen. 

Splitting Tensile Strength: The splitting tensile strength 

test was conducted on cylindrical specimens with 

dimensions of 15x30 cm, following ASTM C496. This test 

evaluates the tensile strength of concrete by applying a 

diametral compressive load until failure. The applied load 

generates tensile stresses perpendicular to the loading 

direction, causing the specimen to split along its vertical 

axis. This test is essential for assessing the indirect tensile 

strength of concrete (as given by Eq. 1), which influences 

its cracking resistance and structural performance. 

(1) 𝜎𝑡 =
2 × 𝑃

𝜋 × 𝑑 × 𝑡
 

Where 𝜎𝑡, 𝑃, d and t are respectively the splitting tensile 

strength (MPa), applied compressive load at failure (N), 

diameter of the specimen (mm) and thickness (or length) 

of the specimen (mm). 

Flexural Strength: The flexural strength test was 

conducted on beam specimens (10×10×50 cm) in 

accordance with ASTM C78. This test evaluates concrete's 

resistance to bending forces through a third-point or center-

point loading until failure. It provides critical insights into 

the tensile behavior of concrete under flexural stress, which 

is essential for designing beams, pavements, and other 

structural elements subjected to bending loads. Flexural 

strength was calculated using Equation 2: 

(2) 𝜎𝑓𝑏 =
3 × 𝑃 × 𝑙

2 × 𝑏 × 𝑑2 

Where 𝜎𝑓𝑏, P, l, b and d are respectively flexural 

strength (MPa), maximum applied load at failure (N), span 

length (distance between supports, mm), width of the 

specimen (mm) and depth (or height) of the specimen 

(mm.) 

Water Absorption (w): The water absorption test was 

conducted in accordance with ASTM C642 to evaluate 

concrete porosity. This test quantifies the water absorption 

capacity of concrete specimens, serving as a direct 

indicator of porosity. Specimens were first oven-dried at 

105 ± 5°C until reaching constant mass (Wd). The dried 

specimens were then fully submerged in water at room 

temperature for 48 hours to achieve saturation. After 

removal from water, surface moisture was carefully 

removed with a damp cloth to determine the saturated 

surface-dry mass (Wₛ). Finally, the specimen's submerged 

mass (Wₛᵤb) was measured. Water absorption and total 

porosity were calculated using Equations 3 and 4, 

respectively. 

𝑊𝑎𝑡𝑒𝑟 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(%) =
(𝑊𝑠 − 𝑊𝑑)

𝑊𝑑
× 100 (3) 

 

𝑇𝑜𝑡𝑎𝑙 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
(𝑊𝑠 − 𝑊𝑑)

(𝑊𝑠 − 𝑊𝑠𝑢𝑏)
× 100 

 

(4) 

 

Sulfate Attack Resistance (Weight Loss Method): To 

assess the chemical durability of concrete against sulfate 

attack, 50 mm cube specimens were immersed in a 5% 

sodium sulfate (Na₂ SO₄ ) solution for 90 days following 

standard durability testing protocols. Prior to immersion, 

all specimens were fully cured and surface-dried to ensure 

uniform exposure conditions. Sulfate attack resistance was 

quantified by measuring mass loss percentage, which 

indicates cement matrix degradation caused by sulfate-

induced expansion and cracking. After exposure, 

specimens were removed, surface-dried, and weighed. The 

mass difference before and after immersion was used to 

calculate the percentage mass loss, with greater values 

corresponding to reduced chemical resistance. The sulfate 

attack resistance (expressed as percentage mass loss) was 

calculated using Equation 5. 

(5) 𝑅𝑠 =
𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑊𝑠𝑢𝑙𝑓𝑎𝑡𝑒

𝑊 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100 

Where 𝑅𝑠, 𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝑊𝑠𝑢𝑙𝑓𝑎𝑡𝑒 are respectively sulfate 

attack resistance (expressed as percentage weight loss), 

initial weight of the specimen (before sulfate exposure) and 

weight of the specimen after sulfate exposure. 
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Resistance to Freeze-Thaw Cycles: The freeze-thaw 

resistance of concrete was evaluated in accordance with 

ASTM C666 (Method A) to assess durability under cyclic 

freezing and thawing conditions. After 14 days of initial 

curing, specimens were saturated in limewater prior to 

testing. Each freeze-thaw cycle consisted of: (1) Cooling to 

-18°C (freezing); (2) Heating to +4°C (thawing) and (3) 

Maintaining specimens fully submerged in water 

throughout. Specimens were periodically removed (every 

30 cycles) for evaluation by: (1) Measuring mass loss of 

surface-dried specimens; (2) Recording length changes and 

(3) Conducting visual inspections for surface deterioration 

(cracking, spalling). Freeze-thaw resistance was quantified 

using Equation 6. 

(6) Weight Loss (%) =
𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑊𝑓𝑖𝑛𝑎𝑙

𝑊 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100 

 

Where 𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝑊𝑓𝑖𝑛𝑎𝑙 are respectively the initial 

weight of the specimen before cycles and weight after a 

specified number of cycles (e.g., after 30 cycles). 

4. Test Results 

4.1. Compressive strength results 

4.1.1. Effect of PDS as a Partial Cement Replacement 

This study demonstrates the viability of PDS as a 

sustainable partial cement replacement in concrete. 

Compressive strength was evaluated at replacement levels 

of 5%, 10%, 15%, and 20% across 7-, 28-, and 90-day 

curing periods (see Figure 2). The results show a gradual 

decline in compressive strength as the replacement ratio 

increases. The control sample (with no substitution) 

achieved compressive strengths of 28 MPa, 38 MPa, and 

45 MPa respectively at these intervals, providing a strong 

baseline for comparison. While the early-age strengths (7-

day compressive strength) showed slight variations, the 

results were generally encouraging. At 5% and 10% 

replacement levels, the compressive strength decreased by 

approximately 3% to 7% across different ages. 

Specifically, at 7 days, the strength dropped from 28 MPa 

(control sample) to 27.16 MPa (5% PDS) and 26.32 MPa 

(10% PDS). This demonstrates that even at early curing 

stages, the integrity of the concrete remains intact with 

PDS.  

A similar trend was observed at 28 and 90 days, with 

reductions of about 4% to 6% compared to the control 

sample, showcasing a performance that is well within the 

acceptable range for structural applications. These results 

highlight how small adjustments in cement composition 

can yield comparable mechanical properties while 

reducing cement consumption. The results also confirmed 

the suitability of PDS as a sustainable alternative. The 

strength reductions have been attributed to the limited 

pozzolanic reactivity of PDS and the dilution of 

cementitious compounds. However, the reduction 

remained within an acceptable range, indicating that up to 

10% replacement could be feasible for sustainable concrete 

production. The long-term performance of the concrete 

was particularly impressive. At 90 days, strengths of 42.75 

MPa and 40.3 MPa for 5% and 10% substitution levels 

indicate the ongoing pozzolanic activity of PDS. This 

underscores its ability to contribute to strength 

development over time, making it a promising 

supplementary cementitious material.  

Even at higher substitution levels (15% and 20%), the 

results remained within a feasible range for applications 

where sustainability is prioritized over peak mechanical 

performance. At a 15% replacement ratio, a more 

noticeable strength decline occurred, with a 10% to 12% 

reduction in strength at different ages. The compressive 

strength at 28 days dropped from 38 MPa (control sample) 

to 33.44 MPa, highlighting the negative impact of 

excessive cement replacement. When the replacement 

level reached 20%, the strength loss became significant, 

with reductions of approximately 15% to 18%. The 90-day 

compressive strength decreased from 45 MPa (control 

sample) to 36.90 MPa, confirming that an excessive 

amount of PDS negatively affects the hydration process. 

 
Figure 2. Compressive strength of concrete samples with different 

PDS replacement as cement at various ages 

4.1.2. Effect of CDS as Coarse Aggregate Replacement  

Figure 3 presents the compressive strength development 

of concrete mixtures containing CDS as partial coarse 

aggregate replacement at 0% (control), 10%, 20%, and 

30% replacement levels. Strength measurements were 

conducted at 7, 28, and 90 days of curing. The results show 

a gradual reduction in compressive strength as the 

percentage of CDS replacing coarse aggregate increases. 

At 10% replacement, the compressive strength slightly 

decreases across all ages, with a reduction of about 4% to 

5% compared to the control sample. However, the 
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reduction at this level remains within an acceptable range, 

suggesting that small amounts of CDS replacement may 

still produce structurally viable concrete. 

At 20% replacement, a more significant decline in 

compressive strength is observed, with reductions of 

approximately 10% to 14% at different curing ages. The 

decrease in the proportion of strong natural aggregates 

results in a less dense and cohesive microstructure, and 

thus further contributing to strength loss. 

When 30% of the coarse aggregate is replaced, the 

compressive strength shows a substantial decline of 18% to 

22% compared to the control sample. This considerable 

reduction suggests that at higher replacement levels, the 

weaker nature of date seed aggregates dominates the 

concrete matrix, leading to lower mechanical performance. 

Therefore, while partial replacement at lower percentages 

may be feasible, exceeding 20% to 30% replacement 

significantly compromises the mechanical integrity of the 

concrete and is not recommended for structural 

applications requiring high strength. 

 
Figure 3. Compressive strength of concrete samples with different 

CDS replacement as coarse aggregate at various ages 

4.1.3. Effect of Combining PDS with Fly Ash  

This phase evaluated concrete mixtures containing PDS 

as a cement replacement alongside 20% fly ash. PDS 

replacement levels ranged from 0% to 20% (5% 

increments). The sample containing 20% fly ash and 0% 

PDS was considered the control mix for comparative 

evaluation. Compressive strength development was 

assessed at 7, 28, and 90 days (see Figure 4). 

The results indicate a gradual decline in compressive 

strength with increasing percentages of PDS. At 7 days, the 

control mix showed the highest compressive strength of 

29.5 MPa, which decreased slightly to 27.4 MPa for the 

mixture with 20% PDS. A similar trend is observed at 28 

and 90 days, where the control sample reached 40.5 MPa 

and 48 MPa respectively, while the 20% replacement 

sample achieved 37.4 MPa and 44 MPa. 

Although the reduction in compressive strength is 

evident with higher percentages of PDS, the results 

demonstrate that even with 20% substitution, the concrete 

maintained a reasonably high compressive strength. This 

suggests that PDS, when used in combination with fly ash, 

can be a feasible supplementary cementitious material, 

particularly in applications where environmental 

sustainability and resource efficiency are prioritized over 

maximum strength. 

 
Figure 4. Compressive strength of concrete samples with different 

percentages of PDS replacement alongside 20% fly ash at different 

ages 

Moreover, the rate of strength development between 28 

and 90 days indicates continued pozzolanic activity, 

especially in the mixtures with lower percentages of PDS. 

This long-term gain highlights the potential for the use of 

agricultural waste such as date seeds in sustainable 

concrete production, supporting both waste valorization 

and carbon footprint reduction in the construction industry. 

By getting precisely into the results, one can observe 

that at 5% replacement, the compressive strength decreased 

by 2.0% at 7 days, 1.7% at 28 days, and 0.4% at 90 days, 

compared to the control sample. The minimal strength loss 

at 90 days suggests that the pozzolanic activity of fly ash 

and fine organic particles from the PDS may compensate 

for the reduced cement content over time. At 10% 

replacement, the compressive strength showed a reduction 

of 2.4% at 7 days, 2.5% at 28 days, and 1.7% at 90 days 

relative to the control sample. This indicates that up to 10% 

PDS can still maintain acceptable strength levels, possibly 

due to improved particle packing and delayed pozzolanic 

contribution. At 15% replacement, strength losses became 

more pronounced, with 4.4% at 7 days, 4.7% at 28 days, 

and 4.6% at 90 days. The decrease is still within acceptable 

ranges for certain non-structural applications, though the 

trend shows that higher dosages begin to adversely affect 

mechanical performance. At the highest replacement level 

of 20% replacement, compressive strength declined by 

7.1% at 7 days, 7.7% at 28 days, and 8.3% at 90 days. 

Although strength remains relatively high, this level of 

replacement may be more suitable for low-strength 

applications or where sustainability is prioritized over 

mechanical performance. In summary, incorporating PDS 

up to 10% as a partial cement replacement in the presence 
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of fly ash results in minimal strength reduction, especially 

at later curing ages. This highlights the potential of 

agricultural waste utilization in green concrete technology, 

aligning with environmental goals without significantly 

compromising material performance. 

4.1.4. Which Method Prevails? A Comparative 

Assessment  

The compressive strength tests were performed for all 

three proposed methods of incorporating date seed into 

concrete including replacing cement with PDS, replacing 

coarse aggregate with CDS, and combining PDS with fly 

ash. The results indicated varying degrees of strength 

reduction depending on the replacement level and the 

method used. While partial cement and aggregate 

replacement with date seed showed acceptable 

performance at lower percentages, the third method—

combining PDS with 20% fly ash—demonstrated superior 

compressive strength values, especially at 28 and 90 days 

of curing. 

Based on these results, the third method was identified 

as the most effective and promising approach for 

enhancing both strength and sustainability in concrete. 

Therefore, this combination was selected for further 

investigation. Additional tests, including tensile strength, 

flexural strength, water absorption (porosity), sulfate attack 

and freeze-thaw resistances, were conducted to 

comprehensively evaluate the mechanical and durability 

performance of concrete containing this optimized mix. 

4.2. Splitting Tensile Strength Results  

The splitting tensile strength of concrete mixtures 

containing 20% fly ash and varying percentages of PDS 

was evaluated to assess the indirect tensile behavior of the 

modified concrete. As shown in Figure 5, a gradual 

decrease in tensile strength was observed with increasing 

replacement levels of PDS. The control mixture (0% PDS 

with 20% fly ash) achieved a tensile strength of 3.8 MPa. 

When 5% and 10% of cement were replaced with PDS, the 

tensile strength slightly declined to 3.6 MPa and 3.4 MPa, 

respectively. Despite the reduction, these values remain 

within acceptable limits for structural applications, 

especially where moderate tensile performance is 

sufficient. 

The tensile strength exhibited a dose-dependent 

decrease at higher PDS substitution levels (15-20%), 

measuring 3.1 MPa (15%) and 2.8 MPa (20%). This trend 

can be attributed to the lower pozzolanic reactivity of 

organic materials compared to cement, as well as the 

dilution of the binder matrix. Nevertheless, the decline is 

consistent and indicates a predictable behavior, which is 

valuable for mix design optimization in sustainable 

construction. 

Overall, the results suggest that the incorporation of up 

to 10% PDS alongside 20% fly ash can maintain adequate 

tensile strength, while higher levels may limit structural 

use but still offer potential in non-load-bearing or low-

stress elements where environmental benefits are 

prioritized. 

 
Figure 5. Splitting Tensile Strength of Concrete with Different 

Percentages of PDS and 20% Fly Ash 

4.3. Flexural Strength Results  

The flexural strength of concrete containing 20% fly ash 

with PDS replacements (0-20%) was evaluated through 

three-point bending tests. As shown in Figure 6, the results 

demonstrate a consistent decrease in flexural strength as 

the replacement percentage of PDS increased. The control 

mixture (0% PDS) exhibited the highest flexural strength 

of 5.5 MPa. Upon replacing 5% of the cement with PDS, 

the strength declined to 5.2 MPa, and further dropped to 

4.9 MPa at the 10% replacement level. This trend of 

reduction continued as the replacement percentage 

increased: at 15%, the flexural strength decreased to 4.5 

MPa, and at 20% replacement, it reached its lowest value 

of 4.2 MPa. 

 
Figure 6. Flexural Strength of Concrete with Different Percentages of 

PDS and 20% Fly Ash 

This progressive reduction in flexural strength is 

attributed to the decreasing cementitious content and the 

relatively lower binding capacity of organic materials like 

PDS. Despite the reductions, the values up to 10% 
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structural concrete, especially in applications where 

moderate flexural strength is sufficient. For higher 

replacement levels, although the strength decreases, the 

trend is predictable, which is valuable for sustainable 

concrete mix design. 

4.4. Water Absorption and Porosity  

Water absorption and porosity - critical indicators of 

concrete permeability and durability - were evaluated for 

mixtures containing 20% fly ash with PDS replacements 

(0-20%). As presented in Figure 7, both water absorption 

and porosity increased with the rising content of PDS. At 

0% replacement, the control mix showed a water 

absorption of 5.2% and a porosity of 12.5%, indicating a 

relatively dense and impermeable matrix. With 5% and 

10% replacement, water absorption rose to 5.5% and 5.9%, 

respectively, while porosity reached 13.1% and 13.8%. 

This slight increase is likely due to the less dense structure 

introduced by the organic date seed particles.  

As the replacement level increased to 15% and 20%, the 

water absorption values rose to 6.3% and 6.8%, and 

porosity reached 14.4% and 15.0%, respectively. This 

behavior can be attributed to the reduced amount of 

cementitious material and the increased presence of 

porous, low-reactivity particles. The organic nature and 

irregular surface texture of PDS may also contribute to 

higher void content and moisture retention capacity in the 

hardened matrix. In conclusion, while the use of PDS 

enhances sustainability, it also leads to an increase in 

permeability-related properties. For durability-critical 

structures, the replacement level should ideally be limited 

to 10% to balance mechanical performance with long-term 

resilience. 

 
Figure 7. Water Absorption and Porosity of Concrete with Different 

Percentages of PDS and 20% Fly Ash 

4.5. Sulfate Resistance – Weight Loss Analysis  

Sulfate resistance for mixtures containing 20% fly ash 

and PDS (0-20%) was evaluated through 90-day 

immersion in 5% Na₂SO₄ solution, with results shown in 

Figure 8. The control sample (0% PDS) exhibited a weight 

loss of 2.1%, indicating good sulfate resistance due to the 

presence of fly ash, which helps reduce permeability and 

improves the matrix density. As the percentage of PDS 

increased, a gradual rise in weight loss was observed. At 

5% and 10% replacement levels, the weight loss increased 

to 2.3% and 2.6%, respectively—still within acceptable 

durability thresholds. However, at 15% and 20% 

replacement, the weight loss reached 3.0% and 3.5%, 

respectively, suggesting a weakening resistance against 

sulfate attack. This can be attributed to the reduced content 

of reactive cementitious materials and the introduction of 

organic components, which may increase porosity and 

reduce the matrix’s resistance to chemical degradation. 

 
Figure 8. Weight Loss of Concrete Specimens after 90 Days of 

Sulfate Exposure with Different Percentages of PDS and 20% Fly 

Ash 

These results highlight that while partial incorporation 

of PDS contributes to sustainability, higher substitution 

levels negatively affect chemical durability. To ensure 

long-term performance in sulfate-rich environments, it is 

recommended to limit the replacement level to 10% or 

lower when using this combination. 

4.6. Freeze-Thaw Resistance  

Freeze-thaw durability was assessed through three 

cycles of testing for concrete containing 20% fly ash and 

varying PDS contents (0-20%). The mass loss progression 

is detailed in Table 3 and Figure 9. The control sample (0% 

PDS) showed excellent resistance, with only 0.45% total 

weight loss after three cycles. Concrete with 5% and 10% 

PDS showed slightly higher but still acceptable weight 

losses of 0.65% and 0.83%, respectively, suggesting 

adequate durability under moderate freeze-thaw 

conditions. However, higher replacement levels (15% and 

20%) resulted in more significant degradation. At 20% 

replacement, the total weight loss reached 1.50%, along 

with visible surface scaling and minor cracking. This 

decline in resistance is likely due to the increased porosity 

and reduced matrix density caused by the organic content 

of PDS. Overall, the results suggest that replacing cement 

with up to 10% PDS in combination with fly ash does not 

significantly  compromise  freeze-thaw  resistance,  but 

 

0

5

10

15

0% 5% 10% 15% 20%

5.2 5.5 5.9 6.3 6.8

12.5 13.1 13.8 14.4 15

W
at

er
 A

b
so

rp
ti

o
n
 ,

 P
o
ro

si
ty

 (
%

)

PDS Percentage (%)

Water Absorption (%) Porosity (%)

0

1

2

3

4

0% 5% 10% 15% 20%

2.1 2.3
2.6

3

3.5

W
ei

g
h
t 

L
o

ss
 (

%
)

PDS Percentage (%)



Journal of Civil Engineering Researchers 

2025-vol7(4)-p 1-11 

 

9 

Table 3. 

 Results of Freeze-Thaw Tests on Concrete Specimens including 20% Fly Ash and Different Percentages of PDS. 

PDS (%) 

Initial 

Weight 
(gr) 

Weight 
after 

Cycle 1 

(gr) 

Weight 

Loss 
(%) 

Weight 
after 

Cycle 2 

(gr) 

Weight 

Loss 
(%) 

Weight 
after 

Cycle 3 

(g) 

Weight 

Loss 
(%) 

0% 
(Control) 

8000 7990 0.13% 7976 0.30% 7964 0.45% 

5% 8010 7986 0.30% 7969 0.51% 7958 0.65% 

10% 7995 7967 0.35% 7945 0.63% 7929 0.83% 

15% 8030 7988 0.52% 7960 0.87% 7937 1.16% 

20% 7985 7934 0.64% 7900 1.06% 7865 1.50% 
 

 
Figure 9. Weight loss (calculated from freeze-thaw tests) of concrete 

specimens including 20% fly ash and different percentages of PDS 

higher replacement levels may lead to premature 

deterioration in harsh environments. 

5. Conclusion 

Based on the experimental findings, this study 

demonstrates that date seeds, an abundant agricultural 

byproduct in the Middle East, can be effectively 

incorporated into concrete to enhance sustainability while 

maintaining structural performance, reducing cement 

consumption and utilizing agricultural byproducts. Among 

the three methods investigated, the key findings are as 

follows: 

1. PDS as Cement Replacement: Replacing cement 

with up to 10% PDS showed no significant 

reduction in compressive strength, whereas higher 

replacement levels (15–20%) led to decreased 

strength. 

2. CDS as Coarse Aggregate Replacement: Partial 

replacement of coarse aggregates with CDS (10–

30%) led to a consistent decrease in concrete 

strength, making this method less favorable for 

structural applications. 

3. Combination of PDS and Fly Ash: The hybrid 

approach of blending PDS (up to 20%) with 20% 

fly ash improved compressive strength, 

suggesting a synergistic effect that enhances 

performance. 

4. Based on these results, the optimal method for 

utilizing date seeds in concrete is their 

combination with fly ash, as it not only improves 

mechanical properties but also contributes to eco-

friendly construction by reducing cement 

consumption, repurposing agricultural waste and 

promoting sustainability. 

5. The optimal mix—5–10% PDS with 20% fly 

ash—maintained acceptable compressive, tensile, 

and flexural strengths while improving 

sustainability. Although higher replacement 

levels increased porosity and slightly reduced 

durability, mixes within the recommended range 

exhibited sufficient sulfate and freeze-thaw 

resistance for non-aggressive environments.  

6. These findings support the use of date seed-fly ash 

blends in eco-friendly concrete production, 

offering a practical solution to reduce cement 

consumption and repurpose agricultural waste 

without compromising structural performance.  

7. The study paves the way for further research into 

optimizing mix designs to maximize both 

environmental and performance benefits. Future 

research should explore long-term durability, 

thermal properties, economic feasibility for 

broader industrial adoption and other potential 

applications of date seed-modified concrete 
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Conventional steel braces increase the risk of structural damage during earthquakes due to 

compressive buckling. In this study, the performance of a steel frame equipped with a 

memory alloy cable brace with a central cylinder is investigated through numerical modeling 

in ABAQUS. This system is expected to exhibit superior seismic performance compared to 

traditional braces due to characteristics such as superelasticity, self-centering, and energy 

dissipation, and to return to its initial state after an earthquake. It can significantly enhance 
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construction time. After model validation, this study evaluates the effects of cable type, 
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with central cylinder cable braces. The results indicate that even using steel cables in this 

system significantly increases strength, stiffness, and energy absorption compared to a frame 

without braces, although ductility decreases by 25%. Replacing the steel cable with a 

memory alloy cable simultaneously improves strength, stiffness, energy absorption, and 

ductility (by 10%) compared to the steel-cable specimen, compensating for the ductility 

reduction. Furthermore, enhancing the superelastic properties of the memory alloy increases 

the load-bearing capacity and absorbed energy, while increasing the memory alloy cable 

diameter (from 6 to 16 mm) improves all performance indicators, especially stiffness and 

strength, without significant loss of ductility. Overall, the results demonstrate that using 

memory alloy cables, along with optimizing their properties and diameter, is an effective 

approach for simultaneously improving strength, stiffness, ductility, energy dissipation, and 
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1. Introduction 

In lateral-resistant structures, permanent deformations 

caused by earthquakes reduce ductility and increase repair 

costs [1]; conventional strengthening methods also face 

drift and high acceleration limitations [2]. Experiments 
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show that ordinary steel braces buckle during earthquakes, 

increasing the risk of collapse [3]; the Kobe earthquake 

investigation indicated that parts of structures collapsed or 

were severely damaged, highlighting the need to develop 

damage-reducing and self-centering systems [4]. Despite 
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higher construction costs, self-centering systems reduce 

life-cycle costs and improve seismic stability [5]. 

To enhance the lateral performance of braces, the use of 

high-strength steel cables has been proposed. These cables 

are lightweight, strong, and elastic, returning to their initial 

state after an earthquake, but they function only as tensile 

members [6]. Cable bracing systems absorb energy more 

effectively than traditional braces and improve stability [7]. 

Only-tension bracing systems and modern cable–cylinder 

systems have been introduced to overcome limitations, 

although low ductility remains a challenge [8][9]. The use 

of prestressed and post-tensioned cables combined with a 

central spring cylinder helps control lateral displacement, 

improve ductility, reduce seismic damage, and minimize 

the need for additional structural reinforcement [10]. This 

system is an improved version of the moment-resisting 

frame bracing, in which steel cables and pre-compressed 

springs reach ultimate strength under large displacements 

while remaining within the elastic range. This design 

reduces initial lateral stiffness and strength but increases 

stiffness during structural recovery, achieving more 

effective performance compared to ordinary braces [6]. 

Shape memory alloys (SMAs), with superelastic and 

self-recovering properties, are suitable for self-centering 

systems. SMA cables can recover large strains (up to 6–

8%) without external stimuli and, with high energy 

dissipation, reduce drift and seismic response. By 

absorbing seismic energy and returning to their original 

shape, they decrease structural damage and repair 

requirements in braced frames [11][12]. 

This study investigates a steel frame with only-tension 

cross-cable bracing and a central spring cylinder, including 

a sample of SMA cable, under lateral loading using three-

dimensional modeling in ABAQUS [13]. Validation is 

performed using the experimental results of Mehrabi et al. 

