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Abstract 11 

One of the most effective structural systems for resisting lateral loads in buildings is the shear wall. In 12 

addition to controlling lateral displacements and resisting horizontal forces, shear walls considerably 13 

enhance the overall stiffness of the structure. In this study, semi-supported steel shear walls were 14 

investigated, with their strength and ductility improved by applying concrete coatings to the steel plate. 15 

The research was conducted in several stages. First, a semi-supported steel shear wall was modeled and 16 

analyzed in ETABS to determine the boundary members and identify the critical span. The base model 17 

was then converted into a composite semi-supported shear wall. Subsequently, detailed analyses were 18 

performed in ABAQUS software under both monotonic and cyclic loading conditions, considering 19 

scenarios near and far from the fault. The analyses focused on cyclic behavior, load-bearing capacity, 20 

energy dissipation, Von Mises stress distribution, and compressive damage in concrete. The results 21 

indicated that applying a concrete coating increased the initial stiffness by approximately 4.5 times and 22 

enhanced the ultimate strength by 38%. Moreover, the energy dissipation capacity improved 23 

significantly, with increases of 67% and 87% under near-fault and far-fault conditions, respectively. 24 

These findings highlight the crucial role of fault proximity in structural behavior. Therefore, designers 25 

must give particular attention to the principal structural elements and to the link beam section between 26 

the secondary and primary columns when designing such systems. 27 

 28 

Keywords: Cyclic Loading, ABAQUS, Semi-Supported   Steel Composite Shear wall at the Edges, 29 

Bearing Capacity, Nonlinear Analysis 30 

 31 

1. Introduction 32 

Shear walls function as large columns that resist seismic forces and are considered essential members 33 

in tall reinforced concrete structures, while also serving as efficient lateral load–resisting elements in 34 

medium- and low-rise buildings [1]. In terms of failure mechanism, shear walls are capable of sustaining 35 

gravity loads even after developing significant cracks, a behavior that cannot typically be expected from 36 

conventional columns.Composite steel shear walls represent a modern lateral load–bearing system 37 

consisting of a thin steel plate covered with reinforced concrete, connected on one or both sides through 38 

shear connectors. In this system, the reinforced concrete cover restrains the steel plate and prevents 39 

buckling, thereby enhancing the shear capacity of the wall [2]. The thin steel plate, usually with 40 
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relatively low yield strength, is connected to the boundary elements (beams and columns) by bolts or 41 

welding. The behavior of this system resembles that of a plate girder, in which buckling strength can 42 

develop in the web plate. To ensure effective performance, the horizontal and vertical boundary 43 

elements are designed to remain in the elastic range, which often requires the use of large column 44 

sections around the wall. This design approach facilitates the formation of a diagonal tension field and 45 

allows utilization of the post-buckling capacity of the steel plate.Extensive studies have been conducted 46 

on fully supported composite steel shear walls, but investigations on semi-supported composite steel 47 

shear walls remain limited. For instance, Gholhaki et al. (2020) analyzed twelve steel frames with 7, 48 

15, and 30 stories and spans of 5 and 7 bays equipped with SPSWs1. Their results indicated that the 49 

displacement capacity spectra obtained through energy-based methods were in good agreement with 50 

one another. Furthermore, when the roof’s center of mass was considered as the target point, the 51 

displacement capacity spectrum showed acceptable agreement with the spectrum obtained using the 52 

first target case [3]. Similarly, Wang et al. (2019) experimentally examined the seismic behavior of 53 

SPSWs and SPCSWs2. Their findings revealed that composite shear walls demonstrated superior lateral 54 

stiffness, ductility, and energy dissipation capacity compared to conventional SPSWs. However, one 55 

drawback of corrugated SPSWs was the “accordion effect,” which requires mitigation. Interestingly, 56 

this same effect improved the bond between the corrugated steel plate and the concrete, contributing to 57 

energy dissipation as a damping mechanism [4]. A more recent development is the SSSW3, in which 58 

the interior plane is considered instead of the full span length [5]. In this configuration, the inner surface 59 

does not cover the entire span; rather, the space between two secondary columns within the span is 60 

filled with steel plates, concrete, or a combination of both. The secondary columns are welded to the 61 

main beams at the top and bottom (commonly through joint connections). The gap between the 62 

secondary and primary columns (boundary elements) resembles a link beam, as illustrated in Figure 63 