[14]. The effects of cable material type (steel and SMA) 

and cable diameter on the lateral behavior of the 

structure—including strength, stiffness, ductility, lateral 

energy dissipation, and deformations—are evaluated 

through numerical analysis and parametric studies. Results 

are presented and compared using load–displacement 

curves and analytical tables to propose a novel approach 

for improving the seismic performance of frames. 

2. Validation of the Model Simulation Process  

The modeling and seismic analysis of structures, 

particularly using the finite element method (FEM), have 

advanced significantly in recent decades. This approach, 

utilizing software such as ANSYS and ABAQUS, enables 

detailed and complex analyses of structural systems. 

Today, ABAQUS is recognized as a critical tool for 

nonlinear structural analysis and engineering design. 

The present study investigates the damage in steel 

frames braced with tension cables through nonlinear quasi-

static analysis using ABAQUS, and compares the results 

with various experimental tests. This highlights the 

importance of calibrating analytical software to ensure the 

accuracy of both modeling and results in nonlinear 

analyses. 

To evaluate the accuracy of finite element modeling in 

this study, three steel frames braced with tension cables, 

previously tested by Mehrabi et al. [14], were selected. The 

experiments (as shown in Figure 1) included three 

laboratory specimens (each with a column length of 1595 

mm and a beam length of 1275 mm): an unbraced steel 

frame (BF), a cable-cross-braced steel frame without cable  

 
Figure 1 – Image of the three laboratory specimens and dimensional details of the cable- and spring-braced moment frame studied by Mehrabi et al. [14] 

under lateral cyclic loading. 
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connections at the frame center (CCB), and a cable-cross- 

braced steel frame with a spring connection at the frame 

center (PCS). The cable bracing system used steel cables 

with a nominal diameter of 6 mm and a full prestress 

corresponding to approximately 2% lateral column 

displacement. The steel frames had pinned supports, with 

beam and column sections measuring 75 × 75 mm, flange 

thickness 3 mm, and web thickness 2 mm. 

The specimens were subjected to lateral cyclic loading, 

and their experimental results—based on material 

properties (including steel, cable, and spring) listed in 

Table 1—were obtained in the lateral load–displacement 

hysteresis curves (Figure 2). Subsequently, numerical 

modeling was performed using ABAQUS (Figure 2), and 

the results were compared with experimental data. 

For load application and boundary conditions at the 

lower support, a reference point with a coupling constraint 

was created at the top of the specimen using ABAQUS 

Interaction module. Additionally, as shown in Figure 2, for 

the CCB and PCS specimens, the interaction between the 

steel plate and the cable required four Tie constraints with 

full fixation. In the PCS specimen, due to the presence of 

the spring system, surface contact was defined with a 

friction coefficient of 0.30 between the steel, cable, and 

spring. 

In the numerical simulation, increasing mesh density 

improves accuracy but also increases computation time, so 

a balance must be maintained. To reduce computational 

costs, quasi-static analysis was conducted using C3D8R 

elements for springs and S4R elements for the steel frame. 

Comparison of the load–displacement curves of the 

specimens (Figure 2) with experimental and numerical 

results showed that the numerical model adequately 

simulated the behavior of the specimens, confirming model 

validation. Moreover, finite element analysis results 

indicate that the maximum shear forces for the 

experimental specimens and the finite element models are 

nearly identical, with only a 5.7% difference in peak 

values. 

Table 1  

 Material properties (steel, cable, and spring) used in the three laboratory specimens [14]. 

Mechanical Properties of Steel in Frame 

Type    
 Steel 
Grade  

 Yield Strength 
(MPa)  

 Ultimate Strength 
(MPa)  

 Elastic Modulus 
(GPa)  

 Density 
(kg/m³)  

 Column   A36          360 420 205 7800 

 Beam     A36          360 420 205 7800 
 

Mechanical Properties of Wire Rope Unit 

Type                     

 Dia. 

(mm)  

 Yield Strength 

(MPa)  

 Yield 

Strain  

 Tensile Strength 

(MPa)  

 Elastic Modulus 

(GPa)   L (mm)   W (mm)  

 Wire Rope                6 1016 0.01 1765 123.5  –        –       

 Hook and Eye Turnbuckle  8 305 0.004 515 205  –        –       

 DEE Shackles             10 305 0.004 515 205 25 13 
 

Material Properties of Spring 

Material         

 Spring Length 

(mm)  

 Spring Diameter 

(mm)  

 Elastic Modulus 

(GPa)  

 Modulus of Rigidity 

(GPa)  

 Density 

(kg/m³)  

 Stainless Steel  100 40 193 69 7920 
 

3. Analysis of Findings  

In this study, after validating the laboratory results (with 

good agreement), the effects of various parameters such as 

cable type, properties of the shape memory alloy (SMA) 

material, and cable diameter on lateral performance are 

evaluated. In this section, to extend the numerical work of 

Kherabi et al. [14], cyclic load–displacement hysteresis 

diagrams will be used to illustrate lateral performance, and 

metrics such as strength, stiffness, ductility, and lateral 

energy dissipation will be calculated and compared to 

assess the structural lateral behavior. Therefore, this 

section includes the following: 

• Evaluation and comparison of the lateral 

performance of steel frames 

• Effect of using SMA cables on the lateral 

performance of the cable-braced frame system 

with a central cylinder instead of steel cables 

• Effect of changing the superelastic properties 

of SMA cables on the lateral performance of 

the cable-braced frame system with a central 

cylinder 

• Effect of changing the diameter of SMA cables 

on the lateral performance of the cable-braced 

frame system with a central spring cylinder 
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Figure 2 – Numerical modeling and validation for the three laboratory specimens [14] of the cable-braced moment frame. 

 

3.1. Lateral Performance of Steel Frames under Study  

In this part of the research, since a reference specimen 

is required to compare the other parametric samples 

against, the lateral performance of the reference specimens 

is examined. Two frames were selected as reference 

specimens: a bare frame (denoted as "BF") and a cable-

braced frame with a central cylinder (denoted as "RF"). 

Figure 3 shows the comparison of their hysteresis 

diagrams. 

As shown in Figure 3, the load–displacement hysteresis 

diagrams of BF and RF indicate how these specimens 

respond to lateral cyclic loading. Additionally, Figure 3 

presents the envelope of the hysteresis and its bilinear 

approximation, where the envelope is obtained from the 

maximum resistances corresponding to each cyclic 

displacement. The bilinear diagram uses the equivalent 

energy method to convert the multi-linear envelope into a 

simpler form so that the areas under both diagrams are 

equal, ensuring that the absorbed energy remains the same. 

In this diagram, the failure point is recognized as the yield 

point; for the positive and negative directions, the effective 

ultimate displacement is denoted by Δu, the displacement 

at the failure point by Δy, and the resistance at the failure 

point by Vy. 

In the analysis of these specimens or similar systems, the 

lateral load–displacement diagram serves as the basis for 

evaluating lateral performance, where: 

• Maximum lateral resistance (P) represents the 

frame strength 

• Initial stiffness (K), obtained by dividing the yield 

resistance by the yield displacement (Vy/Δy) 

 

• Ductility (µ), calculated as the ratio of effective 

ultimate displacement to yield displacement 

(Δu/Δy) 

• Energy dissipation, computed from the area inside 

the hysteresis loops 
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Figure 3. Comparison of load–displacement hysteresis diagrams of the two reference specimens: bare frame "BF" and cable-braced frame with a central 

cylinder "RF". 

Table 2  

 Comparison of lateral performance: bare frame "BF" and cable-braced frame with a central cylinder "RF". 

Spectrum  
 Energy 
(kN·mm)  

 P+ (Pos) 
kN  

 P- (Neg) 
kN  

 System 

Hardness 

K+ (Pos) 
kN/m  

 K- (Neg) 
kN/m  

 μ+ (Pos) 
kN/m  

 μ- (Neg) 
kN/m  

 RF  3095 46.2 46.4 1481 1444.5 1.7 1.64 

 BF  1001 12.6 12.5 551.4 480.19 2.45 2.05 

  209% 267% 272% 169% 201% -31% -20% 
 

 

This energy-based approach, aided by finite element 

software, allows precise determination of performance 

parameters and provides a suitable basis for pushover 

analysis and retrofit design. 

To determine the energy dissipation of the bare frame 

and the steel frame braced with a cable system, the area 

inside the load–displacement hysteresis loops must be 

calculated, which can be done using Excel by analyzing 

numerical data. According to Table 2, the results show that 

using a steel cable-braced frame system with a central 

cylinder, compared to a bare frame, significantly improves 

lateral performance, with an average increase of 209% in 

energy dissipation, 270% in strength, and 185% in 

stiffness, while ductility decreases by 25%. 

Based on Table 2, the improved performance of the RF 

specimen can be attributed to the increase in displacement 

and yield resistance. By providing lateral bracing with 

crossed steel cables along with a central cylinder, the frame 

exhibits higher displacement and resistance at yielding, 

which increases the resistance, stiffness, and energy 

dissipation of the RF specimen. 

3.2. Effect of Using SMA Cables on Lateral Performance  

This section of the study investigates how the lateral 

performance of a steel frame equipped with a cable bracing 

system changes if memory alloy (SMA) cables are used 

instead of steel cables. Additionally, it examines the 

difference in lateral performance compared to a steel frame 

with a central-cylinder steel cable bracing system. To this 

end, it is first necessary to have a good understanding of 

the SMA material intended for the cables. Accordingly, the 

superelastic and reversible behavior of the SMA materials 

used in this study is explained below: 

In recent years, SMAs have attracted significant 

attention in civil engineering due to their excellent 
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Figure 4 – Sample and stress-strain diagram of the superelastic SMA rod studied by Zhang et al. [11]. 

 

Figure 5 – Numerical model of the steel frame with SMA cable bracing system and comparison with the steel cable frame 

superelastic capabilities and moderate energy dissipation. 

Derivatives of these materials have been considered for 

self-centering systems because of the inherent nonlinear 

elastic behavior of SMAs [15]. SMAs are metallic alloys 

that can recover their original shape after deformation due 

to a solid-to-solid phase transformation. Superelastic 

SMAs can recover large deformations after unloading 

without any external stimulus [15]. 

The stress-strain diagram of these materials (as shown 

in Figure 4) exhibits a “flag-shaped” form in tension and 

compression, with two stages or phases. The initial linear 

behavior, like other materials, has a defined elastic 

modulus and Poisson’s ratio [16]. In Abaqus software 

(version 2019 onward), superelastic material properties are 

included. According to this, the martensite Young’s 

modulus (EM) and martensite Poisson’s ratio (νM) in the 

second tensile phase must be defined. Key input 

parameters for defining superelastic materials include: 

strain range between the Young’s modulus and martensite 

modulus (εL), initial and final stress of loading and 

unloading in tension, initial stress of loading in 

compression, reference temperature, and loading 

parameters. The final plastic strain of the SMA material 

can also be defined in its settings. 

The stress-strain curve of the superelastic SMA rod 

tested in the lab was taken from a centrally damped 

specimen with SMA rods under lateral loading, studied by 

Zhang et al. [16], as shown in Figure 4. The material 

properties of the SMA were recorded in the numerical 

model based on this data. 

Numerical loading (as shown in Figure 5) was applied 

to the steel frame equipped with the SMA cable bracing 

system, designated as “SMA06.” This designation refers to 

the sample being modeled and analyzed with 6 mm 

diameter SMA cables. Figure 5 shows the hysteresis load-

displacement curve of the “SMA06” specimen compared 

with the corresponding curve of the reference steel cable 

bracing frame, “RF,” indicating that the “SMA06” 

specimen exhibits higher performance. 

According to the hysteresis loading results on the 

“SMA06” specimen, the hysteresis loop area, representing 

the system’s energy dissipation, is calculated as 3553 

kN·mm. By evaluating lateral performance indices such as 

strength, stiffness, ductility, and energy dissipation, the 

lateral performance of the SMA-braced steel frame can be 

quantified. Table 3 presents these performance metrics 

alongside the reference steel cable frame (RF). 

From Table 3, it can be inferred that implementing an 

SMA central-cylinder cable bracing system improves the 

lateral performance of the steel frame compared to the steel 

cable bracing system. This improvement includes increases 

in system strength, stiffness, ductility, and energy 

dissipation, with lateral energy dissipation increasing by 

15%, mean lateral strength by 4.5%, mean lateral stiffness 

by 18.5%, and mean lateral ductility by 10%. These 



 Journal of Civil Engineering Researchers 

2025-vol7(4)-p 12-22 

 

18 

Table 3 

Lateral performance of steel frames with SMA cable bracing and central-cylinder steel cable bracing systems. 

  Reaction Force System Hardness Ductility 

Spectrum  

 Energy 

(kN*mm)  

 P+ (Pos) 

(kN)  

 P- (Neg) 

(kN)  

 K+ (Pos) 

(kN/m)  

 K- (Neg) 

(kN/m)  

 μ+ (Pos) 

(kN/m)  

 μ- (Neg) 

(kN/m)  

 RF        3095 46.2 46.4 1481 1444.5 1.7 1.64 

 SMA06     3553 48.8 47.9 1726 1727.3 1.83 1.83 

           15% 6% 3% 17% 20% 8% 12% 
 

Table 4  

SMA samples considered for application in steel frames with central-cylinder cable bracing systems 

Mechanical 

Property        

 EA 

 (GPa)  

 EM 

 (GPa)  

 𝜎𝑆𝑡𝐿 

(MPa)  

 𝜎𝐸𝑡𝐿 

(MPa)  

 𝜎𝑆𝑡𝑈 

(MPa)  

 𝜎𝐸𝑡𝑈 

(MPa)  

 SMA06           27 31 170 455 250 50 

 SMA06-01        54 62 340 910 500 100 

 SMA06-02        13.5 15.5 85 227.5 125 25 
 

 

Table 5  

Lateral performance of steel frames with central-cylinder SMA cable bracing and effect of modified SMA properties. 

  Reaction Force System Hardness Ductility 

Spectrum  

 Energy 

(kN*mm)  

 P+ (Pos) 

(kN)  

 P- (Neg) 

(kN)  

 K+ (Pos) 

(kN/m)  

 K- (Neg) 

(kN/m)  

 μ+ (Pos) 

(kN/m)  

 μ- (Neg) 

(kN/m)  

 RF          3095 46.2 46.4 1481 1444.5 1.7 1.64 

 SMA06       3553 48.8 47.9 1726 1727.3 1.83 1.83 

 SMA06-01    3878 52.6 56.6 1793 1825.1 1.75 1.6 

 SMA06-02    3432 45.4 44.5 1587 1618.5 1.77 1.81 
 

 

changes highlight the advantages of using SMAs to 

enhance the performance of braced structures. 

3.3. Effect of Changing SMA Cable Superelastic 

Properties on Lateral Performance  

This section examines how changes in the SMA 

material properties assigned to the steel cable bracing 

system affect the lateral performance of the steel frame. 

Additionally, it evaluates the differences in lateral 

performance compared to the central-cylinder steel cable 

bracing frame. Several factors are considered for 

modifying SMA properties, as shown in Table 4. 

As seen in Table 4, SMA samples are introduced for use 

in steel frames with central-cylinder cable bracing. The 

first sample, “SMA06,” is the default SMA whose lateral 

performance was detailed in the previous section. The 

“SMA06-01” and “SMA06-02” samples differ from the 

default SMA06. By examining the table, it can be observed 

that the properties of SMA06-01 are twice those of the 

default SMA06, while SMA06-02 properties are half. 

These properties include two elastic moduli (EA and 

EM) for the two linear behaviors of the superelastic 

material. σStL and σEtL correspond to the start and end 

stresses of linear deformation during loading, while σStU 

and σEtU correspond to the start and end stresses during 

unloading. The modified SMA materials must be assigned 

in a separate file to replace the default SMA cables. 

To determine the energy dissipated by the steel frame 

with the modified SMA cables, the area inside all new 

hysteresis load-displacement curves must be calculated. 

The energy dissipation of the double-property SMA 

sample is 3887 kN·mm, and that of the half-property SMA 

sample is 3432 kN·mm. By evaluating lateral performance 

indices such as strength, stiffness, ductility, and energy 

dissipation, the lateral performance of the steel frame with 

modified SMA cables can be quantified. Table 5 presents 

these values alongside the reference frame. 

From Table 5, it can be concluded that doubling the 

elastic properties of the SMA cable increases energy 

dissipation, lateral strength, and stiffness by 9.1%, 7.9%, 

and 3.9%, respectively, but reduces ductility by 4.7%. 
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Conversely, halving the SMA elastic properties decreases 

energy dissipation, strength, and stiffness by 3.4%, 13.7%, 

and 11.5%, respectively, while ductility increases by 1.5%. 

3.4. Effect of SMA Cable Diameter on Lateral 

Performance  

This section of the study addresses the question of how 

the lateral performance of a steel frame equipped with a 

central-cylinder cable bracing system changes if the 

diameter of the cable modeled with a shape memory alloy 

(SMA) is altered. In this context, three cable diameter 

scenarios were considered. The existing cable diameter is 

6 mm, and the two new diameters to be evaluated are 10 

mm and 16 mm. The new specimens for these two 

diameters are labeled "SMA10" and "SMA16," 

respectively. 

Numerical loading (as shown in Figure 5) was applied 

to the steel frame specimens "SMA10" and "SMA16," and 

their hysteresis loading results were obtained. To 

determine the energy absorbed by the steel frame equipped 

with the central-cylinder cable bracing system with the new 

SMA, the area of the loops within the hysteresis load–

displacement diagram was calculated. This represents the 

energy absorption for cable diameters of 10 and 16 mm, 

which were found to be 3585 and 3612 kN·mm, 

respectively. By evaluating the lateral performance 

criteria—strength, stiffness, ductility, and energy 

absorption—of the SMA cable-braced steel frame 

specimens, the lateral performance levels can be 

quantified. Table 6 presents these performance measures 

alongside the reference steel frame (steel frame braced with 

a central-cylinder steel cable system). 

From the results in Table 6, it can be inferred that 

implementing a central-cylinder cable bracing system with 

SMA cables of 10 and 16 mm diameter improves the lateral 

performance of the steel frame compared to the lateral 

performance of the reference steel frame with a central-

cylinder steel cable bracing system. The results indicate 

that increasing the SMA cable diameter from 6 mm to 10 

mm and finally to 16 mm increases the lateral energy 

absorption by 14.8%, 15.8%, and 16.7%, respectively, 

compared to the reference steel cable frame. Similarly, the 

lateral ductility increases by 10%, 5%, and 5.2%, 

respectively. The lateral strength increases by 4.3%, 9.8%, 

and 19.3%, and the lateral stiffness increases by 18.1%, 

23.9%, and 34.6% with the same diameter increments. 

4. Overall Comparison of Results 

 

In this part of the study, the lateral performance data 

obtained for the central-cylinder steel cable-braced frame 

and the various scenarios are compiled to evaluate their 

overall behavior under lateral loading. Table 7 summarizes 

all the specimens considered in this study.

 
Table 6  

Lateral performance of SMA cable specimens with diameters of 10 and 16 mm for use in steel frames braced with a central-cylinder cable system 

  Reaction Force System Hardness Ductility 

Spectrum  

 Energy 

(kN*mm)  

 P+ (Pos) 

(kN)  

 P- (Neg) 

(kN)  

 K+ (Pos) 

(kN/m)  

 K- (Neg) 

(kN/m)  

 μ+ (Pos) 

(kN/m)  

 μ- (Neg) 

(kN/m)  

 RF          3095 46.2 46.4 1481 1444.5 1.7 1.64 

 SMA06       3553 48.8 47.9 1726 1727.3 1.83 1.83 

 SMA10       3330 51.3 50.5 1783 1841 1.8 1.7 

 SMA16       3587 55.8 54.8 1956 1980.4 1.83 1.68 
 

Table 7  

Comprehensive table of all studied specimens, central-cylinder cable-braced steel frames under lateral loading. 

  Reaction Force System Hardness Ductility 

Spectrum  

 Energy 

(kN*mm)  

 P+ (Pos) 

(kN)  

 P- (Neg) 

(kN)  

 K+ (Pos) 

(kN/m)  

 K- (Neg) 

(kN/m)  

 μ+ (Pos) 

(kN/m)  

 μ- (Neg) 

(kN/m)  

 RF          3095 46.2 46.4 1481 1444.5 1.7 1.64 

 SMA06       3553 48.8 47.9 1726 1727.3 1.83 1.83 

 SMA06-01    3878 52.6 56.6 1793 1825.1 1.75 1.6 

 SMA06-02    3432 45.4 44.5 1587 1618.5 1.77 1.81 

 SMA10       3330 51.3 50.5 1783 1841 1.8 1.7 

 SMA16       3587 55.8 54.8 1956 1980.4 1.83 1.68 
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Figure 5. Hysteresis load–displacement and lateral envelope curves for all numerical specimens under study. 

 

Figure 6 – Lateral energy absorption, strength, stiffness, and ductility of all numerical specimens under study. 

According to Table 7, the four seismic performance 

criteria—energy absorption, strength, stiffness, and lateral 

ductility—can be compared across the six central-cylinder 

steel cable-braced frame configurations. Figures 5 and 6 

illustrate the hysteresis and envelope curves, as well as the 

lateral energy absorption, strength, stiffness, and ductility 

for all numerical specimens considered. 

Based on Figures 5 and 6, the following observations 

can be made regarding the hysteresis and envelope curves, 

as well as energy absorption, strength, stiffness, and 

ductility of all specimens: 

• The comparison of lateral performance in cyclic 

loading shows that the main criteria—energy 

absorption, strength, stiffness, and ductility—

were evaluated for six different cases, and the 

related plots illustrate the differences and 

advantages of each system. 

• The results indicate that the SMA cable-braced 

steel frame specimen with double elastic 

properties ("SMA06-01") exhibited the highest 

lateral energy absorption, followed by the 

specimens with cable diameters of 16 mm, 10 

mm, and 6 mm ("SMA16," "SMA10," and 

"SMA06," respectively). Even the specimen with 

half the initial elastic properties ("SMA06-02") 

performed better in energy absorption than the 

reference steel cable frame. 

• In terms of lateral strength, the SMA cable-braced 

specimen with 16 mm diameter ("SMA16") had 

the highest value, followed by "SMA06-01," 

"SMA10," and "SMA06," while "SMA06-02" 

showed lower strength than the reference steel 

cable-braced frame. 

• The SMA 16 mm specimen ("SMA16") also 

exhibited the highest lateral stiffness, followed by 

"SMA06-01," "SMA10," and "SMA06," with 

"SMA06-02" still outperforming the reference 

steel cable frame in stiffness. 

• Regarding ductility, the 6 mm SMA cable frame 

("SMA06") had the highest lateral ductility, 
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followed by 16 mm and 10 mm SMA specimens 

("SMA16" and "SMA10"), while the reference 

steel cable frame had the lowest. 

5. Conclusion 

Considering the importance of improving the seismic 

performance of steel structures, this study evaluated the 

effects of cable type, SMA properties, and cable diameter 

on steel frames equipped with central-cylinder cable 

bracing systems. The goal was to investigate changes in 

strength, stiffness, ductility, and lateral energy absorption 

under different scenarios and to propose effective 

strategies for enhancing seismic behavior. The research 

methodology was based on numerical simulations and 

comparison with baseline data, with performance metrics 

extracted from hysteresis load–displacement and bilinear 

envelope curves. The main findings are as follows: 

• Using the system, even with steel cables, 

increased strength, stiffness, and energy 

absorption by 270%, 185%, and 209%, 

respectively, compared to the unbraced frame, 

although ductility decreased by 25%. Replacing 

steel cables with SMA simultaneously increased 

strength (4.5%), stiffness (18.5%), energy 

absorption (15%), and ductility (10%), 

compensating for the ductility reduction. 

• Doubling the superelastic properties of SMA 

increased load capacity and energy absorption but 

slightly decreased ductility; halving these 

properties had the opposite effect. Increasing the 

SMA cable diameter from 6 to 10 and 16 mm 

improved all indices, especially stiffness (up to 

34.6%) and strength (up to 19.3%), without 

noticeable ductility loss. 

• Load–displacement curves showed that the SMA 

cable with double properties and 6 mm diameter 

("SMA06-01") had the highest energy absorption, 

while the 16 mm cable specimen ("SMA16") 

exhibited the greatest strength and stiffness. Even 

the half-property specimen ("SMA06-02") 

outperformed the conventional steel system in 

stiffness and energy absorption. In ductility, the 6 

mm SMA cable performed best, and the 

conventional steel system performed worst. 

• The central-cylinder cable bracing system, even 

with steel cables, significantly increases strength, 

stiffness, and energy absorption, but reduces 

ductility. Using SMA cables instead of steel 

simultaneously enhances strength, stiffness, 

energy absorption, and ductility, offsetting 

ductility loss. 

• Enhancing SMA elastic properties improves 

strength and energy absorption but slightly 

reduces ductility; decreasing these properties has 

the opposite effect. Increasing SMA cable 

diameter is an effective way to improve all lateral 

performance indicators, especially stiffness and 

strength. 

In summary, the results demonstrate that using SMA 

cables in central-cylinder cable bracing systems, along 

with optimization of properties and cable diameter, is an 

efficient approach to increase strength, stiffness, ductility, 

and energy absorption and to improve seismic 

performance. 

References 

[1] Hu, X., J.-W. Bai, K. Khandelwal, and M. Bruneau. “Mitigation of 

residual deformations in eccentrically braced frames through a low-

cost re-centering mechanism.” Earthquake Engineering & Structural 

Dynamics 50.14 (2021): 3660–3678. 

https://doi.org/10.1002/eqe.4113  

[2] Lavan, O. “Seismic design and retrofit procedure for total 

accelerations and inter-story drifts reduction of buildings with 

protective systems.” In Proceedings of the 9th U.S. National and 10th 

Canadian Conference on Earthquake Engineering (Paper No. 359). 

Toronto, Canada (2010). 

[3] Issa, A., S. Stephen, and A. Mwafy. “Unveiling the seismic 

performance of concentrically braced steel frames: A comprehensive 

review.” Sustainability 16.1 (2024): 427. 

https://doi.org/10.3390/su16010427  

[4] Sakellariadis, L., I. Anastasopoulos, and G. Gazetas. “Fukae bridge 

collapse (Kobe 1995) revisited: New insights.” Soils and 

Foundations 60.6 (2020): 1450–1467. 

https://doi.org/10.1016/j.sandf.2020.09.005  

[5] Hu, S., W. Wang, M. S. Alam, and K. Ke. “Life-cycle benefits 

estimation of self-centering building structures.” Engineering 

Structures 284 (2023): 115982. 

https://doi.org/10.1016/j.engstruct.2023.115982  

[6] Xu, G., T. Guo, and A. Li. “Development and investigation of a self-

centering cable brace with variable slip stiffness for braced frame 

structure.” Journal of Building Engineering 76 (2023): 107383. 

https://doi.org/10.1016/j.jobe.2023.107383  

[7] Ghasemi, M., C. Zhang, H. Khorshidi, and L. Sun. “Seismic 

performance assessment of steel frames with slack cable bracing 

systems.” Engineering Structures 250 (2022): 113437. 

https://doi.org/10.1016/j.engstruct.2021.113437  

[8] Xu, G., T. Guo, A. Li, Y. Wu, H. Zhang, and G. Zhi. “Innovative 

self-centering tension-only braces for enhanced seismic resilience in 

frame structures: An experimental and numerical analysis.” 

Engineering Structures 319 (2024): 118816. 

https://doi.org/10.1016/j.engstruct.2024.118816  

[9] Fanaie, N., and E. Afsar Dizaj. “Cable-cylinder bracing system: 

Theoretical background, structural behavior, and seismic design 

coefficients.” In Seismic Evaluation, Damage, and Mitigation in 

Structures, edited by I. Mansouri and P. O. Awoyera, 51–94. 

Woodhead Publishing (Elsevier) (2022). 

https://www.sciencedirect.com/book/9780323885317  

[10] Chou, C.-C., and L.-Y. Huang. “Mechanics and validation tests of a 

post-tensioned self-centering brace with adjusted stiffness and 

https://doi.org/10.1002/eqe.4113
https://doi.org/10.3390/su16010427
https://doi.org/10.1016/j.sandf.2020.09.005
https://doi.org/10.1016/j.engstruct.2023.115982
https://doi.org/10.1016/j.jobe.2023.107383
https://doi.org/10.1016/j.engstruct.2021.113437
https://doi.org/10.1016/j.engstruct.2024.118816
https://www.sciencedirect.com/book/9780323885317


 Journal of Civil Engineering Researchers 

2025-vol7(4)-p 12-22 

 

22 

deformation capacities using disc springs.” Thin-Walled Structures 

195 (2024): 111430. https://doi.org/10.1016/j.tws.2024.111430  

[11] Casagrande, L., C. Menna, D. Asprone, M. Ferraioli, and F. 

Auricchio. “Buildings.” In Shape Memory Alloy Engineering (2nd 

ed.), 689–729. Elsevier (2021). https://doi.org/10.1016/B978-0-12-

819264-1.00021-2  

[12] Askariani, S. S., S. Garivani, I. Hajirasouliha, and N. Soleimanian. 

“Innovative self-centering systems using shape memory alloy bolts 

and energy dissipating devices.” Journal of Constructional Steel 

Research 190 (2022): 107127. 

https://doi.org/10.1016/j.jcsr.2021.107127  

[13] ABAQUS-V6.19-1. “Finite Element Analysis Software.” Johnston, 

RI, USA. ABAQUS/Standard theory. Manual, Dassault Systèmes 

Simulia Corp. (2019). 

[14] Mehrabi, M. H., Z. Ibrahim, S. S. Ghodsi, and M. Suhatril. “Seismic 

characteristics of X-cable braced frames bundled with a 

precompressed spring.” Soil Dynamics and Earthquake Engineering 

116 (2019): 732–746. https://doi.org/10.1016/j.soildyn.2018.10.014  

[15] Lagoudas, D. C., and J. G. Boyd. “Shape memory alloys in civil 

engineering: Applications and challenges.” Materials Science and 

Engineering: R: Reports 140 (2019): 1-22. 

https://doi.org/10.1016/j.mser.2019.01.001  

[16] Zhang, S., et al. “Tests of a novel re-centering damper with SMA 

rods and friction wedges.” Engineering Structures 236 (2021): 

112125. https://doi.org/10.1016/j.engstruct.2021.112125 

 

https://doi.org/10.1016/j.tws.2024.111430
https://doi.org/10.1016/B978-0-12-819264-1.00021-2
https://doi.org/10.1016/B978-0-12-819264-1.00021-2
https://doi.org/10.1016/j.jcsr.2021.107127
https://doi.org/10.1016/j.soildyn.2018.10.014
https://doi.org/10.1016/j.mser.2019.01.001
https://doi.org/10.1016/j.engstruct.2021.112125


 Journal of Civil Engineering Researchers 

2025-vol7(4)-p 23-33 

 

23 

 

Journal of Civil Engineering Researchers 

Journal homepage: www.journals-researchers.com 

  
  

 

 

A Comparative Analysis of Ensemble NWP Models for Flood 

Forecasting 

 Saleh Aminyavari a,*  

a Department of Civil Engineering, Cha.C., Islamic Azad University, Chalous, Iran 

 

ARTICLE INFO 

 

ABSTRACT 

Received: October 13, 2025 

Accepted: Novembre 01, 2025 
This study presents the first application of gamma quantile mapping to bias-correct ensemble 

precipitation forecasts from seven global NWP models (ECMWF, NCEP, UKMO, CMA, 

JMA, ECCC, NCMRWF) in the data-scarce Saliyan Basin, Iran. The integration of these 

models with advanced bias correction techniques significantly improves flood forecasting 

accuracy. To address systematic biases in the raw forecasts, gamma quantile mapping was 

applied, significantly enhancing the reliability of the precipitation inputs. These bias-

corrected forecasts were then used as inputs for the GR4J hydrological model to simulate 

river flow and predict flood events. The study period included a major flood event in March 

2019, which was used to evaluate the performance of the ensemble forecasting system. 

Results demonstrated that bias correction using gamma quantile mapping substantially 

improved the accuracy of flood forecasts, with the ECMWF and UKMO models showing 

the highest skill scores. The ensemble approach effectively captured the uncertainty in flood 

predictions, providing valuable insights for risk assessment and decision-making. This 

research highlights the importance of bias correction in ensemble forecasting and offers a 

robust framework for flood prediction in data-scarce regions. The findings have significant 

implications for improving flood early warning systems and mitigating flood-related 

damages in similar basins worldwide. 

Keywords: 

Flood Forecasting 

Ensemble Numerical Weather 

Prediction (NWP) 

Gamma Quantile Mapping 

Uncertainty Analysis 

Iran  

 
 
 

 

DOI:  
 

This is an open access article under the CC BY licenses. 

© 2025   Journal   of   Civil   Engineering   Researchers.  DOR:  

 

1. Introduction 

Weather forecasts play a crucial role in hydrological 

applications. Predicting the likelihood of floods provides 

an opportunity for disaster managers to plan for damage 

reduction, manage water distribution, and mitigate 

potential damages. Therefore, managers need an index of 

forecast uncertainty to assess the risks associated with 

management decisions. Today, significant advancements 

have been made in improving weather forecasts, one of 
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which is numerical weather predictions (NWP). NWP 

values are generated by solving the governing equations of 

the atmosphere using three-dimensional numerical 

methods for various temporal and spatial scales. Improving 

numerical precipitation forecasts is a primary goal of 

forecasting centers and a major challenge for the 

hydrometeorological research community. The 

weaknesses of NWP models in accurately describing 

atmospheric processes, along with unavoidable random 

errors in solving numerical equations, result in significant 
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uncertainty in NWP forecasts. Since the data from NWP 

models are used as inputs for hydrological models to 

predict flow, the accuracy of these data affects the 

simulated flow results. Thus, NWP model results impose 

considerable uncertainty on hydrological models. Given 

the limitations of deterministic forecasts in atmospheric 

states and changes in initial conditions, ensemble 

forecasting methods have been developed to improve the 

capability of numerical and probabilistic forecasts. 

Ensemble forecasts involve multiple individual forecasts 

generated with different physical parameterizations or 

initial conditions [1]. One of the key issues in using 

ensemble precipitation forecasts in hydrological models is 

addressing input uncertainty. Extensive research has been 

conducted on the application of ensemble forecasts in 

hydrological applications, some of which are discussed 

below. 

Thirel et al. (2008) evaluated the capabilities of two 

ensemble forecasting systems, ECMWF and PEARP, for 

river flow forecasting across France. The results showed 

that ensemble flow forecasts based on PEARP data were 

better for floods and small basins, while ECMWF data 

performed better for large basins and low flows [2]. He et 

al. (2010) used TIGGE meteorological data to create a 

flood warning system for the upper Huai River basin in 

China. A grand ensemble was created from five centers 

with equal weight coefficients. Precipitation was classified 

into low, medium, and high categories, and the results 

showed that evaluation scores decreased from low to heavy 

precipitation, indicating that the equal weight coefficients 

needed further investigation [3]. Alfieri et al. (2014) 

evaluated the European Flood Awareness System (EFAS), 

which uses outputs from ECMWF and DWD models. The 

results indicated that model performance significantly 

decreased for basins smaller than 300 km² due to 

underestimation of runoff in mountainous areas [4]. 

Bennett et al. (2014) developed a continuous ensemble 

hydrological forecasting system (SCHEF) for nine 

Australian basins using NWP forecasts. NWP forecasts 

were post-processed using the BJP method, and the GR4H 

rainfall-runoff model was used for hydrological modeling. 

The results showed that SCHEF effectively predicted river 

flow, especially for a 1- to 6-day forecast horizon [5]. 

Zomerdijk (2015) examined the development of a flood 

ensemble forecasting system in Quzhou, eastern China, for 

a 1- to 10-day forecast horizon and evaluated flood 

forecasts using precipitation forecasts from four 

meteorological centers: ECMWF, NCEP, UKMO, and 

CMA. The integrated GR4J hydrological model was used 

for flood forecasting. Ensemble precipitation forecasts 

were corrected using quantile mapping, and the results 

showed that all models had good flood forecasting 

capabilities, with ECMWF performing the best and CMA 

the worst [6]. Thiemig et al. (2015) assessed the 

capabilities of the African Flood Forecasting System 

(AFFS) based on ECMWF forecasts. The results showed 

that AFFS correctly predicted 70% of floods [7]. Matsueda 

and Nakazawa (2015) created a rapid warning system using 

ensemble forecasts from UKMO, NCEP, ECMWF, and 

JMA models in the TIGGE database. They assessed the 

probability of extreme weather events and found that these 

models successfully predicted severe events like the 2010 

Russian heatwave, the 2010 Pakistan floods, and Hurricane 

Sandy in 2012 [8]. Cai et al. (2019) studied uncertainty in 

precipitation forecasts from four TIGGE centers in China's 

Huai River basin during flood season. They introduced a 

new model using fuzzy probabilities and Bayesian theory 

(GPDF), finding it highly accurate, reliable, and sharp. 

Uncertainty rose with forecast horizon, and the model 

provided acceptable accuracy for flood risk analysis up to 

three days [9]. 

Zhang et al. (2020) demonstrated that advanced bias 

correction methods, such as gamma quantile mapping, can 

significantly enhance the accuracy of precipitation 

forecasts [10]. Similarly, Li et al. (2021) investigated the 

impact of high-resolution ensemble NWP models on flood 

forecasting in small basins and found that these models can 

effectively reduce uncertainty [11]. In another study, Wang 

et al. (2022) combined ensemble NWP models with 

machine learning techniques for flood prediction and 

observed a notable improvement in forecast accuracy [12]. 

Additionally, Kumar et al. (2023) examined the influence 

of input data quality on flood forecasting accuracy and 

highlighted the critical role of bias correction in improving 

results [13]. Martinez et al. (2021) conducted an 

uncertainty analysis in flood forecasting using ensemble 

NWP models and advanced statistical methods, showing 

that these approaches can effectively manage uncertainty 

[14]. Finally, Lee et al. (2023) explored the impact of 

regional characteristics on the performance of flood 

forecasting methods and emphasized the importance of 

selecting appropriate techniques for each region [15]. 

 In evaluating TIGGE ensemble precipitation forecasts 

for Iran, Aminyavari et al. (2018) examined forecasts from 

three centers (ECMWF, UKMO, and NCEP) in eight 

different precipitation groups across Iran. The results 

showed that ECMWF performed better in most regions, 

UKMO in mountainous areas, and NCEP along the Persian 

Gulf coast [16]. Aminyavari et al. (2018) post-processed 

TIGGE forecast data in the Beshar basin using a 

combination of quantile mapping and Bayesian averaging. 

They concluded that the forecasting skill of the models for 

the Beshar basin improved, and the VR histogram obtained 

from each model showed a uniform distribution. The 

combined BMA forecast had higher skill than individual 

models [17]. Aminyavari et al. (2019) evaluated NWP 

models (ECMWF, UKMO, NCEP) and GPM satellite for 

2019 floods in Iran. Satellite estimates were more accurate



 Journal of Civil Engineering Researchers 

2025-vol7(4)-p 23-33 

 

25 

 

Figure 1. Layout of rain gauge of Research Basin 

Table1.  

Specifications of seven NWP models in TIGGE database 
 

Center 
No. of Ensemble 

Members 

Horizontal Resolution 

Archived 

Forecast 

Length (day) 

Initial Perturbation 

Method 

ECMWF 50 
N320(~0.28°) 
N160(~0.56°) 

0-10  
10-15 

EDA-SVINI 

NCEP 20 1.0°×1.0° 0-16 BV-ETR 

UKMO 17 0.83°×0.56° 0-15 ETKF 
CMA 14 0.56°×0.56° 0-10 BV 

JMA 26 1.25°×1.25° 0-11 SV 

ECCC 20 1°×1° 0-16 EKF 
NCMRWF 11 0.25°×0.25° 0-10 ETKF 

 

for precipitation amount, UKMO excelled in spatial 

distribution, NCEP's performance decreased with higher 

thresholds, and ECMWF had better POD and lower false 

alarms at specific thresholds [18]. Hoghoughinia et al. 

2024 evaluated three post-processing methods—Quantile 

Mapping (QM), Support Vector Machine (SVM), and 

Random Forest (RF)—applied to ECMWF precipitation 

forecasts over Iran. The RF method significantly improved 

forecast accuracy, particularly in regions with higher 

precipitation rates, demonstrating the importance of post-

processing for enhancing flood forecasting and 

management [19].  

Despite advances in ensemble forecasting, the 

combined use of seven NWP models with gamma quantile 

mapping remains unexplored, particularly in regions prone 

to flash floods due to complex topography and sparse data. 

 In this study, ensemble precipitation forecasts from 

seven centers (UKMO, ECMWF, NCEP, ECCC, JMA, 

NCMRWF, and CMA) were extracted from the TIGGE 

database for the Saliyan basin and bias-corrected using 

gamma quantile mapping. The bias-corrected ensemble 

precipitation forecasts were then used as inputs for the 

G4RJ rainfall-runoff model. In terms of innovation, no 

research has been conducted on bias-correcting ensemble 

precipitation forecasts from seven NWP models using 

gamma quantile mapping and analyzing uncertainty in 

ensemble flood forecasts for the Saliyan basin in 2019. 

2. Materials and Methods  

2.1. Study Basin Characteristics and Forecast Data  

The main river of the Saliyan basin is the Saliyan 

Tappeh or Habib Eshan River. This river is formed by the 

confluence of the Qarasu Ramian, Siah Jub, Zarringol, and 

Kabul Val rivers and flows into the Gorgan River near the 

village of Habib Eshan after the Gorgan Dam. The basin 

area up to the Baghe Saliyan hydrometric station is 

approximately 1800 km². Eleven rain gauge stations from 

the Meteorological Organization, whose characteristics 

and locations in the basin are shown in Figure 1 based on 

UTM coordinates, were selected for precipitation.  

The Baghe Saliyan hydrometric station was chosen for 

observed discharge, and the Aliabad Katul synoptic station 

was selected for temperature. The precipitation data from 

the 11 rain gauge stations and the Saliyan hydrometric 

station were tested for trends using the Mann-Kendall test. 

The results showed that p-values for all stations were above 

0.05, indicating no trend in the observed data, and the Sen's 
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slope was approximately zero for all stations. The Pettitt 

non-parametric test was also applied to test the 

homogeneity of the 11 rain gauge stations, and no 

significant changes were observed in the precipitation time 

series. 

Ensemble precipitation forecast data from seven centers 

(UKMO, ECMWF, NCEP, ECCC, JMA, NCMRWF, and 

CMA) were extracted from the TIGGE database 

(https://apps.ecmwf.int/datasets/data/tigge/levty
pe=sfc/type=pf/) for the Saliyan basin with a resolution 

of 50 km. Their specifications are listed in Table 1. 

Since forecast values are located at the center of the 

forecast grid points, which are 50 km apart and differ from 

the spatial coordinates of the rain gauge stations, these data 

need to be interpolated to the locations of the ground 

observation stations for accurate evaluation. Various 

interpolation methods exist but based on successful 

experiences in similar studies [20, 21, 22], the inverse 

distance weighting (IDW) method was used. IDW is a non-

linear interpolation method that uses a weighted average of 

forecast values near the target station. In this study, four 

grid points around each station were selected, weighted 

based on their diagonal distance to the target station, and 

used in the IDW formula to calculate the forecast 

precipitation at the selected station. This step was 

performed for all seven models over the study years for 

each day with all ensemble members. 

 
Figure 2. Flood hydrograph of Research Basin 

On March 17, 2019, heavy rainfall in the northern 

provinces of Iran, including Golestan, Mazandaran, and 

North Khorasan, caused flooding. Many factors 

contributed to the flooding, but the most significant were 

soil erosion due to excessive forest exploitation, 

continuous rainfall, and the release of water from dams, 

leading to flooding in the two northern provinces of Iran 

March 2019. In this study, most sub-basins of the Gorgan 

River were examined, and the Saliyan sub-basin was 

selected for evaluating the performance of numerical 

models in flood forecasting due to the availability of 

statistical data and calibration results. Figure 2 shows the 

flood hydrograph for this basin. The hydrograph starts on 

March 17, 2019, with a peak flow of 75.6 m³/s occurring 

on April 1, 2019, lasting for six hours (8 AM to 2 PM). The 

total flood volume was 75.32 million cubic meters. 

According to the Golstan Regional Water Authority, the 

total precipitation in the basin was approximately 250 mm, 

which, based on statistical analysis, was unprecedented in 

the past 50 years. The training period (October 2018–

March 2019) was chosen to encompass seasonal variability 

in precipitation, ensuring robust calibration of the gamma 

function. 

2.2. Study Basin Characteristics and Forecast Data  

Most ensemble precipitation forecasts have bias errors 

that need correction. Bias can be unconditional 

(systematic) or conditional. Systematic bias refers to the 

difference between the mean forecasts and observations 

over the study period, which is not influenced by the user, 

while conditional bias is based on thresholds set by the 

user. The goal of bias correction is to correct systematic 

bias errors. Gamma quantile mapping was selected for its 

ability to handle zero-inflated, skewed precipitation 

distributions (Piani et al., 2010), unlike methods assuming 

normality (e.g., linear scaling). This is critical for the 

Saliyan Basin, where 80% of annual rainfall occurs in 

sporadic, high-intensity events [23]. The gamma 

distribution is the best fit for this type of data [24]. To 

perform bias correction, the cumulative distribution 

function (CDF) of observations and forecasts is first 

extracted based on the gamma distribution. Then, using the 

following formula, quantiles (Qn) from the forecast CDF 

are extracted, and new precipitation values are calculated 

from the observed CDF based on the obtained quantiles. 

BCfcst=CDFobs
-1 (CDFfcst(Fcst))=CDFobs

-1 (Q
n
) (1) 

The gamma quantile mapping method was implemented 

using the hyfo package [25] in R. The training period for 

bias correction was from October 1, 2018, to March 15, 

2019, and forecasts from March 15, 2019, to April 15, 

2019, were bias-corrected based on the fitted function from 

the training period. This process was performed separately 

for each ensemble member of each numerical model. In 

other words, bias correction was performed 158 times 

(50+20+17+14+26+20+11) for each day based on the third 

column of Table 1 (number of ensemble members). 

2.3. Flow forecasting  

The GR4J integrated continuous conceptual rainfall-

runoff model was used to predict the flow of the Baghe 

Saliyan River during the study years. The model was 

implemented using the airGR package in R [26]. This 

model was selected based on reputable research [6, 7, 17] 

in flood forecasting. The main inputs for the model are 

precipitation, temperature, and potential 

evapotranspiration, which must be averaged over the basin. 

The Thiessen polygon method was used to calculate the 
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average values of the required inputs for the Saliyan basin. 

First, observed precipitation and forecasts from all seven 

models were interpolated to the 11 selected stations in the 

basin using the Thiessen polygon method. This was done 

separately for each ensemble member for the 11 stations. 

After preparing the precipitation, discharge, and potential 

evapotranspiration data for the Saliyan basin, these values 

were merged based on common days, resulting in 5170 

days from December 31, 2001, to August 22, 2017, 

available for calculating optimal parameters. A one-year 

warm-up period was set before the calibration period for 

model initialization. Thus, the period from December 31, 

2001, to December 15, 2002 (some days lacked data), was 

used as the warm-up period, from December 16, 2002, to 

May 4, 2014, as the calibration period, and from May 5, 

2014, to August 22, 2017, as the validation period. The 

optimal parameters obtained from the model were then 

used to predict floods using numerical precipitation 

forecasts from the seven centers from March 17, 2019, to 

April 15, 2019. The GR4J model has four parameters for 

flow forecasting, which must be optimized during 

calibration and tested during validation. Parameter (X1) 

represents the maximum soil moisture capacity of the 

basin. Soil moisture acts like a reservoir that is filled with 

precipitation and empties with potential 

evapotranspiration. Parameter (X2) indicates the influence 

of groundwater on the routing reservoir. A positive value 

indicates groundwater inflow into the routing reservoir, 

while a negative value indicates a decrease in the routing 

reservoir height and inflow into groundwater. A negative 

value suggests that some precipitation in the basin enters 

groundwater. Parameter (X3) represents the capacity of the 

routing reservoir, and parameter (X4) is the base time of 

the unit hydrograph for routing. In this study, four 

optimization methods were used to calculate the optimal 

parameters during calibration: the Michel optimization 

algorithm (available in GR4J) [27], the differential 

evolution algorithm (DE), the improved particle swarm 

optimization algorithm (PSO), and the memetic algorithm 

with local search (MA-LS). 

 For calibration and validation of the GR4J rainfall-

runoff model and calculation of optimal parameters, daily 

observed data from the Saliyan basin, including discharge, 

precipitation, and temperature from 2002 to 2017, were 

used. Optimal parameters were calculated using four 

optimization methods. The RMSE index was used as the 

optimization criterion. The optimal parameters for all four 

methods are shown in Table 2. As evident from the table, 

the parameters were nearly identical across all methods. 

The simulated discharges with optimal parameters were 

evaluated based on RMSE, bias in mean and standard 

deviation of simulated and observed discharges, the Nash-

Sutcliffe efficiency (NSE), and the correlation coefficient 

(R2) for both calibration and validation periods, as shown 

in Table 3. The results were relatively good for the 

validation period. 
Table 2. 

Optimal parameters obtained in 4 optimization methods 

X4 (d) X3 (mm) X2 (mm/d) X1 (mm) Model 

2.48 122.983 -19.52 391.937 airGR 

2.484 123.833 -19.802 387.927 DE 

2.482 123.727 -19.763 388.205 PSO 

2.509 123.594 -19.769 387.258 MA-LS 

 

Table 3.  

Streamflow simulation results with observational data on calibration 

and validation periods  
RMSE  

(mm/day) 

BIASsd BIASmean NSC R2 

Calibration 0.17 0.93 0.8 0.76 0.83 

Validation 0.20 0.51 0.5 0.53 0.55 

 

3. Results  

In this section, all numerical precipitation forecasts 

from the seven models with all ensemble members were 

bias-corrected using gamma quantile mapping. Seventy 

percent of the data were used for training, and the 

remaining 30% were bias-corrected based on the fitted 

function from the training period. Based on the optimal 

parameters obtained in the previous section, flow forecasts 

were performed using raw and bias-corrected numerical 

precipitation model inputs. Figure 3 shows the flow 

forecast results for the CMA, ECMWF, JMA, NCEP, 

UKMO, ECCC, and NCMRWF models in both raw and 

bias-corrected states. As evident from the figures, the CMA 

model performed poorly in the raw state but improved after 

bias correction, although it still slightly underestimated the 

flood volume. The ECMWF model performed better in the 

raw state compared to other models and excelled after bias 

correction The JMA model performed poorly in the raw 

state and overestimated the flood volume after bias 

correction, likely due to inherent regional biases in its 

convective parameterization, which struggles to resolve 

orographic precipitation in the Saliyan Basin’s steep 

topography (see Figure 1). The UKMO model performed 

relatively well in the raw state and excelled after bias 

correction. The ECCC model had moderate performance in 

the raw state and slightly underestimated the flood volume 

after bias correction, but all ensemble members improved. 

The NCMRWF model performed poorly in the raw state 

but improved after bias correction, although it still slightly 

underestimated the flow. 

For a better comparison of the numerical models' 

performance in ensemble flow forecasting after bias 
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Figure 3. Ensemble flow forecast in two raw and bias-corrected modes of models 
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correction versus the raw state, box plots of the NSE values 

for the ensemble members of each numerical model are 

shown in Figure 4. As evident, the NSE values in the bias-

corrected state were mostly above 0.5, indicating good 

model performance after bias correction. The ECMWF and 

UKMO models performed exceptionally well after bias 

correction, with nearly 50% of ensemble members 

achieving NSE values above 0.7. This superior 

performance likely stems from their higher spatial 

resolution (N320/0.28° for ECMWF and 0.83°×0.56° for 

UKMO; see Table 1) and advanced perturbation methods 

(EDA-SVINI for ECMWF and ETKF for UKMO), which 

enable better capture of localized rainfall dynamics in the 

Saliyan Basin. For the JMA model, although some 

ensemble members had very poor NSE values (as low as -

2.5), most members had NSE values between 0.2 and 0.6. 

Figure 5 shows the results of probabilistic flow 

forecasting evaluation for the seven numerical models 

using the continuous ranked probability score (CRPS) in 

both raw and bias-corrected states. As evident, all models 

performed poorly in the raw state and were weaker than the 

reference forecasts. After bias correction, the CRPS scores 

of all models improved significantly, with the UKMO and 

ECMWF models achieving positive scores. The 

cumulative distribution function (CDF) of the flow 

forecasts after bias correction became closer to the 

observed CDF. 

 

Figure 6 shows the results of probabilistic flow 

forecasting evaluation for the seven models using the Brier 

skill score (BSS) in both raw and bias-corrected states. As 

evident, all models performed poorly in the raw state and 

were weaker than the reference forecasts. After bias 

correction, the BSS scores of all models, especially JMA, 

increased, indicating that the numerical models better 

predicted the probability of floods after bias correction. 

Additionally, the increase in BSS scores indicates that after 

bias correction, the uncertainty of all seven numerical 

models decreased, and their resolution increased. 

Rank histograms were used to evaluate the performance 

of probabilistic flow forecasts from the seven numerical 

ensemble precipitation models. Figure 7 shows the rank 

histograms for the seven models in both raw and bias-

corrected states.