1.The primary advantages of this wall system include reducing the required cross-section of columns 64 

adjacent to the wall, improving the safety of these columns by avoiding complete plasticization, and 65 

preventing the formation of floor mechanisms. By contrast, in conventional systems where the wall is 66 

directly connected to primary vertical columns, large column cross-sections are required. In such cases, 67 

once the column enters the nonlinear range, the overall structural integrity may be compromised due to 68 

the formation of plastic hinges [6]. 69 

 70 

   Fig. 1. Schematic details of semi-supported shear wall [7] 71 

Researchers have conducted extensive studies to model concrete using advanced numerical approaches. 72 

One such approach, based on the mechanics of continuous media, is the damage model for simulating 73 

the behavior of concrete [8]. Previous investigations have demonstrated that combining the damage 74 

model with the concrete plasticity model provides a more effective representation of concrete’s 75 
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nonlinear behavior. The plasticity model for concrete is generally described by isotropic hardening; 76 

however, damage is often anisotropic, which must be accounted for in practical applications [9]. 77 

In this study, the CDP1 model was employed to define the damage characteristics of concrete. In general, 78 

the application of a periodic load—whether in terms of displacement or force—causing a member to 79 

move back and forth is referred to as cyclic loading. The concept of cyclic behavior, or hysteresis, is 80 

widely used in earthquake engineering to describe seismic response characteristics such as cyclic energy 81 

absorption, stiffness degradation, and strength deterioration in load–deformation cycles. Accordingly, 82 

the load–deformation response under reversed loading is expressed as a cyclic or hysteresis curve [10]. 83 

In this work, shear wall specimens of both semi-supported steel shear walls (SSSWs) and semi-84 

supported composite steel shear walls (SSCSWs) were subjected to cyclic loading protocols 85 

representing near-fault and far-fault conditions, and the results were compared. The composite shear 86 

wall model proposed by Zhao and Astaneh-Asl [11], subjected to nonlinear dynamic loading with the 87 

cyclic protocol prescribed by the AISC code [12], as well as the initial SSSW model from Jahanpour et 88 

al. [13], were validated in ABAQUS software [14] to ensure the reliability of the numerical modeling 89 

procedure. Subsequently, an eight-story three-dimensional structure incorporating an SSSW was 90 

modeled and designed. In this framework, the concept of an equivalent brace was adopted to simulate 91 

the wall plate. The most critical span—defined as the span requiring the largest cross-section of the 92 

steel plate and boundary elements—was selected and modeled as the SSSW in ABAQUS. This model 93 

was then converted into an SSCSW2 system following the composite shear wall design provisions of 94 

AISC 341-22 [15]. Both models were evaluated under near-fault and far-fault loading protocols, and 95 

their cyclic responses were compared. The motivation for introducing this type of shear wall lies in its 96 

improved performance in terms of ductility, load capacity, and strength compared with previous shear 97 

wall systems. Moreover, given the current trend toward lighter structures, SSCSWs offer an effective 98 

alternative to traditional concrete shear walls (CSWs), reducing structural weight while maintaining 99 

strength and stability. In this study, the nonlinear behavior of the SSCSW model was examined and 100 

compared with that of the SSSW specimen. The parameters investigated included bearing capacity, 101 

initial stiffness, ductility, cumulative energy dissipation, Von Mises stress distribution, and compressive 102 

damage of the concrete wall. It is important to note that no previous numerical or experimental studies 103 

have been carried out on this type of semi-supported wall. The combination of steel and concrete, along 104 

with proper reinforcement, was shown to significantly improve seismic behavior by mitigating both 105 

partial and global buckling. Accordingly, this paper is the first to propose converting an SSSW into an 106 

SSCSW composite system. 107 

 108 

2- Methodology Section 109 

2-1- SSSW model details 110 

The semi-supported composite steel shear wall represents a novel lateral load–resisting system. To date, 111 

no standard or reference model has been formally developed for this configuration. In previous studies, 112 

the small dimensions of the secondary boundary elements in semi-supported steel walls prevented their 113 

development into composite steel walls. Consequently, a base model was first designed for this system 114 

and analyzed under cyclic loading using ABAQUS software.To construct the base model, the 115 

dimensions of the primary and secondary boundary members, along with the thickness of the steel plate, 116 

were initially determined using ETABS [16]. The secondary columns and plate thickness were further 117 