 
Figure 4. Boxplot for ensemble flow forecast in two raw and bias-corrected states for the Nash-Sutcliffe criterion 
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Figure 5. Results of ensemble flow forecasting evaluation of models with CRPS skill score 

 

Figure 6. Results of ensemble flow forecasting evaluation of models with Brier skill score 

The NCMRWF model has 11 ensemble members. After 

sorting the ensemble members in ascending order for each 

day, most observed discharges were higher than the 

ensemble forecasts, indicating that the model 

underestimated in the raw state. After bias correction, some 

observed discharges fell within the higher ensemble 

members, indicating improved flow forecasting. The CMA 

model has 14 ensemble members. Similar to the previous 

model, no observed discharges fell within the ensemble 

members in the raw state, but after bias correction, a few 

observed discharges fell within the higher ensemble 

members, although the model still underestimated flood 

discharges. The UKMO model has 17 ensemble members. 

In the raw state, a few observed discharges fell within the 

ensemble members. In the bias-corrected state, most of the 

20 observed discharges fell within the ensemble members, 

indicating that the model effectively identified 

uncertainties. The ECCC model has 20 ensemble members. 

In the raw state, 4 observed discharges fell within the 

ensemble members, and in the bias-corrected state, 15 

observed discharges fell within the ensemble members, 

indicating good flood forecasting performance. The NCEP 

model also has 20 ensemble members but captured the 

fewest observed discharges in both raw and bias-corrected 

states compared to other models. The JMA model has 26 

ensemble members and performed poorly in the raw state, 

with almost all observed discharges falling into higher 

ranks. In contrast, in the bias-corrected state, most 

observed discharges fell within the lower ranks, indicating 

overestimation. Finally, the ECMWF model has 50 

ensemble members. In the raw state, 4 observed discharges 

fell within the ensemble members, and in the bias-

corrected state, 15 observed discharges fell within the 

ensemble members. The ECMWF model was the only one 

with observed discharges uniformly distributed among the 

ensemble members, indicating better performance 

compared to other models. 

4. Discussion  

The results demonstrate that high-resolution models like 

ECMWF/UKMO are particularly effective in 

topographically complex regions like northern Iran, where 

localized rainfall dynamics dominate flood risks. This 

aligns with Lee et al. (2023), who emphasized region-

specific model selection for flood forecasting. The 

application of gamma quantile mapping effectively 

reduced systematic biases in the raw ensemble 

precipitation forecasts, leading to more reliable inputs  for
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Figure 7. Rank histogram of probabilistic streamflow forecasts with raw numerical forecasts and bias-corrected precipitation for 7 models 
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the GR4J hydrological model. This improvement was 

particularly evident in the performance of the ECMWF and 

UKMO models, which consistently showed higher skill 

scores in predicting flood events. The ensemble approach 

also provided valuable insights into the uncertainty 

associated with flood forecasts, enabling better risk 

assessment and decision-making for flood management. 

The findings align with recent studies that have highlighted 

the importance of bias correction in ensemble forecasting. 

For instance, Zhang et al. (2020) [10] and Li et al. (2021) 

[11] emphasized the role of advanced bias correction 

methods in enhancing the accuracy of precipitation 

forecasts, especially in data-scarce regions. Similarly, the 

improved performance of the ECMWF and UKMO models 

observed in this study is consistent with the results of Wang 

et al. (2022) [12], who demonstrated the effectiveness of 

high-resolution ensemble NWP models in flood prediction. 

However, the relatively poor performance of the NCEP and 

JMA models, even after bias correction, suggests that the 

quality of initial conditions and model physics may play a 

critical role in the accuracy of ensemble forecasts. This 

observation is supported by Kumar et al. (2023) [13], who 

found that input data quality significantly influences flood 

forecasting outcomes. One of the key contributions of this 

study is the application of gamma quantile mapping to 

multiple ensemble NWP models, which has not been 

extensively explored in previous research. The results 

indicate that this method can effectively address systematic 

biases and improve the reliability of flood forecasts, 

particularly in regions with complex hydrological and 

meteorological conditions, such as the Saliyan Basin. 

However, the study also highlights the need for further 

research to optimize bias correction techniques and explore 

their applicability in different climatic and hydrological 

contexts. 

5. Conclusion  

This study investigated the potential of ensemble NWP 

models combined with gamma quantile mapping for 

improving flood forecasting in the Saliyan Basin, Iran. The 

results demonstrated that bias correction using gamma 

quantile mapping significantly enhanced the accuracy of 

precipitation forecasts, leading to more reliable flood 

predictions. The ECMWF and UKMO models emerged as 

the top-performing models, while the NCEP and JMA 

models showed relatively weaker performance, even after 

bias correction. The ensemble approach effectively 

captured the uncertainty in flood forecasts, providing 

valuable insights for flood risk management and decision-

making. The findings of this study have important 

implications for improving flood early warning systems, 

particularly in data-scarce regions. By integrating 

ensemble NWP models with advanced bias correction 

techniques, it is possible to reduce the uncertainty 

associated with flood forecasts and enhance the reliability 

of hydrological predictions. Future research should focus 

on optimizing bias correction methods, exploring the use 

of machine learning techniques for post-processing 

ensemble forecasts, and evaluating the performance of 

these methods in different hydrological and climatic 

settings. Overall, this study contributes to the growing 

body of knowledge on flood forecasting and provides a 

robust framework for improving flood risk management in 

similar basins worldwide. 
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The ability to identify structural damage in its earliest stages cannot be overstated in terms 

of importance. This study uses a two-step procedure based on wavelet theory and an 

optimization method to identify the location and severity of damage in beams and plates. 

The damage simulates through the introduction of cracks at targeted locations. Acceleration 

responses obtained from a dynamic analysis using finite element method undergo wavelet 

transformation, enabling detailed analysis of the dynamic response signals. Through filtering 

processes, the structural response signal details are extracted. Disturbances appearing in the 

signal detail plots indicate the presence of damage, leading to the development of a 

quantitative index for determining probable damage locations. The second phase is used to 

properly determine the location and magnitude of the damage using firefly optimization 

algorithm. To assess the effectiveness of the proposed method, three numerical examples 

including two beams with 16 and 27 elements, and a plate with different support conditions, 

one with two-edge fixed supports and another with four-edge fixed supports are considered. 

Different damage scenarios with noise interferences are considered for the structures. The 

findings indicate that the proposed methodology shows outstanding results in terms of 

identifying the location and severity of damage using acceleration responses with 

considering noise. 
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1. Introduction 

The occurrence of damage during the service life of 

structures is inevitable and it can be considered one of the 

main causes of failure in structural systems. Structural 

damage typically manifests locally in specific members or 

connections, progressively spreading over time. Failing to 

detect local damage promptly can lead to a sudden 

catastrophic failure. Therefore, proper identification of 

damaged members in structures, along with timely repair 
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and replacement, increases operational life of structures 

and prevents any probable global damage. Damage causes 

changes in dynamic and static responses, materials, 

geometry, and other characteristics of structures. Structural 

Health Monitoring (SHM) is basically the observation and 

discovering of such changes in structures during their 

lifetime, aiming to identify damage. As a result, the health 

monitoring of structures, either permanently or by periodic 

testing, can enhance safety, integrity, and proper behavior 

of structures. Wavelet transforms represent one of the 
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damage detection methods in structures based on vibration 

data and signal processing, holding significant importance 

in damage identification. In recent years, the application of 

wavelet transforms using vibration responses has garnered 

much attention for damage detection in structures. 

In 2001, Cook et al. successfully identified crack 

occurrence in beams using Haar and Gabor wavelet 

functions. Their investigation examined the influence of 

various crack characteristics including length, orientation, 

and width, as well as different boundary conditions such as 

simply supported and fixed supports. The findings 

demonstrated superior effectiveness of Haar wavelets for 

identifying discrete cracks [1]. In 2004, Okafor and Swarez 

conducted health monitoring evaluations on single-story, 

single-bay beams and frames under static and dynamic 

loading using discrete and continuous transforms. The 

damage manifested through disruption and disturbance in 

structural responses. These disturbances, which remain 

undetectable through direct structural response analysis, 

become apparent when evaluated using continuous wavelet 

transform coefficients or detailed signals from discrete 

transforms. The results demonstrated highly accurate 

identification and detection of spatial damage locations [2]. 

Loutridis et al. (2005) used two-dimensional wavelet 

transforms in the detection of cracks in plate structures. 

The crack position and size were well reflected in the 

transformed response, where the vibration behavior of a 

cracked plate was transformed into the wavelet domain. 

Quantitative crack depth estimation was performed using 

maximum values and energy content of wavelet 

coefficients. They examined plates with cracks of varying 

depths and positions. The effects of increased noise on 

method accuracy were investigated using stress noise 

testing. The proposed method gained significant attention 

due to its computational simplicity and high result accuracy 

[3]. In 2006, Roca and Wilde focused on vibration-based 

structural damage identification using continuous wavelet 

transforms. They experimentally tested a plexiglass 

cantilever beam and a four-edge fixed steel plate. 

Laboratory-obtained modal shapes from the structures 

(beams and plates) were analyzed using continuous 

Gaussian and orthogonal inverse wavelet transforms. The 

proposed wavelet analysis effectively identified damage 

locations without prior knowledge of structural 

characteristics or mathematical models [4]. In 2012, Jiang 

and Liang evaluated multiple damage in thin plate 

structures using a two-stage approach. They initially 

applied two-dimensional wavelet transforms for damage 

location determination, then assessed damage severity at 

identified locations using particle swarm optimization 

algorithms. Subsequently, they examined the relationship 

between damage severities and natural frequencies through 

finite element analyses. It has been shown that the 

suggested approach is properly effective in identifying 

various damages, despite the fact that natural frequencies 

could not be accurately determined. In general, the findings 

showed that there was a good assessment of the damage 

severities by using natural frequencies [5]. In 2013, 

Jahangir and Esfahani evaluated damage in reinforced 

concrete beams using wavelet transforms of biorthogonal 

vibration modes—normal and inverse—under incremental 

loading effects. Results provided a suitable index for 

identifying spatial damage locations in beams through 

detailed signals from inverse biorthogonal wavelet 

transforms applied to the first strain mode [6]. In 2014, 

Ezzaldin et al. presented spatial location identification and 

crack magnitude determination in beams using discrete 

wavelet transforms in ANSYS software. The disturbances 

present in the plots demonstrated increased effects of crack 

depth relative to crack width [7]. In 2016, Hajizadeh et al. 

evaluated damage detection methods in plates based on 

two-dimensional wavelets, utilizing both dynamic 

responses (modal deformations) and static responses 

(including rotation, stress, and displacement). The results 

indicated successful evaluation and detection of cracks in 

plate structures using both static and dynamic responses 

[8]. In 2019, Ahmadi et al. conducted the identification and 

simulation of simply supported steel beams in ABAQUS 

software through comparative evaluation of analytical 

results from continuous wavelet transforms under primary 

and secondary conditions of vibration modal shapes. The 

interpolated modal shape vectors of beams in healthy and 

defective states were applied as input for Coiflet5 

continuous wavelet transforms in MATLAB software. The 

results indicated the presence of disturbances and 

irregularities in wavelet coefficients generated at spatial 

locations of damage occurrence in secondary wavelet 

analyses compared to primary analyses [9]. In 2020, Guo 

et al. introduced a novel method for identifying structural 

microcracks based on wavelet transforms and an Improved 

Particle Swarm Optimization (IPSO) algorithm. Initially, 

the specific characteristics of wavelet coefficients were 

used to determine damage location in the structure, and 

subsequently, the IPSO algorithm was employed to 

determine the severity of structural damage. To evaluate 

the performance of the proposed method in the research, 

structural microcrack intensity was considered up to a 

maximum of 10%, and the structure was examined through 

numerical simulation and experimental testing under 

various damage scenarios. The IPSO algorithm was 

compared to the standard Particle Swarm Optimization, 

Genetic Algorithm (GA), and Bat Algorithm (BA). 

Wavelet transforms were very effective in the process of 

identifying the location of damage, and the IPSO algorithm 

was more effective in identifying the severity of the 

structural damage than other main algorithms [10]. In 

2023, Luo et al. addressed structural damage identification 

based on one-dimensional convolutional neural network 



 Journal of Civil Engineering Researchers 

2025-vol7(4)-p 34-67 

 

36 

groups, considering sensor errors on a simply supported 

steel bridge. Based on the sensor configuration, several 

convolutional neural network sub-models were created to 

extract features from raw vibration data for sensor fault 

detection and structural damage identification. 

Subsequently, two convolutional neural network groups—

the sensor fault detection group and the damage 

identification group—were designed based on the 

performance of each model. The sensor fault detection 

group determines whether sensor data is abnormal and cuts 

off abnormal signals. The remaining normal signals enter 

the damage identification group, and final damage 

identification results are calculated based on a statistical 

decision-making module. Results showed that the 

detection accuracy for sensor faults and damage 

identification of each model varies at different noise levels, 

while the accuracy of final damage identification results 

reaches one hundred percent [11]. In 2024, Abdushkour et 

al. focused on structural damage identification using 

wavelet transforms based on signal derivatives. Derivative-

Based Wavelet Transform (DBWT) represents one of the 

innovative approaches in signal analysis that reveals 

damage-sensitive regions and is utilized to enhance 

accuracy in damage detection and structural changes. The 

study addressed the impact of digital signal types on 

wavelet transform accuracy in engineering applications 

and presented an efficient wavelet function based on signal 

derivatives for improving damage detection in beam 

structures. Consequently, signals obtained from steel beam 

modal shapes were utilized to evaluate the effectiveness of 

derivative-based wavelet transforms. They pointed out the 

relevance of the choice of signal type in improving the 

accuracy of wavelet transforms in erroneous and damaged 

signal detection. The outcomes revealed that the use of 

signal derivatives in wavelet transforms can identify the 

location of damage with high precision in all the 

circumstances of damage [12]. In 2025, Zhao et al. 

presented edge damage detection in structural members 

using wavelet transforms and Immune-Genetic Algorithm 

(I-GA). Due to the capability of Wavelet Transform (WT) 

in identifying damage details in strain modes, the method 

has attracted considerable attention. Typically, when 

applying wavelet transforms, damage at structural edges 

remains ambiguous and undetectable, primarily due to 

edge effects. To fix this, the analysis is performed carefully 

at the location of the damage with the help of wavelet 

transforms by introducing a suitable suffix to the original 

vibration signal that essentially minimises the edge effects. 

Besides, an I-GA that integrates a genetic and immune 

algorithm is utilized to avoid the shortcomings of 

conventional intelligent algorithms in determining the 

severity of the damage. The efficiency of this approach for 

detecting the location of edge damage was validated, and 

influential parameters, such as the location of damage, 

noise effects, and damage severity, were measured [13]. 

In this research a two-stage method based on wavelet 

theory and optimization method to identify the location and 

severity of damage to beam and plate structures has been 

proposed. To identify the location and approximate 

magnitude of damage in a structure, acceleration responses 

obtained from a finite element analysis are subjected to 

wavelet transforms. Subsequently, dynamic response 

signals are analyzed, and response signal details are 

extracted using filters. Disturbances in the response signal 

detail plots indicate the presence of damage. This principle 

can lead to the introduction of a quantitative index for 

determining probable damage locations. Then, in the 

second stage, precisely identifying damage location and 

magnitude are performed using Firefly Optimization 

Algorithm. To ensure the effectiveness of the proposed 

method, two beam structures with different characteristics 

as well as a plate structure with various support conditions 

are examined under different damage scenarios. During 

assessing the method under investigation, the impact of 

different parameters affecting the efficiency of the method 

such as, noise effects, number of damaged elements and so 

on are also studied 

2. Finite Element Simulation of structures  

2.1. Beams  

For beam simulation, the finite element method is 

employed through coding in the MATLAB software 

environment. The Newmark method is used to determine 

acceleration responses. Damage (crack) is simulated as 

stiffness reduction at specific locations in the beams. 

Figure 1 shows the triangular variation of stiffness in beam 

elements [14,15]. 

 
Figure 1. Triangular stiffness variation for crack simulation in 

different beam elements [14,15] 

In this study, crack simulation in beams is performed 

using stiffness variation with assumptions including: 

uniform crack depth across the entire beam width and no 

change in beam mass due to the presence of cracks. 

Equation (1) represents the flexural stiffness magnitude in 

the crack region of the beam. 
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(1 ) 

EIe(ξ) =

{
 
 

 
 EI0 − E(I0 − Icj)

(ξ − ξj1)

(ξj − ξj1)
   if ξj1 ≤ ξ ≤ ξj

EI0 − E(I0 − Icj)
(ξj2 − ξ)

(ξj2 − ξj)
   if  ξj ≤ ξ ≤ ξj2

 

ξj1 = ξj − lc             ,              ξj2 = ξj + lc 

I0 =
wd3

12
                         ,                Icj =

w(d−dcj)
3

12
        

where the symbols ξj, ξj1, and ξj2, represent the location 

of the j-th crack in the e-th element, along with the starting 

and ending positions of the crack, respectively. The 

parameters dcj, I0 and Icj  represent the crack depth, the 

moment of inertia of the intact beam cross-section and the 

cracked cross-section, respectively. Also, w and d represent 

the width and depth of the beam, befor any damage.  

Based on definition above, equation (2) can now be used 

to compute the stiffness matrix of cracked beam element. 

(2) Ke.crack = Ke − Kcj 

where the matrices Ke and Kcj represent the stiffness 

matrix of the intact element and its reduction due to the j-

th crack, respectively [14]. 

2.2. Plates  

For simulating plate structures, the finite element 

method has been employed within the MATLAB software 

environment. The Newmark method was used to determine 

acceleration responses. Damage in plates is simulated here 

as a thickness reduction within an element, as shown in 

Figure 2. For thin plates, the flexural rigidity is calculated 

according to equation (3) [5,16]. 

(3) D0 =
E t3

12(1 − μ2)
 

where E, t, and μ represent elastic modulus, thickness, 

and Poisson's ratio of the plate, respectively. 

 
Figure 2. Stiffness variations (thickness reduction) in plates to create 

damage in different elements [16]. 

3. Damage Localization Using Wavelet Theory  

In recent decades, wavelet transforms have gained 

widespread application in structural health monitoring and 

damage detection. These transforms are based on time-

frequency analyses and convert signals into small wavelets. 

Generally, mathematical transformations are applied to 

signals to extract hidden data within them. Wavelet 

transforms perform localized regional analyses through 

large-scale signals, thus possessing the capability to 

execute local analyses. Wavelet transforms have the ability 

to perform localized analyses on signals. Through wavelet 

transforms, signals appear as peaks at discontinuity 

locations. Furthermore, using wavelet transforms in 

structures, damage locations are detected as peak locations 

and disturbances on the graph of base or mother wavelet 

coefficients. In fact, wavelet analyses have the ability to 

detect and identify spatial locations of very small damage 

and discontinuities. In wavelet analyses, the factors used 

are obtained directly from the time history response of 

systems using simple tools, and these factors, unlike modal 

domain-based methods, do not require modal analysis and 

extraction of natural frequencies of the system and operate 

independently of them. This means that wavelet analysis is 

a powerful method that can extract important information 

from structural response without requiring modal analysis 

to be performed first. This feature can be a major advantage 

in some cases, as modal analysis may be time-consuming 

and complex. In this study, Symlet wavelet functions have 

been used to identify damage in the structures under 

investigation, and the structural response used is 

acceleration. A wavelet is an oscillatory function with a 

real, periodic, or complex nature with an average value of 

zero and finite length. Generally, changes in size, location, 

and final shape of the mother (generator) wavelet function 

occur through translation and scaling in the signal 

application range according to equation (4) [17,18]. 

ψu,s(x) =
1

√s
ψ( 

x − u

s
) 

(4) 

ψ(x) ∈  L2(R) 

where ψu,s(x), ψ(x), and L2(R) represent continuous 

wavelet functions, mother function, and Hilbert space with 

the capability of measuring square-integrable functions, 

respectively. Also, the parameters s and u in equation (4), 

which are real numbers, represent the scaling factor (scale 

characteristic) and translation (temporal, spatial positions, 

or center of influence) of wavelets, respectively. For the 

signal of interest, continuous wavelet transforms are shown 

in equation (5). 

(5) 
w f(u, s) = [f,  ψu,s] =

1

√s
 ∫ f(x)

+∞

−∞

ψ( 
x − u

s
) dx  

f(x) ∈  L2(R) 

where w f(u, s) is the wavelet coefficients of the function 

ψu,s(x), and x is the spatial coordinate. Computing and 

measuring these wavelet coefficients will allow us to 

capture the variations of the signal in the neighborhood of 

parameter u, which is proportional to the scaling factor s. 

In this research, the structures under investigation are 

modeled using the finite element method in MATLAB 

software. Mass and stiffness matrices are formed, and 
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dynamic responses are computed. The applied load takes 

the form of a trapezoidal impact, and acceleration 

responses are determined using the Newmark method. 

Subsequently, the acceleration responses obtained from a 

dynamic analysis via finite element method undergo 

wavelet transformation for dynamic response signal 

analysis. Through filtering, detailed characteristics of the 

structural response signal are extracted. In such signals, it 

can be seen that the occurrence of the irregularities and the 

peak areas can be used to estimate which areas might be 

damaged, and the appropriate damage indices can be set. 

Disturbances in the detailed response signal plots indicate 

structural damage, leading to the introduction of a wavelet 

index for identifying probable damage locations. 

4. Damage Localization and Quantification Using an 

Optimization Method  

The optimization problem formulation for damage 

identification in structures can be given in equation (6) 

[15]: 

(6) 

Find: XT = {X1 , X2 , … , Xn} 

Minimize: W(X) 

XT  ≤  Xi  ≤  X
u 

where X, XT, and Xu represent the damage variable 

vector containing unknown damage location and severity, 

and the upper and lower bounds of the damage vector, 

respectively. The variable W represents the objective 

function, which constitutes one of the most critical 

components of an optimization problem and serves as a 

criterion for calculating convergence values and 

determining algorithm termination. The objective function 

in this paper is according to equation (7) and it is needed to 

be minimized [15]. 

(7) 

W(X) = - 
1

2
 [

|∆RT.δR(X)|
2

(∆RT.∆R)(δR(X)T.δR(X))
+

 
1

np
∑

min(Rx,i ,Rdi)

max(Rx,i ,Rdi)

np
i=1 ] 

where Rdi and Rxi represent the i-th components of the 

response vector in the damaged state Rd and the numerical 

model response vector Rx, respectively, the vectors ∆R and 

δR(X) represent the structural response changes relative to 

the healthy state under damage occurrence and those 

derived from the numerical model, respectively. Also, np is 

the number of elements in the structural response vector 

[15]. The response considered in this research is the nodal 

acceleration, and the firefly algorithm is used to perform 

the optimization task [19]. Because the main part of the 

damage identification procedure is the first part, therefore 

any optimization algorithm can be emplyed here without 

having an important effect on the performance of the whole 

method. 

5. Numerical Examples 

In order to assess the performance of the proposed 

method, two beams with different properties and elements 

of 16 and 27 and a plate with two different support 

conditions of two-sided and four-sided fixed are 

considered. Damage in beams is defined as a crack on the 

desired elements according to Sinha et al. [14] and 

Yazdanpanah and Seydpoor [15], while for plates, damage 

is simulated using stiffness reduction based on  Jiang and 

Liang [5]. The process entails the modeling of the target 

structures using finite element method in MATLAB, the 

construction of mass and stiffness matrices and followed 

by extracting the dynamic responses, such as natural 

frequencies, modal deformations and acceleration 

responses. The loads applied have a short-term non-

periodic type of impact, which is in the shape of a 

trapezoidal force, as shown in Figure 3. The acceleration 

responses obtained from dynamic analysis undergo 

wavelet transformations, followed by dynamic response 

signal analysis. Through filtering, detailed characteristics 

of the structural response signal are extracted. Disturbances 

in the detailed structural signal plots indicate the damage 

presence within the structure. High values of the wavelet 

index within a specific time window indicate sudden and 

significant changes in the acceleration response signal 

during that time interval, which may result from damage 

occurrence. After damage localization, the firefly 

algorithm is employed to accurately determine damage 

locations within structures as well as damage severity. The 

best values for optimization parameters have been chosen 

according to Ref. [19] and the optimization will stop if 

there is no significant improvement in the objective 

function for a few successive iterations. 

 
Figure 3 - Applied Force Diagram for Structural Loading 
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5.1. Sixteen-Element Cantilever Beam  

A sixteen-element aluminum cantilever beam with 

seventeen nodes with two degrees of freedom per node 

serves as the first example. The boundary conditions of the 

beam include the translational as well as the rotational 

springs as shown in Figure 4. The dimensions of the beam 

are 996 mm, 50 mm and 25 mm in length, width, and depth, 

respectively and the material properties are Youngs 

modulus 69.79 GN/m3, density 2600 kg/m3, Poisons ratio 

0.33, translational spring stiffness (Kt) 26.50 MN/m and 

rotational spring stiffness (Ktheta) 150 kNm/rad. The beam 

is initially modeled in MATLAB software, then subjected 

to a short-term, non-periodic trapezoidal impact load as 

shown in Figure 3. Dynamic acceleration responses are 

obtained, and damage identification results are presented 

through graphical representations. Figure 4 illustrates the 

finite element model of the beam with a single crack 

located at the center of element 5 positioned 275 mm from 

the beam's left end. Table 1 lists three scenarios of damage 

undertaken in the beam. 

 
Figure 4. Finite Element Model of Sixteen-Element Cantilever Beam 

(Red-colored element indicates crack location) 

 
Table 1: 

 Damage Conditions at 275 mm Position from Beam Left end 

(Element 5) 

Damage 

Case 

Crack depth 

(mm) 

Crack Depth to Beam 

Depth 

First 4 0.16 

Second 8 0.32 

Third 12 0.48 
 

 

   

First Damage State Second Damage State Third Damage State 

Figure 5. Damage Location for Different Damage States Using Wavelet Index Under Noise-Free Condition 

 

 

 

 

First Damage State Second Damage State Third Damage State 

Figure 6. Damage Location for Different Damage States Using Wavelet Index Under 3% Noise Condition 

 

 

  

First Damage State Second Damage State Third Damage State 

Figure 7. Damage Location for Different Damage States Using Wavelet Index Under 5% Noise Condition 

The beam undergoes under the specified damage 

conditions with and without considering 3% and 5% noise 

levels. Figures 5, 6, and 7, respectively, demonstrate 

damage location assessment for different damage states 

using the wavelet index applied to acceleration responses 

under noise-free condition and with 3% and 5% noise 
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considerations. Figures 8, 9, and 10, respectively, show the 

damage location and severity identification in the second 

step for various damage cases of the beam under noise-free 

condition and with 3% and 5% noise considerations. 