refined and finalized through Jahanpour and Moharrami’s approach [17]. Subsequently, applying the 118 

provisions of AISC 341-22, the base wall was converted into a semi-supported composite steel shear 119 

wall. Both the steel and composite models were then subjected to cyclic loading analyses. It is important 120 
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to emphasize the distinction between the behavior of an SSSW and that of a fully constrained shear 121 

wall. However, due to the lack of specific design criteria for semi-supported systems, the boundary 122 

elements in this study were designed according to the provisions for composite fully constrained shear 123 

walls in AISC 341-22. To determine appropriate sections and geometry for the boundary members and 124 

the required thickness of the steel plate, an eight-story three-dimensional steel building with a special 125 

moment-resisting frame and special concentrically braced frames was modeled in ETABS. In this 126 

process, the concept of an equivalent brace was adopted to estimate the initial plate thickness. The 127 

building model consisted of 3 spans in the x-direction and 5 spans in the y-direction, each span 128 

measuring 5 meters, with a typical story height of 3.2 meters. Model generation, load application, and 129 

design checks were conducted according to Iranian Standard 2800 (Fourth Edition) [18] and the Tenth 130 

Topic of the National Building Codes [19]. The behavior factor of the SSSW system was selected based 131 

on the recommended value for steel shear walls presented in ASCE [20].Based on the calculated stress 132 

ratios, the most critical bracing class was identified, and its equivalent was used to determine the plate 133 

thickness of the SSSW system. It should be noted that existing standards and codes do not provide a 134 

direct equation for converting a brace cross-section to an equivalent plate thickness in SSSW systems. 135 

Therefore, the present study applied the equation provided in AISC 341-22 (Equation 1). The authors 136 

acknowledge that this equation assumes shear yielding of the steel plate, a mechanism that may not 137 

always be realistically expected. 138 𝑡௪ = 2஺ఆೞ ௦௜௡ ఏ௟ ௦௜௡ 2ఈ                                                                                                                                                                (1) 139 

In Equation 1, α denotes the angle between the slope of the tensile field and the column, which was 140 

assumed to be approximately 40°. The overstrength factor specified for steel shear walls in AISC 341-141 

22 is 1.2 and was incorporated into the design process. The center-to-center distance between the two 142 

secondary columns was taken as 3000 mm. The brace cross sectional area, A, was calculated at the 143 

critical span as 4070 mm². The angle θ, representing the inclination between the brace and the column 144 

in the bracing system, was assumed to be 45°. Based on these values, the thickness of the steel shear 145 

wall plate was determined to be 3 mm. It should be noted that while AISC 341-22 prescribes a minimum 146 

wall plate thickness of 10 mm for composite steel shear walls, this requirement does not directly apply 147 

to semi-supported systems. Therefore, the same 3 mm thickness was also adopted for the plate in the 148 

composite configuration. Figure 2 illustrates the bracing span selected in the ETABS model for 149 

converting braces into an equivalent wall plate thickness. As shown, the beams were designed with 150 

2IPE300 sections, the primary columns with BOX 300×25, the secondary columns with BOX 250×10, 151 

and the braces with 2 UPN140. All structural members, except the wall plate, were modeled using ST37 152 

steel, while the wall plate was composed of LYP1 steel with a yield strength of 180 MPa. 153 

 154 

Fig. 2. The critical span to convert the brace to the thickness of the SSSW plate 155 

 
1 Low yield point 



5 

 

Since ETABS cannot design the secondary columns and steel plate of the SSSW system, Jahanpour and 156 

Moharrami software was used for this purpose. This software is specifically developed to design 157 

secondary columns and determine the shear capacity of the SSSW system by considering the thickness 158 

of the wall plate. It is based on the formulations and procedures presented in the book by Jahanpour and 159 

Moharrami [7]. In this software, several parameters are entered as initial inputs, including the free length 160 

of the column, the width of the wall, the thickness of the wall’s steel plate, the turning moment, and the 161 

estimated shear capacity of the wall. Additional inputs include the type of connection between the 162 

secondary columns and boundary beams, the cross-sectional type of the secondary columns, the yield 163 

stress of the wall steel plate, the yield stress of the secondary columns, and the values of Bc and Bt, 164 

which, according to the program guidelines, influence convergence in the final solution. In ETABS, the 165 

section of the secondary columns was modeled as BOX 250×10; however, since the mentioned software 166 

does not allow the definition of a box section, this was approximated by replacing the box section with 167 

a double channel, using 2 UPN 260 as the initial assumption. Two other inputs, namely the turning 168 

moment and the estimated shear capacity, were also entered into the program to calculate the final shear 169 

capacity of the wall and check the adequacy of the secondary columns. To determine the turning 170 

moment, the shear force applied at each floor was required, which was calculated according to the 2800 171 

standard. The lateral force contribution of the span containing the shear wall was considered at the floor 172 

level. For the model designed in this study, the estimated shear capacity (Vs) of the critical span was 173 

calculated as 623 kN. The software guidelines state that if, after analysis, the two convergence 174 

parameters Pc and Pt are close to 1 and their difference does not exceed 0.005, the final result can be 175 

considered valid and the model convergent. According to the program’s output (Table 1), Pc and Pt 176 

were obtained as 1 and 0.9999, respectively. Therefore, the model converged correctly based on the 177 

input parameters, and the BOX 250×10 section for the secondary columns was confirmed to be adequate 178 

for the wall steel plate thickness of 3 mm. 179 

Table. 1. Input specifications to Jahanpour and Moharrami software [17] 180 

Entrance Specifications  

290 cm Column free length 

300 cm Wall width 

3 mm The thickness of the wall steel plate 

4795KN.m The amount of turning moment 

Pinned 
The type of connection of secondary- 

columns with boundary beams 

2UPN 260 Cross-section type of secondary-columns 

180 MP The yield stress of the wall steel plate 

240 MP Yield stress of secondary-columns 

0.975 Bc 

0.975 Bt 

623 KN Estimation of wall shear capacity 

2-2- Design SSCSW Model 181 

After designing the SSSW model in part 2-1, the wall plate was changed from steel to composite steel 182 

by applying concrete on both sides of the steel plate according to the composite shear wall design 183 

provisions of AISC 341-22. Since no guideline or standard exists for converting a semi-supported steel 184 

shear wall (SSSW) into a semi-supported composite steel shear wall (SSCSW), the criteria for fully 185 

supported composite shear walls in AISC 341-22 were adopted to the extent that they did not restrict 186 



6 

 

the design of the semi-supported system. For example, the vertical and horizontal boundary members, 187 

whether steel or composite, were required to satisfy width-to-thickness ratio limits to ensure adequate 188 

ductility. Additionally, the strong-column–weak-beam requirement was observed in accordance with 189 

the provisions for steel shear wall frames. Clause 6 of AISC 341-22 specifies that a composite shear 190 

wall must be designed without a gap between the concrete wall and the boundary members, thereby 191 

enhancing the overall stiffness of the system. 192 

After designing the semi-supported steel wall (SSSW) and converting it to a semi-supported composite 193 

wall (SSCSW) with concrete on both sides, several variable models were developed. Based on the 194 

explanations presented earlier, the variable models and their modifications compared to the base SSSW 195 

and expanded SSCSW models are as follows: 196 

• SSCSW OSC model: identical to the developed SSCSW model but with concrete applied to 197 

only one side of the steel plate instead of both sides. 198 

• SSCSW CW86 model: identical to the developed SSCSW model but with reduced concrete 199 

thickness on each side of the steel plate, from 116 mm in the base model to 86 mm. 200 

• SSCSW PL7 model: identical to the developed SSCSW model but with increased steel plate 201 

thickness, from 3 mm in the base model to 7 mm. 202 

Figure 3 illustrates the details of the developed SSCSW model. Following the design and conversion of 203 

the SSSW system to the SSCSW configuration, the base and variable models were implemented in 204 

ABAQUS and evaluated under the prescribed cyclic loading protocols. 205 

 206 

Fig. 3. Section of semi-supported composite steel shear wall 207 

 208 

2-3- Numerical modeling process of SSCSW model 209 

A finite element model was developed to investigate the cyclic behavior of the SSCSW system and the 210 

interaction between the frame members and the concrete-covered wall plate. The model consisted of a 211 

one-story semi-supported composite wall within a single-span frame. In this configuration, the wall 212 

plate was supported by secondary columns and connected to upper and lower boundary beams, while 213 

the primary columns were welded to the beams. In the software, this connection was represented using 214 

a Tie constraint. To connect the concrete wall to the steel plate, studs could have been modeled; 215 

however, due to the complex geometry and the excessive analysis time required, a Tie constraint was 216 