  

 

First Damage State Second Damage State Third Damage State 

Figure 8. Location and Damage Severity for Different Damage States Under Noise-Free Condition 

 
  

First Damage State Second Damage State Third Damage State 

Figure 9. Location and Damage Severity for Different Damage States Under 3% Noise Condition 

  
 

First Damage State Second Damage State Third Damage State 

Figure 10. Location and Damage Severity for Different Damage States Under 5% Noise Condition 

Considering the damage identification charts for the 

sixteen-element cantilever beam, the probable damage 

location (element 5) is effectively detected by the wavelet 

index regardless of whether noise is present in the data. 

This method demonstrates excellent capability in 

identifying both damage location and severity with high 

precision. The detection results of damage severity 

compared to precise values under 3% and 5% noise are 

listed in Table 2. 

5.2. Twenty-Seven Element Simply Supported Beam  

A twenty-seven-element aluminum simply supported 

beam with twenty-eight nodes, having two degrees of 

freedom per node, considered as the second example. The 

beam dimensions include length, width, and depth of 

1832mm, 50mm, and 25mm, respectively, with Young's 

modulus of 69.79 GN/m², density of 2600 kg/m³, and 

Poisson's ratio of 0.33. The beam finite element model with 

a single crack at element 9 (position is 595mm off the 

origin) and two cracks at elements 9 and 12 (position is 

595mm and 800mm off the beam origin) are shown in 

Figure 11a and b, respectively. Damage conditions 

including single and double damage cases are shown in 

Table 3. 

The beam was evaluated under the specified damage 

conditions, both with noise free, 3% and 5% noise 

considerations. Figures 12 to 17, respectively, show 

damage location assessment for various single and double 

damage conditions using the wavelet index  on acceleration 

responses under noise-free and noisy conditions (3% and 

5% noise).  
Table 2  

Error Rate of identifying Damage severity for Different Cases Under 

3% and 5% Noise 

Noise 

(%) 

Damage 

Case 

Actual Damage 

Severity (%) 

Error Rate (%) 

 
First 16 1.75 

3% Second 32 1.16 

 Third 48 0.30 

 First 16 2.03 

5% Second 32 4.15 

 Third 48 1.19 
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Figure 11. Finite Element Model of a Twenty-Seven Element Simply Supported Beam (a) Single damaged element and (b) Two damaged elements (Red 

elements indicate crack locations) 

Table 3 

Different Damage Conditions of twenty-seven-element simply supported beam 

Damage Condition Damage Case Damaged Element 
Crack depth (mm) 

Crack depth to Beam Depth  

Single Damage 
First 9 4 0.16 

Second 9 8 0.32 

Third 9 12 0.48 

Double Damage 

First 
9 12 0.48 

12 4 0.16 

Second 
9 12 0.48 

12 8 0.32 

Third 
9 12 0.48 

12 12 0.48 
 

 

   

   
Figure 12. Location for single damage condition under various damage cases using wavelet index without noise 

   

First failure state         Second failure state Third failure state 

Figure 13. Location for double damage condition under various damage cases using wavelet index without noise 

   

First failure state         Second failure state Third failure state 

Figure 14. Location for single damage condition under various damage cases using wavelet index with 3% noise 
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First failure state         Second failure state Third failure state 

Figure 15. Location for double damage condition under various damage cases using wavelet index with 3% noise 

   

First failure state         Second failure state Third failure state 

Figure 16. Location for single damage condition under various damage cases using wavelet index with 5% noise 

   

First failure state         Second failure state Third failure state 

Figure 17. Location for double damage condition under various damage cases using wavelet index with 5% noise 

   

First failure state         Second failure state Third failure state 

Figure 18. Damage location and severity for single damage condition under various cases without noise 

   

First failure state         Second failure state Third failure state 

Figure 19. Damage Location and severity for double damage condition under various cases without noise 

   

First failure state         Second failure state Third failure state 

Figure 20. Damage Location and severity for single damage condition under various cases with 3% noise 
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First failure state         Second failure state Third failure state 

Figure 21. Damage Location and severity for double damage condition under various cases with 3% noise 

   

First failure state         Second failure state Third failure state 

Figure 22. Damage Location and severity for single damage condition under various cases with 5% noise 

   

First failure state         Second failure state Third failure state 

Figure 23. Damage Location and severity for double damage condition under various cases with 5% noise 

Table 4 

Error Rate of identifying Damage severity for Different Cases Under 3% and 5% Noise 

Damage 

Condition 

Damage 

Case 

Actual Damage 

Severity (%) 

Error Rate (%) 

(Noise 3%) 
(Noise 5%) 

Single Damage 
First 16 8.14 24.46 

Second 32 4.55 13.34 

Third 48 1.28 11.49 

Double Damage 

First 
48 7.17 45.66 

16 27.07 26.91 

Second 
48 19.06 24.63 

32 1.09 4.91 

Third 
48 5.69 66.66 

48 5.11 6.8 
 

Figures 18 through 23 demonstrate damage location and 

severity identification in the second step for various 

damage. 

According to the damage identification charts for the 

twenty-seven-element simply supported beam under both 

single and double damage conditions, the probable damage 

locations are successfully detected by the wavelet index. 

For both single and double damage cases, the method 

demonstrates excellent capability in identifying both 

damage location and severity with high accuracy, 

regardless of noise presence in the data. The detection 

results of damage severity compared to their exact values 

are given in Table 4. 

5.3. Plate with Different Support Conditions  

A square plate with dimensions of 560×560 mm and 

different support conditions including two-edge and four-

edge clamped are considered as third example. Each plate 

edge is divided into 28 elements, resulting in a mesh 

configuration of 28×28 elements. The plates are 2 mm 

thick, comprise 841 nodes, and possess 784 elements 

whose dimensions are 20 mm. The plates have the Young 

modulus of 200 GPa, a density of 7850 kg/m³ and the 

Poisson ratio of 0.3. The plates subjected to the trapezoidal 

impact loading are modeled using MATLAB. Acceleration 

responses are obtained, and damage identification results 
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are presented graphically. Damage in the plates includes 

four different scenarios, with each damage scenario 

comprising sixteen elements (4×4 configuration). Each 

damage scenario includes four different thickness 

reduction values according to Table 5. The length and 

width of each damage area (sum of four elements in each 

direction) are 80 mm. 
Table 5  

 Damage Cases in Four Scenarios for Two-Edge and Four-Edge 

Clamped Plates 

Damage 

Case 

Thickness 

Reduction 

(mm) 

Thickness 

Reduction 

(%) 

Remaining 

thickness 

(mm) 

1 0.5 25 1.5 

2 1.0 50 1.0 

2 1.5 75 0.5 

4 1.75 87.5 0.25 
 

Damage locations for scenarios 1 to 4 in the two-edge 

and four-edge clamped plates are shown in Figures 24 and 

25, respectively. 

a b 

c d 
Figure 24. Damage Locations in Scenarios: (a) First, (b) Second, (c) 

Third, and (d) Fourth for a two-edge clamped plate 

Figures 26 to 33 show damage location detection for 

scenarios 1 to 4 with damage severities of 25%, 50%, 75%, 

and 87.5% using wavelet analysis without noise 

consideration for both two-edge and four-edge clamped 

plates, respectively. Figures 34 to 41, respectively, show 

damage location assessment for scenarios 1 to 4 with 

damage severities of 25%, 50%, 75%, and 87.5% for both 

two-edge and four-edge clamped plates using wavelet 

analysis with 3% noise applied. 

Figures 42 through 49 demonstrate location and severity 

identification in the second step for scenarios one through 

four with damage severities of 25%, 50%, 75%, and 87.5% 

for both two-edge and four-edge clamped plates without 

noise consideration. Figures 50 through 57 demonstrate 

location and severity identification in the second step for 

scenarios one through four with damage severities of 25%, 

50%, 75%, and 87.5% for both two-edge and four-edge 

clamped plates with 3% noise applied. 

 

a b 

c d 
Figure 25. Damage Locations in Scenarios: (a) First, (b) Second, (c) 

Third, and (d) Fourth for a four-edge clamped plate 

As evident from the diagrams, damage location 

identification in cases with and without noise consideration 

for both two and four edge clamped plates demonstrates 

acceptable accuracy. In the 25% damage condition, 

without considering noise and in scenarios 1 to 4, damage 

intensity in two edge clamped plates is obtained with 

differences of 0%, 2.9%, 6.8%, and 8%, respectively, while 

in four edge clamped plates, the differences were 3.7%, 

2.8%, 3.8%, and 12.72%, respectively. In the 50% damage 

condition, without noise application and in scenarios 1 to 

4, damage intensity for two edge clamped plates is 

evaluated with differences of 4%, 0%, 8.1%, and 15.8%, 

respectively, while in plates with other boundry conditions, 

the differences are 19.4%, 5.8%, 14%, and 23.75%, 

respectively. In the 75% damage condition, without noise 

application and in scenarios 1 to 4, damage intensity in two 

edge clamped is evaluated with differences of 0%, 1.3%, 

2.7%, and 6.4%, respectively, while in plates clamped on 

four sides, the differences were 0%, 2.53%, 1.33%, and 

0%, respectively. In the 87.5% damage condition, without 

noise application and in scenarios 1 to 4, damage intensity 

in simply supported plates on two sides is evaluated with 

differences of 0%, 1.7%, 1.7%, and 2.3%, respectively, 

while in plates clamped on four sides, the differences were 

0.57%, 3.7%, 1.71%, and 0.57%, respectively.
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a b 

  

c d 

Figure 26. Damage localization in scenarios (a) first, (b) second, (c) third, and (d) fourth with 25% damage severity in two-edge clamped plate using 

wavelet analysis without considering noise 

  

a b 
Figure 27. Continued on next page 
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c d 
Figure 27. Damage localization in scenarios (a) first, (b) second, (c) third, and (d) fourth with 50% damage severity in two-edge clamped plate using 

wavelet analysis without considering noise 

  

a b 

  

c d 

Figure 28. Damage localization in scenarios (a) first, (b) second, (c) third, and (d) fourth with 75% damage severity in two-edge clamped plate using 

wavelet analysis without considering noise 
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a b 

  

c d 
Figure 29. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth, with 87.5% damage severity in two-edge clamped plates 

using wavelet analysis without considering noise 

  

a b 

Figure 30. Continued on next page  
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c d 

Figure 30. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth with 25% damage severity in four-edge clamped plates 

using wavelet analysis without considering noise 

  

a b 

  

c d 

Figure 31. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth with 50% damage severity in four-edge clamped plates 

using wavelet analysis without considering noise 
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a b 

  
c d 
Figure 32. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth with 75% damage severity in four-edge clamped plates 

using wavelet analysis without considering noise 

  
a b 
Figure 33. Continued on next page  
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c d 
Figure 33. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth, with 87.5% damage severity in four-edge clamped plates 

using wavelet analysis without considering noise 

  
a b 

  
c d 

Figure 34. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth with 25% damage severity in two-edge clamped plates 

using wavelet analysis with considering 3% noise 



Journal of Civil Engineering Researchers 

2025-vol7(4)-p 34-67 

 

51 

  

a b 

  

c d 

Figure 35. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth with 50% damage severity in two-edge clamped plates 

using wavelet analysis with considering 3% noise 

  

a b 

Figure 36. Continued on next page 
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c d 

Figure 36. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth with 75% damage severity in two-edge clamped plates 

using wavelet analysis with considering 3% noise 

  

a b 

  

c d 

Figure 37. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth, with 87.5% damage severity in two-edge clamped plates 

using wavelet analysis with  considering 3% noise 
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a b 

  

c d 

Figure 38. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth with 25% damage severity in four-edge clamped plates 

using wavelet analysis with considering 3% noise 

  

a b 

Figure 39. Continued on next page 
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c d  
Figure 39. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth with 50% damage severity in four-edge clamped plates 

using wavelet analysis with considering 3% noise 

  
a b 

  
c d 

Figure 40. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth with 75% damage severity in four-edge clamped plates 

using wavelet analysis with considering 3% noise 
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a b 

  

c d 

Figure 41. Damage localization results for scenarios a) first, b) second, c) third, and d) fourth, with 87.5% damage severity in four-edge clamped plates 

using wavelet analysis with considering 3% noise 

  

a b 

Figure 42. Continued on next page 
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c d 

Figure 42. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 25% damage intensity in two-edge 

clamped plates without considering noise 

  

a b 

  

c d 

Figure 43. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 50% damage intensity in two-edge 

clamped plates without considering noise 
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a b 

  

c d 

Figure 44. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 75% damage intensity in two-edge 

clamped plates without considering noise 

  

a b 

Figure 45. Continued on next page 
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c d 

Figure 45. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth, with 87.5% damage intensity in two-edge 

clamped plates without considering noise 

  

a b 

  

c d 

Figure 46. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 25% damage intensity in four-edge 

clamped plates without considering noise 



Journal of Civil Engineering Researchers 

2025-vol7(4)-p 34-67 

 

59 

  

a b 

  

c d 

Figure 47. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 50% damage intensity in four-edge 

clamped plates without considering noise 

  

a b 

Figure 48. Continued on next page 
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c d 

Figure 48. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 75% damage intensity in four-edge 

clamped plates without considering noise 

  

a b 

  

c d 

Figure 49. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth, with 87.5% damage intensity in four-edge 

clamped plates without considering noise 
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a b 

  

c d 

Figure 50. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 25% damage intensity in two-edge 

clamped plates with  considering 3% noise 

  

a b 

Figure 51. Continued on next page 
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c d 

Figure 51. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 50% damage intensity in two-edge 

clamped plates with considering 3% noise 

  

a b 

  

c d 

Figure 52. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 75% damage intensity in two-edge 

clamped plates with considering 3% noise 
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a b 

  

c d 

Figure 53. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth, with 87.5% damage intensity in two-edge 

clamped plates with considering 3% noise 

  

a b 

Figure 54. Continued on next page 
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c d 

Figure 54. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 25% damage intensity in four-edge 

clamped plates with considering 3% noise 

  

a b 

  

c d 

Figure 55. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 50% damage intensity in four-edge 

clamped plates with considering 3% noise 
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a b 

  

c d 

Figure 56. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth with 75% damage intensity in four-edge 

clamped plates with considering 3% noise 

  

a b 

Figure 57. Continued on next page 
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c d 

Figure 57. Damage location and severity assessment for scenarios a) first, b) second, c) third, and d) fourth, with 87.5% damage intensity in four-edge 

clamped plates with considering  3% noise 

In the 25% damage condition, with 3% noise application 

and in scenarios 1 to 4, damage intensity in simply 

supported plates on two sides is identified with differences 

of 8%, 9.29%, 136.94%, and 180.16%, respectively, while 

in plates fixed on four sides, the differences are 20%, 

24.20%, 12%, and 12.72%, respectively. In the 50% 

damage condition, with 3% noise consideration and in 

scenarios 1 to 4, damage intensity in simply supported 

plates on two sides is identified with differences of 30.6%, 

22.01%, 38.99%, and 28.20%, respectively, while in plates 

clamped on four sides, the differences are 25.37%, 20.49%, 

26.06%, and 25.84%, respectively. In the 75% damage 

condition, with 3% noise consideration and in scenarios 1 

to 4, damage intensity in simply supported plates on two 

sides was identified with differences of 20.45%, 77.48%, 

26.34%, and 17.15%, respectively, while in plates clamped 

on four sides, the differences are 27.22%, 17.04%, 11.25%, 

and 9.71%, respectively. In the 87.5% damage condition, 

with 3% noise consideration and in scenarios 1 to 4, 

damage intensity in simply supported plates on two sides 

is identified with differences of 8.57%, 44.91%, 17.82%, 

and 5.53%, respectively, while in plates fixed on four sides, 

the differences are 26.07%, 19.15%, 51.61%, and 6.08%, 

respectively. 

6. Conclusion 

In this study, a damage identification method has been 

introduced using wavelet transforms and firefly 

optimization algorithm. In the first stage, the acceleration 

responses of structures obtained by utilizing a finite 

element analysis software have been subjected to wavelet 

transforms. Disturbances in response data indicate the 

presence of damage in the structure. Using filters, 

structural response signal details are extracted, and this 

principle leads to introducing a quantitative index for 

determining probable damage locations. In the second 

stage, the firefly optimization algorithm has been 

employed to accurately identify the damage location and 

severity. According to the results obtained from the beams 

with 16 and 27 elements, the wavelet index successfully 

identified damage location in both single and double 

damage cases. In the second step, slight differences have 

been observed, particularly in cases of double damage 

cases. In plate structures for both support conditions 

considered, during detection by the wavelet index, 

damaged locations have been identified within acceptable 

ranges, even with noise presence. In the case of plates 

clamped on four sides compared to two sides, more 

effective performance has been achieved in terms of 

damage intensity accuracy. Based on results, despite 

higher-level noise in the data, the suggested method has 

still provided the damage location and severity with rather 

high accuracy, which proves that the proposed method is 

very effective. Therefore, the results indicate that the 

method possesses good capability in identifying damage 

location and severity. 
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1. Introduction 

Modern building codes can reduce base shear by 

employing a behavior factor (R), but conventional systems 

often result in permanent deformations and structural 

damage. To address this issue, dampers are utilized, as they 

absorb and dissipate input energy, reducing lateral 

displacements and applied forces, thereby enhancing 

safety, stability, and the service life of structures, 

particularly in seismic-prone areas where their necessity is 

greater [1]. A damper is a device used to absorb and 

dissipate energy from dynamic forces such as earthquakes 

                                                           
* Corresponding author. Tel.: +989111962921; e-mail: mahdi.mashhadiyan@gmail.com. 

or wind in structures, reducing vibrations and 

deformations, preventing damage to main members, and 

improving the seismic performance of the structure [2]. 

Re-centering dampers are an advanced type of damper 

used to reduce permanent deformations and restore the 

structure to its initial state after an earthquake. These 

dampers improve the seismic performance of the structure 

by absorbing energy and generating a restoring force, 

preventing damage to main members, and thus increasing 

building safety and stability [3]. Despite these advantages, 

challenges of re-centering dampers include complex 

design, nonlinear material behavior, high construction and 
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installation costs, sensitivity to temperature and 

environmental conditions, and a lack of laboratory data; 

nevertheless, they are highly effective in improving 

structural seismic performance [4]. Due to these 

limitations, their widespread application remains 

restricted. Researchers have addressed these issues by 

improving numerical modeling, conducting extensive 

experiments, and developing simpler, more economical 

designs with optimized materials and mechanisms to 

facilitate practical use in structures [5]. 

In recent years, shape memory alloys have garnered 

significant attention in civil engineering due to their 

superelasticity and ability to recover their original shape 

and dissipate energy, particularly in self-centering systems, 

with applications in bolts, steel elements, concrete rebars, 

braces, base isolators, and bridges [6]. The most prominent 

is nickel-titanium (Nitinol), used in civil engineering, 

aerospace, automotive, and medical fields due to its 

superelasticity and shape memory properties, though it has 

limitations such as fatigue, transformation temperature, 

and production costs [7]. However, SMA energy 

dissipation alone is insufficient for high-performance self-

centering systems, leading to the design of hybrid dampers 

that combine SMA with friction wedges or metallic tools 

[8]. Studies show that SMA-based dampers can reduce 

permanent displacements and residual deformations in 

structures, absorb earthquake energy, and effectively 

control seismic vibrations in buildings and small bridges 

through self-re-centering without requiring repairs after 

severe earthquakes [9]. Recent research indicates that SMA 

superelastic rods and dampers exhibit stable hysteretic 

behavior and strong self-centering under cyclic loading 

[10]. Studies by Wang et al. with SMA rods and U-shaped 

dampers showed stable flag-shaped hysteretic loops, over 

98% deformation recovery, and minor strain rate effects 

[11]. 

In this study, the numerical development of Zhang's re-

centering dampers with high seismic performance, 

including friction wedges and SMA rods, will be 

investigated. First, nonlinear three-dimensional analysis 

using ABAQUS software [12] and cyclic seismic loading 

is performed, with model validation against experimental 

data. Subsequently, parametric studies examine the effects 

of the number and diameter of SMA rods, wedge friction 

coefficient, and the arrangement of two dampers (series or 

parallel) on the damper's resistance, stiffness, and ductility. 

The results demonstrate that these parameters play a crucial 

role in energy absorption capacity and damper 

performance, with numerical results and load-

displacement diagrams illustrating the effects of parametric 

variables on the damper's seismic behavior. 

2. Numerical Validation of the Curved Damper 

In this study, to validate the finite element modeling and 

align numerical results with actual performance, 

experimental data from Zhang et al. [8] on a re-centering 

damper with friction wedges and SMA rods under quasi-

static and cyclic compressive loading were used. Zhang et 

al. tested eight samples, and the selected sample for 

validation includes dimensional details of the wedges and 

SMA rods, presented schematically along with laboratory 

images in Figure 1. Cyclic compressive loading in the 

laboratory requires a specific pattern, so Figure 1 shows the 

compressive loading pattern for the studied re-centering 

damper with SMA rods. As per Figure 1, the compressive 

loading has 20 displacements, forming 10 back-and-forth 

compressive cycles in total, with the load applied via a 

hydraulic jack from the top to wedge No. 1, while wedge 

No. 2 has a support below it. According to the compressive 

loading pattern, the displacement ranges from 0.3 mm to 

6.3 mm, only in compression. With damper displacement, 

the results are plotted as a compressive load-displacement 

hysteretic diagram, with load in kilonewtons and 

displacement in millimeters. 

 

 

Figure 1- Dimensional characteristics of wedges and SMA rods used in compressive loading tests in Zhang et al. [8]. 
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Figure 2- Sample display, diagram, and stress-strain values of the superelastic shape memory alloy rod from Zhang et al. [8]. 

As per Figure 1, the operation of the re-centering damper 

with SMA rods is as follows: This damper consists of 4 

steel wedges (two vertical and two horizontal), two SMA 

rods, and 4 nuts. The vertical wedges (1 and 2) and   

horizontal wedges (3 and 4) interact on common contact 

surfaces (with frictional surfaces) and specific grooves. 

The damper operates generally as follows: 

 In tension: When the damper is under tensile load, 

the backs of the vertical wedges (1 and 2) rest 

against the outer steel frame, and the tensile force 

is transferred through the frame. In this state, the 

SMA rods are not activated. 

 In compression: When the damper is under 

compressive load, the vertical wedges (1 and 2) 

apply force to the horizontal wedges (3 and 4) at 

a 45-degree angle between the vertical and 

horizontal wedges, causing the SMA rods to 

stretch and engage, thus the damper performs and 

absorbs energy. 

In summary, the wedges transfer axial forces to the 

SMA rods, and the damper primarily dissipates energy 

under compressive loads, while under tensile loads, the 

force is transferred through the outer steel frame. 

In the continuation of this study, numerical analysis is 

performed to examine the performance of the shape 

memory alloy re-centering damper. The superelastic 

property and flag-shaped stress-strain diagram of the shape 

memory alloy material used in this study are shown in 

Figure 2. As per Figure 2, the stress-strain diagram of the 

superelastic SMA rod indicates that SMA materials exhibit  

no permanent deformation even with strains up to about 

3% and return to their initial state after unloading. The 

elastic modulus of the superelastic SMA rod in the re-

centering damper can be extracted from this diagram. 

Furthermore, Zhang explicitly stated that the steel used for 

all metallic components has a yield stress of 240 MPa, 

ultimate stress of 300 MPa, and elastic modulus of 200 

GPa. 

For validation, a numerical sample (matching the 

laboratory sample) was created in ABAQUS software to 

achieve similar results. The re-centering damper sample 

was modeled by creating four elements according to 

laboratory dimensions and assembling them. Steel and 

SMA rod properties were defined in the material properties 

module and assigned to the components. In ABAQUS 

(version 2019 and later), parameters such as Young's 

modulus, Poisson's ratio, start and end stresses of the 

material phases for the shape memory alloy in Zhang et 

al.'s [8] re-centering damper with SMA rods are defined, 

and material specifications are determined based on the 

stress-strain diagram (parameters from Figure 2) of the 

laboratory superelastic rod sample. As per Figure 3, for 

applying cyclic compressive load and defining boundary 

conditions, reference points at the top (for load application) 

and bottom (for support definition) are created with 

coupling constraints, and the two side surfaces of the 

sample are constrained in out-of-plane displacement and 

lateral movement. For interaction between the SMA rod 

and its nut, 4 fully tied constraints must be applied at 4 

connections as per Figure 3. Additionally, in the numerical 

sample, for interaction between steel wedges and SMA rod 

and wedge sliding, surface contact must be defined with a 

friction coefficient of 0.088 between steel wedges and 

SMA rod. 

To apply load and support conditions in ABAQUS's 

loading module, gravity loading is first defined for the 

sample, then the bottom surface is fixed as a clamped 

support in terms of displacement and rotation, while the 

upper coupling reference point is subjected to cyclic 

displacement-controlled  compressive  loading.  With 
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Figure 3- Sample display, diagram, and stress-strain values of the superelastic shape memory alloy rod from Zhang et al. [8]. 

 

Figure 4- Stress results on the re-centering damper model – Alignment of numerical results with experimental results from Zhang et al. [8]. 

appropriate meshing (1 cm for wedges and 2 mm for rods), 

the numerical model is prepared, and the re-centering 

damper sample is analyzed using quasi-static analysis and 

applied loading. As per Figure 4, the von Mises stress 

results of the obtained sample after lateral loading and the 

load-displacement diagram indicate that the stress share in 

the SMA rod is higher than in other parts, and the hysteretic 

load-displacement diagram output confirms the re-

centering behavior of the damper with a flag-shaped 

output. In the re-centering damper with SMA rods, 

compressive force is converted to tensile force in the rods, 

with maximum stress concentrated in the SMA rods, and 

the alignment of numerical and experimental results 

validates the model. Furthermore, as per Figure 5 in the 

compressive load-displacement hysteretic diagram output, 

the maximum numerical sample resistance and sample 

stiffness (initial slope of the load-displacement diagram) 

are almost aligned, so the numerical and experimental 

samples match relatively well, confirming that the 

numerical sample is validated against the experimental 

one. 

3. Analysis of Findings  

Due to the cost and limitations of structural 

experiments, the finite element method serves as an 

accurate and low-cost alternative for examining structural 

behavior. In this part of the study, micro-model analysis of 

the re-centering damper, including friction wedges and 

SMA rods is conducted to investigate the application of the 

re-centering damper in steel frames, the seismic 

performance of the re-centering damper, and the effects of 

the number and diameter of SMA rods, friction coefficient, 

and damper arrangement (series or parallel) on their 

seismic performance. 