also applied for this connection. A comparison between monotonic load analyses of the model with Tie 217 

constraints and with studs indicated no significant differences in the results. According to the 218 

description provided in part 2-1, LYP180 low-strength steel was used for the wall plate, while ST37 219 

steel was adopted for the remaining members. Figure 4(A) illustrates the semi-supported SSCSW 220 

model, and Figure 4(B) presents the stress–strain curves of the steels. In this study, a damage model 221 

was defined for both steel and concrete; therefore, only the stress and strain values corresponding to the 222 

fracture region were included in the stress–strain curves, and the initial linear portion of the diagram 223 

was omitted. 224 
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 225 

Figure. 4. A. 226 

 227 

Figure. 4. B. 228 

Fig. 4. SSCSW numerical model and steel stress-strain cure; (A): Developed SSCSW model in ABAQUS and 229 

(B): Stress-strain curve of ST37 and LYP180 steel 230 

In order for the finite element model to accurately reproduce the experimental behavior and capture 231 

cyclic strength deterioration, a damage model was defined in the software for the materials used. For 232 

concrete, the concrete damaged plasticity (CDP) model was adopted to represent the damage behavior 233 

under both tension and compression. In this study, the Hognestad equation [21] was employed to 234 

describe the compressive damage behavior of concrete, as presented below: 235 ߪ௖ = ௖݂′′((2ఌ೎ఌ0 ) − (ఌ೎ఌ0)2                                                                                                                       (2)  236 

In equation (2), ߪ௖ is the maximum compressive stress of concrete, ߝ௖ is the strain values, ௖݂′′ is the 237 

compressive strength of concrete, which is obtained from equation (3): 238 ݂′ܿ′ = ݂′ܿ  239 (3)                                                                                                                                                          ݏܭ

In equation (3), ܭ௦ is a coefficient whose value differs for concretes with different compressive strength. 240 

In this work, considering the use of concrete with a compressive strength of  25 MPa, its value is 0.95. 241 

Also, in equation (2) 0ߝ, the strain is like the maximum stress and its value is calculated from equation 242 

0ߝ 243 :(4) = 18 ௙೎′′ா0                                                                                                                                            (4) 244 

In equation  (4), E0 is the initial elasticity modulus of concrete. To calculate the stress-strain curve of 245 

concrete in tension, considering that the models this paper are numerical and the experimental results 246 

of cylinder splitting or direct tension tests are not available, to obtain the maximum tensile stress, we 247 

can use the equation (5) used [22]. 248 ߪ௧ = 0.3fc′′23                                                                                                                                                        (5)  249 
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In equation (5), ߪ௧  is the maximum tensile stress. The concrete stress-strain curve is obtained by 250 

calculating and placing in the mentioned equations (Figure. 5). 251 

 252 

Fig. 5. A.  253 

 254 

Fig. 5. B.  255 

Fig 5. Behavioral model of concrete with 25 MPa strength in compression and tension; (A):The behavior of 256 

concrete in the tensile zone with a strength of 25 MPa. (B): The behavior of concrete in the compression zone 257 

with a strength of 25 MPa 258 

The steel damage model was defined as ductile damage in order to capture the localized deterioration 259 

of steel elements and to reflect strength degradation in the numerical outputs so that the results closely 260 

matched experimental observations. In ABAQUS, the ductile damage behavior is characterized through 261 

specific input parameters. Three key strain-related parameters were considered, corresponding to 262 

ultimate stress, triaxial stress, and strain rate. The triaxial stress parameter was calculated using the 263 

following equation: 264 η = −13(ఙೣೣ+ఙ೤೤+ఙ೥೥)ఙ೘೔ೞ೐ೞ                                                                                                                              (6)                               265 

In equation (6), η is the 3-axis stress, ߪ௫௫. .௬௬ߪ  ௭௭ is respectively the stress tensor in x, y, and z direction, 266ߪ

and ݏ݁ݏ݅݉ߪ is Von Mises stress. In the software, the ductile damage model is used in terms of energy 267 

failure for steel elements in such a way that the energy failure according to the dimensions of each 268 

component and according to the type of steel and the corresponding stress−strain curve (Figure 4−B), 269 

using the equation (7) is calculated: 270 ݂ܩ = ∫ ݈݌0ߝ݈݂̅݌ߝ̅ܮ ݕߪ  271 (7)                                                                                                                                         ݈݌ߝ̅݀