3.1. Application of the Re-centering Damper in Steel 

Frames  

In this section, to apply the re-centering damper, 

including friction wedges and SMA rods in steel frames, 

necessary preparations were made to evaluate the actual 

performance of the damper at the frame scale. For this 

purpose, as per Figure 5, the holding chamber, steel 

connectors between the damper and connection plates, 

steel frame including beams, columns, and stiffeners, two 

diverging braces, and connection plates were designed and 

modeled, then transferred to ABAQUS for analysis. The 

steel frame with 2.34 m columns, 2.46 m beams, double 

IPE sections, and 120 mm channel sections for braces was 

assembled in ABAQUS's assembly module, then lateral 

loading coupling points and support conditions were 

defined to enable quasi-static analysis and cyclic loading. 
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Figure 5- Design and modeling of steel frame components for applying the re-centering damper, including friction wedges and SMA rods. 

 

Figure 6- Stress and permanent deformations on the initial steel frame model with rigid connection to the re-centering damper assembly. 
 

Figure 7- Stress on the secondary steel frame model with a hinged connection to the re-centering damper assembly 

After modeling and assembly, in this stage, the re-

centering damper with friction wedges and SMA rods is 

rigidly connected to the central beam in the steel frame, 

such that its proper performance is ensured when all 

deformations are concentrated in the SMA rods, absorbing 

and dissipating stresses while maintaining self-

reversibility; otherwise, the placement and definition of the 

damper would be incorrect. Initial lateral loading results 

showed that although the load-displacement diagram, as 

per Figure 6, is flag-shaped and passes through the 

coordinate origin, some permanent deformation is 

observed at the brace ends and damper holding chamber 

due to rotation and additional moment. Stress vector 

analysis, as per Figure 6, also indicated that excessive 

rigidity of the chamber and connectors causes these 

permanent deformations. 

To resolve this issue in the next stage, the connections 

of the damper holding chamber and steel connectors were 

designed as hinged as per Figure 7. The new analysis 

results indicate significant improvement in damper 
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performance, with no permanent deformation observed in 

frame members and the damper holding chamber, and the 

load-displacement diagram obtained is linear and fully 

reversible. 

3.2. Seismic Performance of the Re-centering Damper  

In this section, since reference samples are needed for 

comparison with other parametric samples, the seismic 

performance of the baseline re-centering damper in the 

study is first examined. This sample is based on the 

experimental model of Zhang et al. [2] but validated; the 

main difference from Zhang's model, as per Figure 8, is 

increasing the width of the upper and lower wedges from 4 

to 12 cm and adding two extra SMA rods for effective 

performance in both compression and tension directions. 

Quasi-static analysis, as per Figure 8, showed that stresses 

on the rods are absorbed in both compressive and tensile 

states, and the damper acts as self-centering. The resulting 

load-displacement diagram shows flag-shaped and 

reversible behavior, indicating no permanent deformation. 

Then, by bilinearizing the load-displacement diagram 

using the equivalent energy method, seismic parameters 

including initial stiffness (slope of the line) (K), maximum 

resistance (P), and ductility (ratio of ultimate displacement 

to yield displacement) (µ) were extracted, as per Figure 8, 

serving as the basis for evaluating the seismic performance 

of the re-centering damper in this study. Note that the 

reference sample in this study is labeled "N2Q10F09*", 

where N2 means two rods connected to each wedge, Q10 

means each damper rod diameter is 10 mm, and F09 means 

the initial friction coefficient between the two grooved 

wedge surfaces is 0.09. The asterisk denotes the reference 

sample. 

 

 

Figure 8- Results (stresses and performances) of hysteretic loading in both directions of the re-centering damper introduced in this study. 

Table 1-  

Results (stresses and performances) of hysteretic loading in both directions of the re-centering damper introduced in this study. 

Spectrum 
Number of SMA rods 

connected to each wedge 
Diameter of each 
SMA rod ( mm) 

Coefficient of friction 

between two grooved wedge 

surfaces 

Arrangement of two re-centering 
dampers relative to each other 

N2Q10F09* 2 10 0.09 - 

N3Q10F09 3 10 0.09 - 

N4Q10F09 4 10 0.09 - 

N2Q15F09 2 15 0.09 - 

N2Q20F09 2 20 0.09 - 

N2Q10F12 2 10 0.12 - 

N2Q10F15 2 10 0.15 - 

N2Q10F25 2 10 0.25 - 

N2Q10F09-Se 2 10 0.09 Series 

N2Q10F09-Pa 2 10 0.09 Parallel 
 

* Reference Spectrum 
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3.3. Examination of Parametric Samples 

 

In the continuation of the study, to examine parametric 

samples, the effects of the number and diameter of shape 

memory alloy rods, changes in friction coefficient between 

wedges, and the arrangement of two re-centering dampers 

relative to each other on the seismic performance of the re-

centering damper, including friction wedges and SMA 

rods, are evaluated. Accordingly, Table 1 shows the 

naming of parametric samples with their specific features. 

Table 1 displays variables regarding the number of 

shape memory alloy rods (2/3/4), diameter of each shape 

memory alloy rod (10/15/20 mm), friction coefficient 

between wedges (0.09/0.12/0.15/0.25), and arrangement of 

two re-centering dampers relative to each other 

(series/parallel), with modeling of these samples shown in 

Figure 9 and results of applied seismic hysteretic loading 

in Figure 10. 

The results of back-and-forth hysteretic loading on 

parametric samples, as per Figure 10, show that increasing 

the number and diameter of SMA rods, as well as 

increasing the friction coefficient, increases the seismic 

resistance and stiffness of the re-centering damper but 

reduces its ductility. In a parallel configuration, resistance 

and stiffness are higher, but ductility is lower, whereas in a 

series configuration, all three parameters of resistance, 

stiffness, and ductility decrease. Consequently, increasing 

the resistance components improves load-bearing   capacity 

but makes the damper behavior stiffer and less flexible. By

 

Figure 9- Display and introduction of parametric samples used in this study. 

 

Figure 10- Results of applied seismic hysteretic loading on parametric samples. 
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Table 2 

 Details of seismic performance of parametric samples of the re-centering damper introduced in this study. 

Spectrum Resistance (kN) Hardness (kN/mm) Ductility 

P+ P- K1+ K2+ K1- K2- µ+ µ- 

N2Q10F09* 172 -156 20.04 19.06 24.07 19.25 6.03 5.68 

N3Q10F09 212 -230 30.59 26.00 31.18 29.43 5.35 4.34 

N4Q10F09 275 -311 40.95 35.54 42.77 42.20 5.33 4.46 

N2Q15F09 304 -326 42.10 36.14 49.57 43.85 5.06 4.53 

N2Q20F09 491 -525 73.67 66.76 70.09 60.69 3.85 2.81 

N2Q10F12 149 -183 22.85 22.54 25.44 29.64 7.21 5.98 

N2Q10F15 143 -176 19.55 18.25 31.17 23.91 3.85 2.81 

N2Q10F25 143 -216 17.54 19.73 77.54 29.56 3.90 11.21 

N2Q10F09-Pa 287 -313 41.00 38.35 40.15 44.01 5.19 3.92 

N2Q10F09-Se 49 -57 10.07 0 31.17 0 2.77 2.81 
 

* Reference Spectrum 

calculating the seismic performance of parametric samples, 

Table 2 details their performance. 

Therefore, as per Table 2, the parametric examination 

results showed that increasing the number of SMA rods in 

the re-centering damper, including friction wedges and 

SMA rods, significantly improves seismic resistance and 

stiffness but reduces ductility. Specifically, increasing the 

number of rods from 2 to 3 and 4 increases seismic 

resistance in tension by 23% and 60%, and in compression 

by 4% and 100%, respectively. Initial seismic stiffness in 

tension increases by 52% and 100%, and in compression 

by 52% and 77%, while ductility in tension decreases by 

about 11% and in compression by 23% and 21%, 

respectively. As a result, increasing the number of rods 

leads to more resistant but brittle seismic performance in 

the re-centering damper, requiring a balance between 

resistance and ductility in design. 

Additionally, the results of examining the effect of 

changing SMA rod diameter on the seismic performance of 

the re-centering damper showed that increasing rod 

diameter significantly increases damper seismic resistance 

and stiffness, such that increasing diameter from 1 cm to 

1.5 and 2 cm increases seismic resistance in tension by 77% 

and 185%, and in compression by 109% and 237%, 

respectively. Initial seismic stiffness in tension increases 

by 110% and 268%, and in compression by 106% and 

191%. However, seismic ductility decreases, in tension by 

16% and 36%, and in compression by 20% and 51%. 

Therefore, increasing rod diameter improves damper 

resistance and stiffness but is accompanied by reduced 

ductility. 

Furthermore, the results show that increasing the 

friction coefficient of friction wedges in the re-centering 

damper significantly increases seismic resistance and 

stiffness in the negative (compressive) section, while its 

effect on the positive (tensile) section is less noticeable, 

such that increasing the friction coefficient from 0.09 to 

0.12, 0.15, and 0.25 increases seismic resistance in the 

positive section by 13%, 17%, and 17%, and in the negative 

section by 17%, 13%, and 39%, respectively. The initial 

seismic stiffness criterion in the positive section has minor 

changes, and in the negative section, especially at 0.25, 

increases up to 222%. Ductility in the positive section 

slightly increases or decreases with friction coefficient 

changes, and in the negative section shows more 

fluctuations (from 51% decrease to 97% increase). Overall, 

increasing the friction coefficient improves damper 

resistance and stiffness but reduces its ductility. 

The examination of the effect of the placement status of 

two re-centering dampers, including friction wedges and 

SMA rods, showed that parallel placement leads to 

increased seismic resistance and stiffness and reduced 

ductility, while series placement causes a decrease in 

seismic resistance, stiffness, and ductility, and loss of 

secondary stiffness. Quantitatively, changing from series to 

parallel increases seismic resistance in the positive (tensile) 

section by up to 67% and in the negative (compressive) 

section by up to 101%, while ductility decreases in the 

positive section by up to 14% and in the negative by up to 

31%. Therefore, according to the conclusion, parallel 

damper configuration is effective for enhancing structural 

resistance and stiffness, but at the cost of reduced ductility, 

and the series configuration for dampers is not 

recommended at all. 

4. Overall Comparison of Results  

In this section of the research, to comprehensively 

evaluate seismic performance, all samples of the re-

centering damper, including friction wedges and SMA 

rods, were examined and compared. Accordingly, the 

seismic performance of the samples in terms of resistance, 

stiffness, and ductility in both positive (tensile) and 

negative (compressive) directions is analyzed, and by 

sorting data from highest to lowest values, bar charts 

related to resistance, stiffness in both positive and negative 

directions, and seismic ductility are shown in Figure 11.
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Figure 11- Bar chart results of comparative parametric samples in three criteria: resistance, stiffness, and seismic ductility. 

 

 The results of these charts provide a comprehensive view 

of the seismic behavior of different dampers and show that 

by simultaneously comparing the mentioned indices, the 

relative performance of each sample can be evaluated. 

As per the bar chart results of comparative parametric 

samples in three criteria: resistance, stiffness, and seismic 

ductility in Figure 11, the following can be deduced: 

 Based on the bar chart results, the highest seismic 

resistance was observed in samples N2Q20F09, 

N2Q15F09, and N2Q10F09-Pa, respectively, 

while the lowest resistance belonged to samples 

N2Q10F09-Se, N2Q10F15, and N2Q10F25, 

respectively. 

 Also, in the tensile (positive) section of the bar 

chart, initial and secondary stiffness results (K1 

and K2) showed that samples N2Q20F09, 

N2Q15F09, and N2Q10F09-Pa had the highest 

initial seismic stiffness, respectively, and samples 

N2Q10F09-Se, N2Q10F25, and N2Q10F15 had 

the lowest stiffness, respectively. 

 In the compressive (negative) section of the bar 

chart, initial and secondary stiffness results (K1 

and K2) showed that samples N2Q10F25, 

N2Q20F09, and N2Q15F09 had the highest 

stiffness, respectively, and samples N2Q10F09*, 

N2Q10F12, and N2Q10F09-Se had the lowest 

stiffness, respectively. 

 In ductility evaluation, the highest performance 

belonged to samples N2Q10F12, N2Q10F09*, 

and N3Q10F09, and the lowest ductility was 

observed in samples N2Q10F09-Se, N2Q10F15, 

and N2Q20F09. Of course, the ductility criterion 

in the compressive (negative) section of the bar 

chart for sample N2Q10F25 differs greatly from 

other samples, and in this section, this sample has 

high ductility, which can be attributed to its 

feature, namely, a very high friction coefficient 

between the wedges. 

5. Conclusion  

In this research, aiming to improve the performance of 

re-centering dampers, the behavior of Zhang's damper was 

reviewed and numerically developed. By modifying the 

connection method and adding two SMA rods in the 

tension direction, full performance in compression and 

tension cycles was enabled. Then, the effects of parameters 

such as the number and diameter of SMA rods, wedge 

friction coefficient, and damper arrangement (series or 

parallel) on seismic resistance, stiffness, and ductility were 

examined, with the results of these analyses forming the 

basis for the final research conclusions as follows: 

1. According to the examinations, it was determined 

that Zhang's re-centering damper assembly 

(designed only for the compressive section, 

stretching SMA rods with friction wedges) should 

not be rigidly connected to the lower part of the 

beam in chevron braces. For proper frame and 

damper performance, hinges must be provided 

between the damper chamber and brace, as well 

as at the lower part of the beam, to transfer lateral 

load without creating additional moment. 

Furthermore, in this study, by numerically 

developing Zhang's damper and adding two SMA 

rods directly in the tension direction through 



Journal of Civil Engineering Researchers 

2025-vol7(4)-p 68-77 

 

77 

increasing wedge width, the damper could create 

a full compression and tension cycle. The flag-

shaped load-displacement diagram and its 

passage through the coordinate origin indicate the 

correct performance, reversibility, and re-

centering of the new idea. 

2. Parametric studies of the re-centering damper (in 

full compression and tension cycle) show that 

increasing the number and diameter of SMA rods 

increases seismic resistance and stiffness but 

decreases ductility. Also, increasing the friction 

coefficient of friction wedges, due to its direct 

effect on resistance and stiffness in the 

compressive section, increases seismic resistance 

and stiffness in the compressive section, while no 

noticeable change is seen in the tensile section, 

but overall, damper ductility decreases. 

3. Parametric study results of the re-centering 

damper (in full compression and tension cycle) 

show that in parallel configuration, seismic 

resistance and stiffness increase, but ductility 

decreases. It was also observed that parallel 

configuration results are almost equal to the case 

with 4 rods, concluding no difference between 

parallel dampers and using four rods. In contrast, 

in a series configuration, resistance, stiffness, and 

ductility significantly decrease; therefore, using a 

series configuration for the re-centering damper is 

not recommended at all. 

4. Post-analysis phase results of this research show 

that the effect of increasing damper diameter on 

seismic performance (resistance and stiffness) is 

much greater than increasing the number and 

friction coefficient, and excessive increase in 

friction between wedges only increases initial 

seismic stiffness in the compression section but 

simultaneously reduces seismic resistance. 

5. Additionally, post-analysis phase results of this 

research show that if the friction coefficient 

approaches 0.12, it has higher seismic ductility 

than the baseline sample with a 0.09 friction 

coefficient, and overall, all reinforced samples 

have lower ductility compared to the baseline 

sample 
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1. Introduction 

In recent years, the application of viscoelastic materials 

has increased significantly. The growing interest in these 

materials arises from their ability to dissipate significant 

amounts of energy through shear deformation. These 

materials are predominantly utilized as energy dampers. 

On the other hand, sandwich structures are widely utilized 

in industries such as construction, bridge building, and 

shipbuilding, owing to their high bending stiffness-to-

weight ratio and the adaptability to modify fundamental 

structural parameters to meet specific design requirements. 

Sandwich beams with viscoelastic cores, known for their 

effective damping properties under dynamic loads, are 
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among the most widely used components in industrial 

structures.  

Banks et al. [1] provided a comprehensive overview of 

elastic and viscoelastic materials, aiming to enhance the 

understanding of their properties and applications. Lakes 

[2] conducted experimental studies to explore the 

properties of viscoelastic materials across a range of 

substances, including polymers, metals, piezoelectric 

materials, damping alloys, composites, and biological 

materials. Galuppi and Royer-Carfagni [3] analyzed the 

time-dependent behavior of a sandwich beam with 

viscoelastic core. The analyzed beam comprises two elastic 

layers at the top and bottom, with a viscoelastic core 

sandwiched between them. Galuppi and Roier-Carfagni 
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compared the results obtained from their analytical model 

with those obtained from three-dimensional finite element 

analysis. Kpeky et al. [4] investigated the vibration 

behavior of sandwich structures featuring soft and flexible 

cores. Given the substantial differences in the mechanical 

properties between the core and the top and bottom layers 

of sandwich structures, modeling these systems using 

higher-order elements or three-dimensional elements is 

more suitable. However, this approach increases the 

number of degrees of freedom and extends the analysis 

time. To mitigate this time-consuming process, Kpeky and 

colleagues proposed a hexahedral solid-shell linear 

element as an alternative. 

Mohammadi and Nasirshoaibi [5] detailed the modeling 

process for viscoelastic materials using ABAQUS 

software. This reference emphasizes that the behavior of 

viscoelastic materials can be effectively simulated by 

precisely defining the storage and loss shear moduli. The 

simulation results were then compared with experimental 

data. Pelayo et al. [6] investigated the temperature- and 

time-dependent behavior of polyvinylbutyral (PVB) 

material, commonly used in the construction of sandwich 

beams. This reference examines the mechanical behavior 

of laminated glass elements in which PVB, a viscoelastic 

material, is used as an interlayer. In this research, PVB 

samples were subjected to dynamic tests using a dynamic 

mechanical thermal analysis (DMTA) device across a 

temperature range of -15°C to 50°C. Subsequently, master 

curves at different temperatures were constructed using the 

Williams-Landel-Ferry model, and the Young's modulus of 

PVB was determined in both time and frequency domains.  

Froli and Lani [7] investigated the adhesion, creep, and 

stress relaxation behavior of laminated glass incorporating 

a viscoelastic PVB interlayer. In this reference, glass 

specimens were subjected to tensile loading at a 45-degree 

angle relative to their longitudinal axis. A modified shear-

compression testing method was utilized to assess evaluate 

the ultimate shear strength of the PVB interlayers. Various 

specimens of this material were fabricated  and 

experimentally tested. Following the experimental 

investigations, the viscoelastic properties of the material, 

specifically shear behavior, creep, and stress relaxation, 

were characterized  and subsequently used in numerical 

modeling. Ehrich et al. [8] proposed a new methodology 

for examining the properties of encapsulated ethylene-

vinyl acetate (EVA) and PVB. The newly developed 

method for characterizing encapsulated materials 

demonstrated high effectiveness, cost-efficiency, and 

practicality for laboratory-scale applications. Hána et al. 

[9] conducted both experimental and numerical studies to 

evaluate the mechanical properties of polymer interlayers 

used in laminated glass manufacturing. These researchers 

investigated the sensitivity of shear stiffness in two 

commonly used polymers in glass panel construction—

PVB and EVA—to variations in time and temperature. 

Hána et al. [10] investigated the four-point bending 

behavior of glass panels with PVB interlayers using both 

numerical and experimental approaches. The analyzed 

glass panels were composed of glass sheets bonded by 

polymer interlayers, which enabled the transfer of shear 

stresses between the glass layers. Hána, Eliášová and 

colleagues determined the time- and temperature-

dependent shear stiffness using a discrete Maxwell model, 

with Prony series coefficients derived from the thermo-

dynamic analysis of the polymer interlayer.  

Zemanová et al. [11] analyzed the modal characteristics 

of multilayered glass beams. Given that in laminated glass, 

rigid glass layers are bonded with soft interlayers whose 

mechanical behavior is frequency and temperature-

dependent, the system exhibits viscoelastic characteristics. 

In this reference, Zimanová et al. employed four distinct 

approaches to address to solve the nonlinear eigenvalue 

problem: complex eigenvalue computation based on the 

Newton-Raphson method, the modal kinetic energy 

method, the dynamic effective thickness method, and the 

enhanced effective thickness method. Li et al. [12] 

presented a state-space method for analyzing the dynamic 

response of double-layer beams with a viscoelastic 

interlayer. The considered double-layer system consists of 

two parallel Euler-Bernoulli elastic beams connected by a 

generalized viscoelastic interlayer. In this reference, a 

novel state-space approach is developed by introducing 

mode shape constants to address the coupling effects 

induced by the viscoelastic interlayer. Schuster et al. [13] 

investigated the linear viscoelastic behavior of polymeric 

interlayers used in laminated glass. This study examined a 

three-layer system consisting of rigid outer layers and a 

soft acoustic PVB core, emphasizing the impact of 

temperature and loading on the materials mechanical 

properties. The experimental data analysis included 

DMTA and creep testing under bending conditions. In this 

reference, the results were compared with analytical 

models developed using the generalized Maxwell model 

and a simplified model that combined multiple rheological 

models.  

Based on the studies conducted so far, it can be 

concluded that accurately predicting the dynamic behavior 

of sandwich beams with viscoelastic layers using the finite 

element method necessitates a precise determination of the 

structural properties and constitutive relationships of 

viscoelastic materials. Various methods are available to 

define the characteristics of viscoelastic materials, 

including the utilization of dynamic storage and loss 

moduli, creep or relaxation test data, or directly specifying 

of Prony series parameters. However, no comprehensive 

study has been conducted to date to determine the optimal 

placement of the viscoelastic layer. This research seeks to 

determine the optimal positioning of viscoelastic layers 
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along the thickness and length of the beam to maximize 

damping performance. 

2. Sandwich beam with viscoelastic layers  

2.1. Geometry and mechanical properties 

The considered sandwich beams of the present study are 

prismatic, featuring a rectangular uniform cross-section of 

width 𝑏, height ℎ, and length 𝐿. These sandwich beams 

comprising three glass layers and two viscoelastic layers 

made of PVB material. The total thickness of glass layers 

is 3ℎ𝐺 , while the total thickness of PVB layers is 2ℎ𝑉. 

Laminated glass beams are widely used in diverse 

structural applications. They form the primary support ribs 

or secondary purlins for large overhead glazed roofs, 

entrance canopies, and atria. They also serve as load-

bearing elements for glass floors, bridges, and stair 

stringers/treads where transparency is desired for visual 

connection or light penetration. Since the failure of glass 

structures is rather brittle, PVB laminates are incorporated 

as safety-critical enhancements. The PVB layers provide 

essential post-breakage integrity. If a laminated glass beam 

is impacted (e.g., by hail, falling debris), the PVB holds 

shattered glass fragments in place, preventing collapse and 

protecting people below. Additionally, PVB laminates 

enhance vibration damping. 

To identify the optimal position of the viscoelastic 

layers along the beam's thickness, four distinct lay-up 

schemes are assumed for the sandwich beams. These 

considered lay-up schemes are illustrated in Fig. 1. 

Notably, in all these lay-up schemes, the total cross-

sectional area of the viscoelastic layers remains identical. 

In this paper, the optimal placement of viscoelastic 

layers along the beam's longitudinal axis is also 

investigated. For this purpose, various configurations for 

positioning the PVB layer along the beam’s length are 

considered. As illustrated in Fig. 2, the three considered 

axial configurations for the placement of the PVB layer 

along the beam length are: 

• The first third of the beam, 

• The middle third of the beam,  

The last third of the beam. 

2.2. Constitutive relations for viscoelastic materials 

This section focuses on the constitutive equations of 

linear viscoelastic materials and their corresponding linear 

constitutive relations. Linear viscoelasticity is generally 

applicable only to small deformations or to materials that 

exhibit linear mechanical behavior. 

 

 

Lay-up scheme (1)  

 

 

Lay-up scheme (2)  

 

Lay-up scheme (3) 

 

Lay-up scheme (4) 

Fig. 1 Different lay-up schemes considered for the sandwich beams 

•  

 
Configuration (1) 

 
Configuration (2) 

 
Configuration (3) 

Fig. 2. Different configurations for the placement of the viscoelastic 

layers along the beam's longitudinal axis 
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Therefore, the theory of infinitesimal strains is typically 

employed in the analysis of such materials. One of the most 

widely used and general approaches for modeling linear 

viscoelastic materials is the Boltzmann superposition 

principle, originally introduced by Ludwig Boltzmann 

Lakes [2]. The Boltzmann Superposition Principle asserts 

that the total response of a system is equal to the sum of the 

individual responses caused by each component acting 

independently. To predict the stress history in viscoelastic 

materials, it is assumed that a specific strain is applied to 

the material. Relaxation and recovery experiments are 

commonly conducted to verify the linearity of this 

principle, ensuring that the material's response adheres to 

the principle under the applied conditions. The time-

dependent relaxation stress is expressed as: 

𝜎0 = 𝜀0𝐸(𝑡) (1) 

where 𝜀0 represents the initial strain, and 𝐸(𝑡) is the 

relaxation modulus. Based on the Boltzmann 

Superposition Principle, an arbitrary strain history can be 

represented as a combination of two sequential unit step 

strains: 
𝜀(𝑡) = 𝜀0[𝐻(𝑡) − 𝐻(𝑡 − 𝑡1)] (2) 

where 𝐻(𝑡) denotes the Heaviside step function. Thus, 

as described in Fig. 3, the resulting stress is: 
𝜎(𝑡) = 𝜀0[𝐸(𝑡) − 𝐸(𝑡 − 𝑡1)] (3) 

 

 
Fig. 3. (a) Application of the Boltzmann Superposition Principle to 

generate a strain pulse, (b) Calculation of relaxation stress in response 

to a strain pulse using the Boltzmann Superposition Principle 

 

The stress resulting from the delayed strain 𝜀0𝐻(𝑡 − 𝑡1) 

is expressed as 𝜀0𝐸(𝑡 − 𝑡1), similar  to the stress 𝜀0𝐸(𝑡), 

generated by the preceding strain step 𝜀0𝐻(𝑡). This 

relationship holds under the assumption that the material 

properties remain constant over time. Depending on the 

material's viscoelastic characteristics, the stress may 

diminish to zero or recover as time 𝑡 progresses Lakes [2]. 

The strain history 𝜀(𝑡) is defined as a function of time 𝑡, as 

depicted in Fig. 4. It is assumed that the strain remains zero 

before 𝑡 = 0. A specific segment of this strain history, 

ranging from 𝑡 − 𝜏 to 𝑡 − 𝜏 + ∆𝜏 (where 𝜏 is a time 

variable, analogous to the constant 𝑡1 in the earlier 

equations), is illustrated in Fig. 4. This segment of the 

strain history can be mathematically represented as: 
𝜀(𝑡) = 𝜀(𝜏)[𝐻(𝑡 − 𝜏) − 𝐻(𝑡 − 𝜏 + ∆𝜏)] (4) 

The equation above effectively describes a strain pulse. 

Using Eq. (3), the variation in stress within the 

viscoelastic material resulting from the strain pulse history 

can be formulated as: 
𝑑𝜎(𝑡) = 𝜀(𝜏)[𝐸(𝑡 − 𝜏) − 𝐸(𝑡 − 𝜏 + ∆𝜏)] (5) 

On the other hand, we have: 
𝑑𝐸(𝑡 − 𝜏)

𝑑𝜏
= lim

∆𝑡→0

𝐸(𝑡 − 𝜏 + ∆𝜏) − 𝐸(𝑡 − 𝜏)

∆𝜏
 (6) 

Thus, the stress increment can be written as: 

𝑑𝜎(𝑡) = −𝜀(𝑡)
𝑑𝐸(𝑡 − 𝜏)

𝑑𝜏
 (7) 

The entire strain history can be broken down into 

discrete strain pulses. The stress at any given time 𝑡 is 

determined by summing the stress contributions from all 

preceding pulses. Importantly, only the effects of strain 

pulses that occur before the present time 𝑡 are included in 

the computation. Contributions from potential future strain 

pulses are not accounted for, ensuring causality in the 

stress-strain relationship. 

 
Fig. 4. Decomposition of the strain history into a series of strain 

pulses 

If the width of the strain pulses, denoted as ∆𝜏 

approaches an infinitesimally small value, the summation 

converges to an integral, yielding the following expression 

for stress: 

𝜎(𝑡) = −∫ 𝜀(𝜏)
𝑑𝐸(𝑡 − 𝜏)

𝑑𝜏

𝑡

0

𝑑𝜏 + 𝐸(0)𝜀(𝑡) (8) 

The second term in this equation arises due to the 

following rationale: After the strain pulse or a series of 
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strain pulses, the strain often returns to zero. However, for 

an arbitrary strain history, the final strain, 𝜀(𝑡), at time 𝑡 is 

generally nonzero. The stress increment associated with the 

final strain is given by 𝐸(0)𝜀(𝑡), as there is insufficient 

time for stress relaxation to occur in this scenario Lakes 

[2]. To derive the final form of Boltzmann's superposition 

principle, integration by parts is applied. In this 

formulation, 𝑡 represents time, and 𝜏 represents the time 

variable for integration: 

𝜎(𝑡) = ∫ 𝐸(𝑡 − 𝜏)
𝑑𝜀(𝜏)

𝑑𝜏
𝑑𝜏

𝑡

0

 (9) 

If the roles of stress and strain in the preceding 

discussions are interchanged, the complementary 

relationship below is obtained: 

𝜀(𝑡) = ∫ 𝐽𝐸(𝑡 − 𝜏)
𝑡

0

𝑑𝜎(𝜏)

𝑑𝜏
𝑑𝜏 (10) 

Consequently, if the response of a viscoelastic material 

to a unit step stress or strain is experimentally measured, 

the material's behavior under any arbitrary load history can 

be computed.  

The effect of temperature θ on the behavior of a 

viscoelastic material can be explained by using the concept 

of reduced time. In this case, the stress-strain relation is 

rewritten as: 

𝜎(𝑡) = 𝐸0(𝜃)𝛾 − ∫ 𝐸̇(𝜉(𝑠))𝜀(𝑡 − 𝑠)𝑑𝑠
𝑡

0

 (11) 

where 𝐸̇(𝜉) =
𝑑𝐸

𝑑𝜉
. In addition, 𝜉(𝑡) is the reduced time 

defined as: 

𝜉(𝑡) = ∫
𝑑𝑠

𝛼(𝜃(𝑠))

𝑡

0

 (12) 

In the above equation, 𝛼(𝜃(𝑠)) is time transmission 

function defined as: 

log(𝛼) = −
𝐶1(𝜃 − 𝜃0)

𝐶2 + (𝜃 − 𝜃0)
 (13) 

where 𝜃0 is the reference temperature at which the 

viscoelastic material response is measured. 𝐶1 and 𝐶2 are 

the calibration constants measured at this temperature. 

The previous paragraphs examined the constitutive 

relations in a one-dimensional state. For a viscoelastic 

material in three dimensions, the constitutive relationship 

can be expressed in the following form: 

𝜎𝑖𝑗(𝑡) = ∫ 𝐶𝑖𝑗𝑘𝑙(𝑡 − 𝜏)
𝑑𝜀𝑘𝑙(𝜏)

𝑑𝜏
𝑑𝜏

𝑡

0

 (14) 

where 𝐶𝑖𝑗𝑘𝑙  denotes elastic constants of a viscoelastic 

material. The above equation can be rewritten as the 

following matrix form: 
𝝈(𝑡) = 𝑪(𝑡)𝜺(𝑡) (15) 

2.3. Finite element modeling 

The finite element model employed to analyze the 

viscoelastic sandwich beam utilizes an 8-node continuum 

solid element. Each node has three degrees of freedom 

corresponding to translations along the global coordinate 

axes of 𝑥1, 𝑥2, and 𝑥3. The vector of displacement 

components 𝒖 = [𝑢 𝑣 𝑤]𝑇 may be written in terms of 

the nodal variables vectors 𝒖𝑢
𝑒  as follows: 

𝑢 = 𝑁𝑢𝑢𝑢𝑢
𝑒  (16) 

where 
𝒖𝑢

𝑒 = {𝑢1 𝑢2 ⋯ 𝑢8 ⋮ 
𝑣1 𝑣2 ⋯ 𝑣8 ⋮ 
𝑤1 𝑤2 ⋯ 𝑤8}𝑇  

In Eq. (16), 𝑵𝑢𝑢 denotes displacements Lagrange 

interpolation matrix. For brevity, the expression for 𝑵𝑢𝑢 is 

not included here.  

The Strain components at any point within the 

viscoelastic beam can be expressed in the following matrix 

form: 
𝜺 = 𝑳𝑢𝑢𝒖 (17) 

where  

𝑳𝑢𝑢 =

[
 
 
 
 
 
𝜕/𝜕𝑥 0 0

0 𝜕/𝜕𝑦 0
0 0 𝜕/𝜕𝑧
0 𝜕/𝜕𝑧 𝜕/𝜕𝑦

𝜕/𝜕𝑧 0 𝜕/𝜕𝑥
𝜕/𝜕𝑦 𝜕/𝜕𝑥 0 ]

 
 
 
 
 

 

𝜺 = [𝜀11 𝜀22 𝜀33 2𝜀23 2𝜀13 2𝜀12]
𝑇  

Given that the displacement components of the 

sandwich beam with viscoelastic layers are small, the 

linear strain-displacement relationships are utilized in Eq. 

(6). For a 8-node continum finite element with three 

degrees of freedom per node, and by using Eq. (16), strain 

vector may be expressed as follows: 
𝜺 = 𝑳𝑢𝑢𝒖 = 𝑳𝑢𝑢𝑵𝑢𝑢𝒖𝑢

𝒆 = 𝑩𝒖𝑢
𝒆  (18) 

where 𝑩 denotes strain interpolation matrix. 

The Hamilton's principle is used to derive governing 

equations of the viscoelastic sandwich beam. According to 

this principle, for a viscoelastic medium with volume 𝛺 

and regular boundary surface 𝛤, The following relationship 

applies: 

𝛿 [∫ (𝑈0 − 𝑇𝑘)𝑑𝑡
𝑡

0

] = 0 (19) 

where 

𝑈0 =
1

2
∫ 𝜺𝑻𝝈𝑑𝛺 − ∫ 𝒖𝑇𝑭𝑆𝑑𝛤 − ∫ 𝒖𝑇𝑭𝑉𝑑𝛺

𝛺𝛤𝛺

 (20) 

𝑇𝑘 =
1

2
∫𝜌

𝜕𝒖𝑇

𝜕𝑡
𝑉

𝜕𝒖

𝜕𝑡
𝑑𝑉, (21) 

and 𝜌 is the density. In addition, 𝑭𝑆 and 𝑭𝑽 are surface 

force vector, respectively. Substituting Eqs. (15), (16), and 

(18) into Eq. (19), and assembling the element equations 

result in the following general equation: 
𝑴𝒒̈(𝑡) + 𝑲(𝑡)𝒒(𝑡) = 𝑭(𝑡) (22) 

The matrices and vectors in the above equation include 

the stiffness matrix 𝑲(𝑡) = ∫ 𝑩𝑇𝑪𝐁𝑑𝛺
𝛺

, mass matrix 𝑴 =

∫ 𝜌𝐍𝑢𝑢
𝑇 𝑵𝑢𝑢𝑑𝛺

𝛺
, and loads vector 𝑭(𝑡) = ∫ 𝑵𝑢𝑢

𝑇𝑭𝑽𝑑𝛺 +
𝛺

∫ 𝑵𝑢𝑢
𝑇𝑭𝑺𝑑𝛤

𝛤
.  
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3.  Numerical Results and Discussion 

In this section, numerical examples are presented to 

investigate the influence of viscoelastic layers' position on 

the natural frequency, damping capability, and creep 

deformations of sandwich beams. Firstly, the finite element 

model is validated by comparing its results with 

experimental data. Then, the optimal placement of 

viscoelastic layers within sandwich beams is determined.  

All sandwich beams examined in this section have a 

length of 1000 mm, a width of 100 mm, and their overall 

thickness is 12.76 mm. The thickness of each glass layer is 

4 mm, while the thickness of each viscoelastic layer is 0.38 

mm. The layers are assumed to be perfectly bonded, 

ensuring no slippage at the interfaces. The mechanical 

properties of the glass and the viscoelastic material (i.e., 

PVB) are summarized in Table 1. Thermal effects are 

neglected, and the analyses are performed at the constant 

temperature of 20°C. 

All numerical simulations are carried out using 

ABAQUS software. The eight-node brick element 

(C3D8R) available in the library of this software was 

employed for modeling the glass and PVB layers. Static 

analysis was adopted for simulating the creep problems. 

Dynamic implicit analysis was used for predicting the 

transient creep responses. Free vibration tests were also 

carried out by employing the eigenvalue solver available in 

the ABAQUS software. 
Table 1 

Mechanical Properties of Glass and PVB [6] 

Material 

Elastic 

Modulus 
(MPa) 

Poisson's 

Ratio 

Density 

(kg/m³) 
C1 C2 

Glass 72000 0.22 2,500 12.6010 74.76 

PVB 1240.3 0.49 1100 12.6010 74.76 
 

 

3.1. Validating example 

Free vibration analysis of a sandwich beam with 

viscoelastic layers is studied in this subsection. The 

sandwich beam under consideration has clamped boundary 

conditions at both ends.. Lamination configuration of the 

sandwich beam is lay-up 1 (see Fig. 1). The viscoelastic 

layers are located all over the length of the beam. This 

analysis aims to assess and compare the accuracy of the 3D 

finite element simulations. Experimental data from Pelayo 

et al. [6], who previously studied this beam, are employed 

to validate the numerical results.  

Table 2 summarizes the first four natural frequencies of 

the viscoelastic sandwich beam, calculated using the finite 

element model. The numerical results are compared with 

the experimental data reported by Pelayo et al. [6]. 
Table 2 

Natural Frequencies (Hz) of the clamped-clamped sandwich beam with 

lay-up scheme no. 1 

Vibrating Mode Experimental Present 

1 36.14 36.47 

2 98.28 97.40 

3 188.94 188.22 

4 306.13 303.35 

 
Table 2 demonstrates that the numerical results from the 

finite element model align exceptionally well with the 

experimental data, showing a maximum percentage 

discrepancy of just 0.9%.  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. Effect of lay-up scheme on the long-term deflection of 

sandwich beams: (a) clamped-clamped, (b) simply support, (c) 

clamped-free 
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Table 4 

Effect of lamination configuration on the natural frequencies (Hz) of the sandwich beams 

Boundary condition Mode no. 
Laminaion configuration 

Lay-up 1 Lay-up 2 Lay-up 3 Lay-up 4 

Fixed-Fixed 

1 36.472 52.195 51.463 40.587 

2 97.402 142.44 141.72 110.13 

3 188.22 277.84 277.89 214.49 

4 303.35 312.00 372.07 351.18 

Simply support 

1 18.09 24.02 22.22 18.95 

2 64.43 92.09 88.99 70.99 

3 139.96 204.85 200.67 157.22 

4 245.21 257.67 257.67 257.67 

Clamped-free 

1 7.2641 9.1232 7.9996 7.4169 

2 37.688 52.293 50.076 40.871 

3 59.945 59.945 59.950 59.946 

4 99.072 143.06 140.19 110.49 
 

3.2. Effect of PVB stacking sequence on natural 

frequency, creep deformations, and damping capability  

This section investigates how the through-thickness 

positioning of viscoelastic layers affects the long-term 

creep deformations, natural frequencies, and damping 

capability of the sandwich beams. In the examined 

sandwich beams of this section, it is assumed that the 

viscoelastic layers are located all over the length of the 

structure (configuration 4). 

3.2.1. Creep deformations.  

The creep deformations of the beam under a uniform 

load of 2000 𝑁/𝑚² were calculated for four different lay-

up schemes shown in Fig. 1 over a ten-day period. 

Variations of maximum deflection with respect to time are 

shown in Figs. 5a, 5b, and 5c. Moreover, the percentage 

increase in the beam’s creep deformation during this time 

frame is summarized in Table 3.The analysis reveals that, 

irrespective of the boundary conditions, the third lay-up 

scheme leads to the minimum rate of time-dependent 

deflections. For instance, in a cantilever sandwich beam, 

the percentage increase in deformations for lay-up scheme 

1, through 4 are 5.99%, 4.87%, 0.59%, and 5.41%, 

respectively. The corresponding increases in deformation 

for other boundary conditions are summarized in Table 3. 
Table 3 

Percentage increase (%) in the long-term deflection of the sandwich 

beam for different lay-up schemes 

Boundary 

Conditions 
Lay-up 1 Lay-up 2 Lay-up 3 Lay-up 4 

Clamped-
Free 

5.99% 4.87% 0.59% 5.41% 

Clamped-

Clamped 
33.48% 24.70% 0.59% 29.36% 

Simply 

supported 
24.92% 19.13% 0.59% 25.59% 

3.2.2. Natural frequencies.  

Table 4 shows the first four natural frequencies of 

sandwich beams for different lay-up schemes and various 

boundary conditions. It is seen that the natural frequencies 

are very sensitive with respect to the lay-up scheme chosen 

for the sandwich beam. Regardless of the type of boundary 

conditions, lay-up scheme 2 leads to the highest frequency, 

and lay-up scheme 1 leads to the lowest frequency among 

other lamination configurations.  

As observed in Figs. 8-10, the second viscoelastic layer 

configuration provides superior damping performance 

under different boundary conditions, leading to faster 

dissipation of beam vibrations. For example, for a 

sandwich beam with a clamped-free boundary condition, 

vibrations are reduced by more than 99% within 3.96 

seconds when using the second configuration. In contrast, 

the corresponding reduction times for the first, third, and 

fourth lamination configurations are 4.29, 4.32, and 4.68 

seconds, respectively. The results for other boundary 

conditions are summarized in Table 5. 
Table 5.  

Effect of different lamination configurations on the vibration decay time 

Boundary 

Conditions 
Lay-up 1 Lay-up 2 Lay-up 3 Lay-up 4 

Clamped-Free 4.29 s 3.96 s 4.32 s 4.68 s 

Clamped-

Clamped 
2.67 s 2.12 s 2.78 s 2.74 s 

Simply 

supported 
2.15 s 1.70 s 2.56 s 2.39 s 

3.2.3. Damping capability  

The influence  of the lay-up configuration on the 

reduction of dynamic vibrations and the damping behavior 

of sandwich beams is investigated in this subsection. For 

the four distinct lay-up schemes shown in Fig. 1, the time 

history of the beams' maximum deflection is estimated 

using the finite element simulation. It is worth  noting that 

the analyzed sandwich beams were initially subjected to a 

predefined initial deformation and subsequently released. 

The analyzed sandwich beams are assumed to have three 

different boundary conditions: clamped-free, simply 

supported, and clamped-clamped. The deflection time-

history of sandwich beams with different boundary 

conditions are shown in Figs. 6a, 6b, and 6c. 
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(a) 

 
(b) 

 
(c) 

Fig. 6. Effect of lay-up configuration on the time-history response of 

sandwich beams: (a) clamped-clamped, (b) simply support, (c) 

clamped-free 

3.3. Effect of axial location of PVB layers on creep 

deformations and damping capability  

In the previous section, the optimal placement of the 

viscoelastic layers across the beam’s thickness was 

investigated. The results indicated that, regardless of the 

boundary conditions, placing the viscoelastic layers at the 

central part of the beam's thickness (i.e., lay-up scheme 2) 

provides the highest damping efficiency. In this section, the 

effects of axial location of PVB layers on creep 

deformations and damping capabilities are investigated. 

Based on the results of Section 3.2, the lamination 

configuration of all examined sandwich beams of this 

section is lay-up no. 2 (see Fig. 1).  

3.3.1. Creep deformations 

For three different configurations of PVB layer 

placement, the creep deformation of the beam under a 

uniform distributed load of 2000 𝑁/𝑚² was evaluated 

after ten days. The results are illustrated in Figs. 7a, 7b, and 

7c. Moreover, the percentage increase in the beam’s creep 

deformation during this time frame is summarized in Table 

6. 

 
(a) 

 
(b) 

 
(c) 

Fig. 7 Effect of the longitudinal position of the PVB layer on the 

maximum creep deformation of sandwich beam: (a) simply support, 

(b) clamped-clamped, (c) clamped-free 
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Table 6.  

Percentage increase (%) in long-term deflection of the sandwich beam 

for different longitudinal positions of the PVB layers 

Boundary 
Conditions 

Configuration 1  Configuration 2 Configuration 3 

Clamped-Free 25.04 14.60 4.94 

Clamped-

Clamped 
63.86 36.52 63.86 

Simply support 33.17 66.86 33.17 

Table 6 shows that for simply supported and clamped-

clamped sandwich beams, placing the PVB layer within the 

middle third of the beam's length minimizes the rate of 

time-dependent creep deflections.  In contrast, for 

clamped-free sandwich beams, the minimum rate of creep 

deformations occurs when the PVB layer is located in the 

last third of the beam. 

3.3.2. Damping capability 

For three different axial locations of the PVB layers 

shown in Fig. 2, the time-history of the maximum 

deflection of the beams are estimated using the finite 

element simulation. The analyzed sandwich beams were 

subjected to an initial deformation, with various boundary 

conditions assumed, including clamped-free, simply 

supported, and clamped-clamped, are assumed for them. 

Fig. 8a shows the deflection time history of sandwich 

beams with clamped-free end conditions. As shown in 

Figure 19, placing the PVB layer near the free end of the 

cantilever beam leads to a faster attenuation of transverse 

vibrations compared to other configurations. The beam 

vibration amplitude are reduced by more than 99% after 

5.82, 5.74, and 5.71 seconds for configurations 1, 2, and 3, 

respectively. Although the differences in decay times are 

minor, the results highlight that the damping performance 

is sensitive to the longitudinal position of the viscoelastic 

interlayer, with improved performance observed when the 

layer is placed closer to the free end. 

Fig. 8b illustrates the dynamic response of a clamped-

clamped sandwich beam under different longitudinal 

configurations of the PVB layer. Compared to the 

cantilever beams, the clamped-clamped sandwich beams 

show significantly faster vibration decay due to increased 

global stiffness. The vibrations are nearly damped out 

within 0.4 seconds in all cases. Although differences 

between the three configurations are minimal, the highest 

damping is achieved when the PVB layer is positioned in 

the middle third of the beam.  

Fig. 8c shows the deflection time history of a simply 

supported sandwich beam under different longitudinal 

configurations of the PVB layer. All configurations 

demonstrate rapid vibration decay, with displacements 

significantly reduced within approximately 2.5 seconds. 

Among the three configurations, configuration 3 (red 

curve) slightly outperforms the others in damping 

effectiveness, as it achieves smaller amplitudes sooner. 

Fig. 8c indicates that placing the PVB layer in the last third 

closest to the hinged support leads to the greatest damping. 

When the viscoelastic layer is located in the middle third 

of the beam, vibrations dissipate by more than 99% after 

2.14 seconds. For positions in the first or last thirds of the 

beam (positions 1 and 3), this value is 2.15 and 2.09 

seconds, respectively. This suggests that placing the PVB 

layer in the last third of the beam contributes to improved 

energy dissipation for simply supported beams. 

 
(a) 

 
(b) 

 
(c) 

Fig. 8 Effect of axial location of the PVB layer on the time-history 

response of sandwich beams: (a) clamped-free, (b) clamped-clamped, 

(c) simply support 

These results indicate that the viscoelastic layer's 

optimal longitudinal positioning strongly depends on the 

beam’s boundary conditions and correlates with the 

regions of maximum dynamic deformation. Proper 

placement of the PVB layer can significantly enhance the 



87 Journal of Civil Engineering Researchers 

2025-vol7(4)-p 78-87 

 

damping capacity and reduce the duration of vibrational 

responses. 

4. Conclusion 

This study  examined the creep and dynamic behaviors 

of sandwich beams including viscoelastic layers using 

three-dimensional finite element modeling. Additionally, 

the study aimed to identify the optimal position of 

viscoelastic layers through the thickness and along the 

beam's length to maximize damping performance and 

minimize creep deformations. The accuracy of the finite 

element model was confirmed by comparing its results 

with experimental results available in the literature. The 

key findings of this research are summarized as follows: 

• The developed three-dimensional finite 

element model demonstrated high accuracy in 

predicting both the creep behavior and the free 

vibration of sandwich beams incorporating 

viscoelastic layers. 

• The inclusion of viscoelastic layers had a 

pronounced impact on the dynamic response of 

the sandwich beams, notably enhancing their 

damping capacity. 

• Despite improving damping performance 

under dynamic loads, the viscoelastic layers 

contributed to creep behavior, resulting in 

increased long-term deformations under 

sustained service loads. 

• Independent of the sandwich beam's boundary 

conditions, placing the viscoelastic layer near 

the neutral axis (i.e., at the mid-thickness) 

maximizes the damping effect.  

• Positioning viscoelastic layers far from the 

neutral axis of the beam (i.e., at the top and 

bottom of the host beam) minimizes long-term 

creep deformations, irrespective of the 

boundary conditions. 

• For clamped-free sandwich beams, placing the 

viscoelastic layer in the last third of the beam’s 

length (near the free end) provides the highest 

damping performance. For simply supported 

beams, placing the PVB layer in the last third 

closest to the hinged support leads to improved 

energy dissipation. In contrast, for the 

clamped-clamped boundary condition, the 

optimal damping is achieved when the 

viscoelastic layer is positioned in the central 

third of the beam. 
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1. Introduction 

Freeze-thaw cycles are among the most important 

environmental phenomena in cold and temperate regions, 

directly and significantly affecting the geotechnical 

behavior of various types of soils, particularly fine-grained 

soils with high swelling potential. These cycles occur when 

the ambient temperature alternately passes the freezing 

point of water, leading to the freezing and then successive 

thawing of water within the soil mass. As a result of this 

process, significant changes are created in the microscopic 

structure, physical and mechanical properties, as well as 

the engineering performance of the soil. 

 
* Corresponding author. Tel.: +980000000000; e-mail: Ata.jafary@iau.ac.ir. 

Expansive soils, such as clay soils with a mineral 

structure of montmorillonite or illite, have a high capacity 

for water absorption and volume change due to their 

specific mineralogical nature and are prone to expansion 

and contraction behaviors. Under the influence of freeze-

thaw cycles, the water in the pores of these soils freezes 

and increases in volume by about 9%, creating internal 

stresses in the soil. These stresses can lead to structural 

failure within the soil, the development of microcracks, 

and, in the long term, to a reduction in soil integrity. 

Furthermore, during the thawing phase, the entry of water 

into the porous soil system, together with a relative 

decrease in dry density and weakening of interparticle 
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bonds, reduces the shear and compressive strengths of the 

soil [1-4]. Experimental evidence from cyclic tests under 

controlled conditions has shown that after only a few 

freeze-thaw cycles, shear strength parameters such as the 

angle of internal friction and cohesion decrease 

significantly, and the potential for sudden settlements or 

inelastic deformations in the soil increases. 

From a geotechnical engineering perspective, the 

consequences of this process on the performance of 

structures built on such soils are significant. For example, 

in infrastructure such as pavements, railways, surface 

foundations, and buried piping systems, volume changes 

due to freezing can lead to local swelling (heave) and then 

thaw settlement, which over time can cause cracking, 

misalignment, or costly failures. These effects are more 

severe in expansive soils because water absorption before 

freezing is greater, and a higher volume change capacity is 

created in the cycles. Also, structural erosion caused by the 

aforementioned cycles reduces the initial impermeability, 

increases the effective porosity, and ultimately facilitates 

the movement of water and chemically aggressive 

substances within the soil. Considering the different 

dimensions of the impact of these cycles, improvement and 

modification of the behavior of expansive soils exposed to 

freezing is an undeniable necessity in civil and 

infrastructure projects [5-9]. One common method is to use 

chemical additives such as lime, cement, fly ash, or 

nanomaterials that, by creating pozzolanic or cementation 

reactions, strengthen the bonds between soil particles and 

reduce their sensitivity to temperature and humidity 

changes [10-12]. Fly ash is a by-product of coal 

combustion in thermal power plants and has pozzolanic 

behavior due to its high content of silica (SiO₂), alumina 

(Al₂O₃), and calcium oxide (CaO). Pozzolanic reactions 

between fly ash and soil compounds, especially in the 

presence of water, lead to the formation of cementitious 

compounds such as hydrated calcium silicate (C–S–H) and 

hydrated calcium aluminate (C–A–H), which increase the 

adhesion of soil particles, reduce permeability, and 

improve the compressive and shear strength of the soil. In 

addition to mechanical properties, fly ash changes the soil 

structure from a dispersed state to a compact and 

cementitious structure by reducing the cation exchange 

potential and surface water absorption by clay particles. 

Additionally, due to the alkaline nature of fly ash, the soil 

pH increases, providing a suitable environment for 

accelerating pozzolanic chemical reactions. From an 

environmental and economic perspective, the use of fly ash 

as a substitute for expensive chemicals such as lime or 

cement has significant advantages. As an industrial waste, 

this material causes environmental pollution if not used 

properly. However, if scientifically exploited in soil 

improvement projects, not only are geotechnical problems 

solved, but also a sustainable use cycle of waste materials 

is established [13-17]. 

In recent decades, the emergence of nanotechnology, 

and especially the application of carbon nanomaterials 

such as carbon nanotubes (CNTs), graphene and its 

derivatives, and carbon black nanoparticles, has opened 

new horizons in advanced soil improvement. Due to their 

unique physical and chemical properties, including very 

high specific surface area, high Young's modulus, 

significant thermal and electrical conductivity, and 

remarkable chemical stability, carbon nanomaterials have 

the ability to interact effectively with soil particles. When 

these nanomaterials are added to soil, based on 

microscopic and spectroscopic studies, it has been 

observed that they increase structural cohesion, reduce 

permeability, and improve soil shear strength by creating 

physical and chemical bonds with clay particles. One of the 

most important mechanisms of action of carbon 

nanomaterials is to fill the empty space between soil 

particles and strengthen interparticle bonds [18-22]. 

Carbon nanotubes penetrate the space between fine soil 

particles and act like reinforcing strips, reducing 

deformability and increasing soil hardness. On the other 

hand, the presence of carbon nanomaterials can accelerate 

the hydration process of cement or other additives, and 

when combined with pozzolanic materials, improve the 

chemical reactions of geopolymers [23-25]. Graphene 

Oxide (GO) is one of the newest carbon nanomaterials that 

has been considered as an innovative additive in 

engineering soil improvement in recent years. This 

material, which is an oxidized derivative of graphene and 

has a two-dimensional structure with active functional 

groups such as hydroxyl, epoxy, and carboxyl, has the 

ability to interact effectively with soil particles due to its 

high specific surface area, suitable polarity, and stability in 

aqueous environments, and can cause significant changes 

in their physical and mechanical properties [26-29]. 

Numerous studies have shown that adding very small 

amounts of graphene oxide leads to a significant 

improvement in compressive and shear strength, reduced 

permeability, improved compressibility, and increased 

volumetric stability in expansive clay soils. The 

mechanism of action of graphene oxide is based on 

increasing interparticle bonds and creating reinforcing 

microscopic networks between soil particles. This 

nanomaterial, by being placed in the space between fine-

grained particles, increases adhesion and cohesion between 

them and transforms the dispersed structure of clay soils 

into a flocculated and dense structure. The presence of 

active functional groups on the surface of graphene oxide 

provides suitable reactivity conditions for the formation of 

hydrogen and ionic bonds with the surface of soil particles, 

which results in increased hardness, elastic modulus, and 

chemical stability of the soil. In addition, due to the polar  
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Table 1. 

 Summary of research on the role of fly ash and graphene oxide in soil improvement 

R Year Type of additive 
Percent of 

additive (%) 

Results 

 
References 

1 2004 Fly ash 0 – 46 
Fly ash addition lowers soil dry density, increases void ratios and 

porosity, and enhances shear strength nonlinearly 
[35] 

2 2005 Fly ash 0 – 20 
High calcium fly ash forms tobermorite, enhancing the density and 

stability of the soil 
[36] 

3 2006 Fly ash 0 – 20 
Due to the lower specific gravity of the fly ash than that of the 

soil, the maximum dry density decreased, and the optimum 

moisture content increased with increasing fly-ash content 

[37] 

4 2007 Fly ash 0 – 16 

The compressive strength of sludge ash/soil was less than fly 
ash/soil. The bearing capacities for both fly ash/soil and sludge 

ash/soil were five to six times and four times, respectively, higher 

than the original capacity 

[38] 

5 2012 Fly ash 0 – 25 
The UCS and CBR values increased 

by adding optimum fly ash content  and  lime 
[39] 

6 2015 
Graphene oxide 

(GO) 
0 – 0.5 

GO altered the morphology of geopolymers from a porous nature 

to a substantially pore-filled morphology with increased 

mechanical properties 
[40] 

7 2016 Fly ash 0 – 10 
Bearing capacity of soft soil can be improved substantially, and 

swell can be reduced significantly by using Class C fly ash 
[41] 

8 2016 
Graphene oxide 

(GO) 
0 – 0.1 

GO reduced soil plasticity and compressibility while increasing 

tensile and shear strength of the treated soil 
[42] 

9 2017 
Graphene oxide 

(GO) 
0 – 0.1 

The addition of GO  into the soil generally decreased the soil's 

void ratio under a given hydrostatic consolidation pressure, while 

increasing its undrained shear strength 

[43] 

10 2018 Fly ash 0 – 50 
Incorporation of biocement in fly ash 

It is an effective means of increasing the strength of expansive 
soils 

[44] 

11 2020 Fly ash 0 – 9 
When Microbially induced carbonate precipitation (MICP)-treated 

sand mixed with  Fly ash, the deviator stress increased, caused by 
the bonding of precipitated CaCO3 in MICP 

[45] 

12 2021 
Graphene oxide 

(GO) 
0 – 0.12 

The SEM results showed that due to the synergistic filling effect 

and hydration effect of cement/GO, the microstructure was denser, 
and the characteristics of cracks were refined 

[46] 

13 2021 
Graphene oxide 

(GO) 
0 – 0.1 

As the curing time of graphene oxide increases, the soil 

compressibility (Cc and Cs) decreases. The coefficient of 
consolidation (Cv) decreases as the curing time of graphene oxide 

increases 

 

[47] 

14 2023 
Graphene oxide 

(GO) 
0 – 0.1 

The addition of graphene oxide significantly improved the UCS 

with a substantial reduction in failure strains, showing relatively 

brittle behavior 
[48] 

15 2023 Fly ash 0 – 30 
Increasing the sawdust ash/high calcium fly ash (HCFA/SDA) 

mixture and cement content enhanced expansive soil properties 

while lowering the liquid limit (LL) and plasticity index (PI) 

[49] 

16 2024 
Graphene oxide 

(GO) 
0 – 0.1 

SEM test results reveal that due to nucleation effects, GO 

promotes the generation of hydration product C-S-H, enhancing 

the resistance of cement soil samples to external salt erosion 

[50] 

17 2024 
Graphene oxide 

(GO) 
0 – 0.05 

 
GO improves stiffness and reduces energy consumption  and 

damping ratio in modified coastal cement soil 
[51] 

18 2024 
Graphene oxide 

(GO) 
0 – 0.06 

 

The effect of GO and its strong bonding with the cement matrix 

significantly improved the microstructure of the specimens by 

reducing pores and defects 

[52] 

19 2024 
Graphene oxide 

(GO) 
 

0 – 0.1 
The GO-incorporated hydrophobic geopolymer exhibits a 

compressive strength comparable to the unmodified geopolymer 
[53] 

20 2025 
Graphene oxide 

(GO) 
 

0 – 0.02 
GO improved the compressive strength of alkali-activated fly ash-

based geopolymer and reduced the decrease in compressive 

strength over freeze-thaw cycles 

[54] 

 

and highly hydrophilic properties of graphene oxide, 

this material absorbs and stabilizes water in the micropores 

of the soil and significantly prevents the swelling and 

shrinkage of soils sensitive to moisture changes [30-34]. 

Given the positive properties of fly ash and graphene 

oxide in soil improvement, researchers have drawn 

attention to studying and evaluating their role in improving 

the geotechnical properties of problematic soils, especially 

fine-grained soils. Table 1 summarizes the most important 

https://www.sciencedirect.com/topics/engineering/hydration-product
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Fig. 1. Co-occurrence analysis of scientific terms in studies of GO and fly ash related to the construction field 

research conducted on the effect of fly ash and graphene 

oxide on the geotechnical properties of soils. This table 

includes information on the type of additive and the 

optimal percentage of the material used, and the key results 

of each study. 

In recent years, with the exponential growth of scientific 

production in various fields, the need for analytical tools to 

better understand the structure, process, and impact of 

scientific studies has increased. Bibliometric analysis, as 

one of the most important quantitative methods in the 

evaluation of scientific and research information, allows 

for the systematic examination of scientific publications, 

collaboration patterns, citation networks, and conceptual 

evolution in a specific field. This type of analysis, using 

bibliographic data extracted from reliable databases such 

as Web of Science, Scopus, or Dimensions, allows 

researchers to identify and analyze the dynamics of 

knowledge production, key researchers, leading 

institutions, and emerging topics. One of the prominent and 

widely used tools in the field of bibliometric data analysis 

and visualization is the VOSviewer software, developed by 

the Center for Science and Technology Studies at Leiden 

University in the Netherlands. This free software, using 

clustering and network drawing algorithms, has a high 

ability to graphically display relationships between data. 

VOSviewer's main capabilities include drawing co-

authorship maps, co-occurrence maps, co-citation maps, 

and bibliographic coupling maps, each of which displays 

some type of relationship between bibliographic elements 

such as authors, institutions, countries, keywords, and 

articles. 

Fig. 1 is the output of bibliometric analysis using 

VOSviewer software, which displays a network of 

synonyms in the field of research related to fly ash and 

graphene oxide, based on data extracted from scientific 

databases. In this map, each node represents a frequently 

occurring keyword in scientific texts, and the size of the 

nodes is determined in proportion to the frequency of use 

of that word in different articles. The links between nodes 

represent the intensity of their co-occurrence in a 

document, and the color clustering is the result of the 

VOSviewer clustering algorithm, which places related 

topics together based on conceptual relationships. In this 

network structure, three main color clusters can be seen: 

the blue cluster, which is centered around keywords such 

as fly ash, graphene oxide, cementitious composites, 

nanostructured materials, and reduced graphene oxide, and 

represents the field of research related to nanomaterials and 

new cementitious compounds; The green cluster, which 

includes concepts such as microstructure, hydration, 

cements, mechanical strength, tensile strength, and cement 

mortars, indicates the focus of research on microscopic 

behavior, hydration processes, and mechanical properties 

of mortars and cement; and the red cluster, which includes 

concepts such as compressive strength, durability, 

geopolymers, concrete aggregates, slags, and recycling, 

focuses on the field of durability, the use of alternative 

materials, recycled concrete, and geopolymer systems. A 

careful examination of the position of graphene oxide and 

fly ash in this map shows that these two terms not only have 

the highest frequency and the highest connection with other 

concepts, but also play a role as the central core of many 

researches in the field of modern building materials. The 

strong connection of these two terms with terms such as 

compressive strength, cementitious composites, durability, 

nanomaterials, and mechanical properties indicates the 

extensive focus of scientific studies on their application in 

improving the physical and mechanical properties of 

building materials. However, it is very striking in this 

analysis that throughout this conceptual network, no terms 

related to soil, geotechnical engineering, soil stabilization, 

clay soils, or concepts related to soil improvement are seen. 
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This apparent absence in the map vocabulary indicates that 

despite the widespread use of these two materials in the 

field of concrete, cement mortars, and even geopolymer 

compounds, their application in the field of soil 

improvement has not been seriously and organizedly 

reflected in the scientific literature. On the other hand, 

concepts such as geopolymer and geopolymer concrete, 

which are in the red cluster, although they are present in 

the map, the relatively small size of the nodes and their 

peripheral position in the network structure indicate that 

this field is still in the early stages of growth and 

development and has not yet reached the stage of study 

saturation. This indicates that research on geopolymers, 

despite their high potential, is still in a secondary position 

compared to studies on traditional cementitious systems. 

Overall, the presented analysis of this bibliometric picture 

reveals that although the application of fly ash and 

graphene oxide in the cement and concrete industry has 

reached relative maturity and has occupied a large part of 

the scientific literature, areas such as geopolymers and 

especially geotechnical engineering are still not saturated 

in terms of research, and this issue can be considered as a 

serious scientific gap and at the same time a valuable 

research opportunity to expand the frontiers of knowledge 

in the future. 

2. Significance and Novelty of the Study 

Expansive soils pose one of the most persistent 

challenges in geotechnical engineering due to their severe 

shrink–swell behavior under seasonal moisture 

fluctuations. This behavior often results in structural 

instability, foundation damage, and costly maintenance in 

infrastructure projects, particularly in cold regions where 

freeze–thaw cycles exacerbate the problem. While various 

chemical stabilizers have been used to improve the strength 

and deformation characteristics of expansive clays, their 

long-term performance under harsh environmental 

conditions remains a critical concern. Therefore, exploring 

durable, cost-effective, and environmentally responsible 

additives has become a key research priority in sustainable 

ground improvement. 

This study introduces a dual-stabilization approach 

using graphene oxide and fly ash, aiming not only to 

improve the mechanical behavior of expansive clay but 

also to enhance its freeze–thaw durability, an aspect that 

has received limited attention in the literature. The novelty 

of this work lies in the systematic evaluation of UCS, 

elastic modulus (E50), and stress–strain responses under 

successive F–T cycles, which provides a comprehensive 

understanding of both strength enhancement and long-term 

degradation behavior. Furthermore, the use of nano-scale 

GO in combination with industrial by-product FA offers a 

promising synergy between high-performance 

nanomaterials and sustainable geotechnical practices. 

3. Materials used  

3.1. Soil  

In this research, a type of expansive clay soil was 

selected, which is widely recognized for presenting critical 

challenges in geotechnical applications. Its tendency to 

undergo considerable volumetric changes upon moisture 

variation makes it highly susceptible to shrinkage and 

swelling, potentially compromising the stability of 

overlying structures. The particle size distribution of the 

selected clay was analyzed based on ASTM D422 

standards [55], and its key physical properties are 

summarized in Table 2. 
Table 2.  

Physical characteristics of the expansive clay studied 
 

Property Value Unit Standard 
Gs 2.65 Dimensionless ASTM D854 [56] 
LL 146.2 % ASTM D4318 [57] 

PL 43.9 % ASTM D4318 [57] 

PI 102.3 % ASTM D4318 [57] 
MDUW 14.7 KN/m³ ASTM D698 [58] 

OMC 24.6 % ASTM D698 [58] 

3.2. Graphene oxide powder  

Graphene oxide has been utilized as a nanomaterial to 

enhance the engineering properties of expansive soil in the 

present research. Due to its unique two-dimensional 

structure, high specific surface area, and the presence of 

active functional groups, graphene oxide has the potential 

to improve the soil’s mechanical properties and reduce its 

swellability. This material interacts with soil particles and 

modifies the soil structure through physical and chemical 

bonding. The specifications of the graphene oxide used in 

this study are presented in Table 3. 
Table 3. 

 Characteristics of graphene oxide used 
 

Specification Unit Value 
Appearance - Powder 

Color - Grey - Black 

Density (g/cm3) 1.9-2.2 
Specific Surface Area (m2/gr) 1000-15000 

Abbreviation - GO 

3.3. Fly Ash powder  

In this study, a processed fly ash known commercially 

as Pozzocrete 63, manufactured by Dirk India Pvt. Ltd., 

was used. This artificial pozzolanic material is derived 

from coal-fired power plants and undergoes industrial 

treatment to produce a finely divided, uniform powder. Its 
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chemical composition is rich in silica and alumina, 

contributing to its favorable pozzolanic reactivity. These 

properties enhance the bonding within the cementitious 

matrix, reduce permeability, and improve the mechanical 

performance of the final product. Due to its consistent 

physical characteristics and controlled quality, Pozzocrete 

63 is considered a suitable additive in various civil 

engineering applications, including soil stabilization, 

special concretes, and engineered mortars. 

3.4. Sample Preparation and Experimental Program 

Design 

 The primary objective of this study is to evaluate the 

strength improvement of expansive clay through 

stabilization using fly ash (FA) and graphene oxide (GO). 

For specimen preparation, the soil was first oven-dried and 

sieved through a No. 40 mesh. Then, fly ash was blended 

with the dry soil at predetermined weight percentages. 

Based on the results of the Standard Proctor compaction 

test, the optimum moisture content was gradually added to 

the mixture in stages, followed by mechanical mixing for 

10 minutes. This process was repeated for samples 

containing varying percentages of graphene oxide as well 

as for combined mixtures of FA and GO. The blended 

materials were then used to fabricate cylindrical specimens 

with a diameter of 38 mm and a height of 76 mm. Each 

specimen was compacted in four layers inside lubricated 

steel molds, with each layer receiving four uniform blows. 

After compaction, the specimens were carefully demolded 

and immediately sealed in plastic bags to preserve moisture 

and allow for 28 days of curing under controlled 

conditions. Unconfined compressive strength (UCS) tests 

were performed in accordance with ASTM D2166 [59]. To 

evaluate the influence of freeze–thaw cycling, the cured 

samples were subjected to 3, 6, and 9 cycles using a 

specialized freezer. 

 

Fig. 2. Schematic representation of the experimental procedure 

followed in this study 

For the freezing stage, the specimens were placed at 

temperatures ranging from −15°C to −20°C, while thawing 

was conducted at 20°C or ambient temperature [60,61]. 

The mix designs and experimental variables are 

summarized in the following tables. The tested FA contents 

were 5%, 10%, and 15% by weight, and GO contents were 

0.05%, 0.10%, and 0.15% by weight. These percentages 

were selected based on typical ranges reported in the 

literature. The overall experimental procedure is illustrated 

in Fig. 2. 

4. Results and Discussion 

4.1. Improvement of UCS Using GO and FA under F–T 

Cycles 

The variations in unconfined compressive strength 

(UCS) of the samples containing graphene oxide (GO) and 

fly ash (FA) under different freeze–thaw cycles are 

presented in Fig.3. According to the results, at each fixed 

percentage of fly ash, increasing the amount of graphene 

oxide leads to a noticeable improvement in compressive 

strength. This trend suggests that GO effectively 

contributes to the mechanical reinforcement of the soil by 

enhancing interparticle bonding and improving structural 

cohesion. Among all the tested combinations, the sample 

with 10% fly ash and 0.1% graphene oxide exhibited the 

highest strength, showing an increase of approximately 

76% compared to the untreated expansive clay. This 

superior performance can be attributed to the synergistic 

effect of the pozzolanic activity of fly ash and the 

stabilizing action of graphene oxide, which together 

enhance interparticle adhesion and reduce detrimental 

porosity. As the number of freeze–thaw cycles increases, a 

gradual reduction in strength is observed across all 

specimens, which is a typical behavior in soils subjected to 

thermal cycling. Repeated freezing and thawing induce 

volumetric stresses within the soil mass, leading to the 

degradation of mechanical bonds and partial disintegration 

of the compacted structure. However, the inclusion of GO 

and FA mitigates the severity of this decline. The slower 

rate of strength loss in treated samples suggests that the 

additives play an important role in limiting the damage 

induced by freeze–thaw actions [53,62]. 

4.2. Stress–Strain Behavior of Optimized Soil Under 

Freeze–Thaw Cycles  

Fig. 4 shows the stress–strain curves of the optimized 

soil samples subjected to different freeze-thaw cycles (0, 3, 

6, and 9 cycles). These curves are used to examine the 

failure mode and ductility of the samples. At cycle zero, 

the curves exhibit more brittle behavior characterized by 

high peak strength and low failure strain. With an 

increasing number of cycles, the curve characteristics 

gradually change, and  the  material  behavior  tends to 
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Fig. 3. Variations in UCS of expansive clay containing different percentages of GO under various F-T cycles, for:  (a) 0% fly ash, (b) 5% fly ash, (c) 10% 

fly ash, and (d) 15% fly ash 

 

 

Fig. 4. Effect of the number of freeze–thaw cycles on the stress–strain behavior of the optimized samples: (a) 0 cycles, (b) 3 cycles, (c) 6 cycles, (d) 9 

cycles 

 

become softer. The reduction in peak stress and the relative 

increase in failure strain in subsequent cycles indicate that 

the soil has shifted from a quasi-brittle state toward a more 

ductile behavior. This behavioral change can be directly 

attributed to the destructive effects of the freeze-thaw 

cycles. With each freezing event, the water in the pores 

expands and exerts pressure on the soil’s internal walls. 

These repeated pressures eventually cause microcracks, 

deterioration of inter-particle bonds, and a reduction in 

microstructure cohesion. However, samples modified with 

graphene oxide (GO) and fly ash (FA), compared to those 

without additives, experience a more controlled reduction 

in strength while maintaining adequate ductility. These 

features are highly important from a geotechnical design 

perspective, as materials that maintain strength while 

allowing greater deformation exhibit more stable 

performance under various loadings. In summary, the 

addition of GO and FA not only helps increase material 
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strength but also improves post-peak behavior by reducing 

the soil structure’s sensitivity to freeze-thaw induced 

damage, an issue of great significance in construction 

projects in cold regions [48,51]. 

4.3. Effect of GO and Fly Ash on the E50 of Expansive 

Clay During Freeze–Thaw Cycling  

Fig. 5 illustrates the variations in the initial elastic 

modulus (E50) of expansive clay treated with different 

percentages of graphene oxide (GO) and fly ash (FA) under 

successive freeze–thaw cycles. The E50 parameter 

represents the soil’s initial stiffness within small strain 

ranges and plays a critical role in the performance 

assessment of geotechnical structures under service 

conditions, such as embankments, retaining walls, and 

subgrade layers. According to the results, in the absence of 

freeze–thaw exposure (cycle 0), the inclusion of GO 

significantly increases the E50 values across all levels of 

fly ash. This improvement can be attributed to enhanced 

soil compressibility, improved interparticle contact, and a 

reduction in effective porosity, all resulting from the 

structural modification induced by GO. As freeze–thaw 

cycles progress, a gradual reduction in E50 is observed, 

primarily due to the deterioration of internal bonding, the 

formation of microcracks, and the increased heterogeneity 

within the soil matrix caused by thermal stresses. 

Nonetheless, samples incorporating higher FA contents 

demonstrate better retention of stiffness. This behavior is 

closely linked to the formation of secondary cementitious 

compounds through pozzolanic reactions between fly ash 

and soil constituents, which contribute to structural 

stability and mitigate the propagation of freeze-induced 

cracking. Notably, in specimens with 10% and 15% FA, 

the E50 values remain within an acceptable range even 

after extended cycling, indicating a favorable structural 

response under repeated thermal loading. These findings 

highlight the significance of selecting optimal GO and FA 

contents in designing geotechnical materials resilient to 

freeze–thaw conditions. It is also worth noting that the loss 

in stiffness caused by cyclic freezing and thawing may, in 

some cases, exceed the reduction in peak strength. This 

underscores the greater sensitivity of elastic response 

characteristics to environmental degradation, especially 

under early-stage loading conditions [63-65]. 

4.4. Durability of Expansive Clay Treated with GO and 

FA Under Freeze–Thaw Cycles 

Fig. 6 illustrates the reduction ratio of unconfined 

compressive strength (UCS) in various samples containing 

graphene oxide (GO) and fly ash (FA) subjected to 

successive freeze–thaw cycles. This parameter serves as a 

direct indicator of the mechanical durability of soils under 

harsh environmental conditions, particularly in cold 

regions. The results indicate that incorporating GO at all 

FA levels effectively reduces the rate of strength loss. In 

other words, GO contributes to stabilizing the soil structure 

against degradation induced by freeze–thaw actions. Its 

role can be attributed to enhancing interparticle bonding, 

reducing permeability, and limiting the propagation of  

 

 

Fig. 5. Variations in E50 of expansive clay containing different percentages of GO under various F-T cycles, for:  (a) 0% fly ash, (b) 5% fly ash, (c) 10% 

fly ash, and (d) 15% fly ash 
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microcracks, all of which collectively delay the onset and 

progression of structural deterioration. Nevertheless, the 

most significant impact on mitigating strength loss is 

associated with the presence of fly ash. Increasing the FA 

content, especially to 10% and 15%, leads to a considerable 

reduction in the UCS loss ratio. This improvement is 

primarily due to the pozzolanic nature of FA, which reacts 

with active soil components to form secondary 

cementitious phases. These reaction products fill pore 

spaces, reduce effective porosity, and ultimately enhance 

the structural integrity of the treated soil. Notably, in 

specimens with higher FA content, the rate of strength 

reduction becomes more gradual and stable beyond the 

sixth freeze–thaw cycle, suggesting a progressive 

structural development and stabilization of pozzolanic 

reactions within the soil matrix. From an engineering 

perspective, materials that exhibit lower strength loss under 

freeze–thaw cycling are more suitable for use in pavement 

subgrades, embankments, earth dams, and other 

geotechnical structures exposed to temperature 

fluctuations. Accordingly, a blend of GO with 10% to 15% 

fly ash is recommended as an effective strategy for 

enhancing the cyclic durability of soils in cold and frost-

prone environments [66-68]. 

5. Conclusion 

 

This study evaluated the mechanical performance and 

freeze–thaw durability of expansive clay stabilized with 

varying contents of graphene oxide (GO) and fly ash (FA). 

A series of laboratory tests, including unconfined 

compressive strength (UCS), stress–strain behavior, and 

elastic modulus (E50), were conducted on samples 

subjected to 0, 3, 6, and 9 freeze–thaw cycles. The analysis 

aimed to understand how these additives influence strength 

development, stiffness retention, and long-term 

degradation under cyclic thermal loading. Based on the 

experimental findings, the following conclusions can be 

drawn: 

• The combined use of graphene oxide and fly ash 

significantly enhanced the unconfined 

compressive strength of expansive clay. The most 

effective performance was observed in the sample 

containing 10% FA and 0.1% GO, which showed 

approximately 76% higher UCS compared to 

untreated soil. 

• GO contributed to improved interparticle bonding 

and microstructural stability, while FA provided 

long-term benefits through pozzolanic reactions 

and secondary cementation. 

• As the number of freeze–thaw cycles increased, 

all samples exhibited reduced peak strength and 

increased failure strain, indicating a transition 

from brittle to more ductile behavior. However, 

treated samples showed more stable post-peak 

performance and better deformation capacity. 

• The E50 values showed initial improvement due 

to GO and FA addition, with better stiffness 

retention in samples containing 10% and 15% FA 

even after repeated cycles. This highlights the role 

of FA in enhancing the soil’s resistance to 

structural degradation. 

 

 

Fig. 6. Reduction ratio of unconfined compressive strength in samples containing various percentages of graphene oxide under different freeze–thaw 

cycles for: (a) 0% fly ash, (b) 5% fly ash, (c) 10% fly ash, and (d) 15% fly ash 
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• The reduction in elastic stiffness under freeze–

thaw conditions was in some cases more 

pronounced than the loss in strength, 

underscoring the importance of evaluating both 

parameters in durability assessments. 

• Durability, as measured by the UCS loss ratio, 

was significantly improved in samples with 

higher FA content. Beyond six freeze–thaw 

cycles, the rate of strength loss became more 

gradual in these mixtures, indicating stabilization 

of the internal soil structure. 

• Overall, the use of GO in combination with 10–

15% FA is recommended as a practical and 

effective solution for enhancing both the 

mechanical performance and long-term freeze–

thaw durability of expansive soils in geotechnical 

applications, particularly in cold regions. 
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Scholars Pavilion or Scholars Chartagi is a monument donated by the Islamic Republic of 

Iran to the United Nations Office at Vienna. The monument architecture is claimed by the 

Islamic Republic News Agency of Iran to be a combination of Islamic and Achaemenid 

architecture, although the latter clearly predominates in the decorative features, with Persian 

columns and other features from Persepolis and other remains from the Achaemenid dynasty. 

The Chahartaq pavilion form runs through the architecture of Persia from pre-Islamic times 

to the present. 

Statues of four famous Persian medieval scholars, Omar Khayyam, Al-Biruni, Muhammad 

ibn Zakariya al-Razi and Ibn-Sina are inside the pavilion. This monument donated in June 

2009 in occasion of Iran's peaceful developments in science. 

 