In equation (7), ܩ௙ fracture energy, 0̅ߝ௣௟ 
is the strain corresponding to the beginning of fracture, which is 272 

the strain corresponding to the ultimate stress, ߝ௙̅௣௟
 is the strain corresponding to the end of the fracture 273 

stress, ߪ௬ is the ultimate stress according to the type of steel used for each element and L for 2D elements 274 

are equal to the length of each component (beam, column, etc.) and for 3D elements, it is calculated 275 

from the following equation: 276 

L = l. b. h ∕ The area of the largest 2D surface of the element                                                               (8) 277 

0

0.5

1

1.5

2

2.5

3

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

S
tr

es
s

(M
P

)

Strain

C 25

0

5

10

15

20

25

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004

S
tr

es
s

(M
P

)

Strain

C 25



9 

 

Parameter 

In equation (8), L is the average element length for 3D elements, l is the element length, b is the element 278 

width, and h is the element length in the z-direction. According to the above explanations, failure of the 279 

type of failure energy is defined according to equation (7) for each member according to (Table 2): 280 

 Table 2. Fracture energy for elements in SSCSW and SSSW models 281 

Section Failure energy(ࢌࡳ) 

Primary column 6475 

Secondary-column 4625 

Beam 5550 

Plate wall 50875 

After modeling and determining the materials and boundary conditions, the loading protocol is defined. 282 

In this article, the far and near fault loading protocol SAC [23] is used to check the behavior of the 283 

models. The software defines the two protocols according to (Figure 6). Are. 284 

 285 

Fig. 6. A.  286 

  287 

Fig. 6. B.  288 

Fig. 6. SAC far and near fault loading protocol; (A): SAC near-fault loading protocol generalized to the models 289 

studied in this paper and (B): SAC far-fault loading protocol is generalized to the models studied in this paper 290 

3- Validation 291 

3-1- Validation of the SSSW model by Jahanpour et al 292 

For validation, this study employed model number 1 from Jahanpour et al. and model number 1 from 293 

Zhao and Astaneh-Asl. The validation process was carried out using ABAQUS software. The 294 

specimens were modeled using a combination of shell elements and three-dimensional solid elements. 295 

The reliability of the investigated parameters depends on the accuracy of the analytical results. To 296 

ensure this, experimental data from SSSW and SSCSW models were utilized as benchmarks. An 297 

analytical model was first constructed based on the conditions and specifications of an available 298 

experimental model, and the analytical and experimental results were compared. However, since no 299 

prior research exists for the SSCSW model, the validation of the composite portion was performed 300 

using data from a fully supported composite shear wall. When the analytical results demonstrated 301 

acceptable agreement with the experimental findings, it was concluded that the modeling approach and 302 
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assumptions applied in the analysis were sufficiently accurate, making the model reliable for 303 

investigating different parameters. Figure 7 presents the details of the experimental model developed 304 

by Jahanpour et al. 305 

 306 

Fig. 7. Experimentally model of semi-supported steel shear wall along with the introduction of wall 307 

members[13] 308 

In the validation model of Jahanpour et al., two different types of steel were used in the SSW specimen: 309 

the wall plate was made of ASTM A36 steel, while the frame members were fabricated from plates 310 

conforming to ASTM A572. Since the original study was experimental and the current validation is 311 

numerical, the yield and ultimate stress–strain values had to be converted from engineering values to 312 

true values. For this purpose, after constructing the model in ABAQUS, a standard tensile test was 313 

simulated, and the stress–strain data were extracted. In the numerical model, the ultimate stress for the 314 

wall plate was 145 MPa, while for the other members it was 245 MPa. The thickness of the wall plate 315 

in the validation model was 1 mm. The primary columns outside the plate had an RHS120×80×4 316 

section, the secondary columns were IPE100, and the beams were IPE120.In ABAQUS, two plastic 317 

hardening rules can be defined for materials: isotropic hardening, in which the yield surface expands 318 

with plastic strain, and kinematic hardening, in which the yield surface translates without expansion. 319 

For cyclic analyses, the kinematic rule or a combination of isotropic and kinematic hardening is 320 

generally preferred, with the combined rule being the most accurate since it incorporates the advantages 321 

of both and compensates for their individual limitations. All structural members were modeled using 322 

S4R four-node shell elements with reduced integration. Each node included six degrees of freedom: 323 

three translational (Ux, Uy, Uz) and three rotational (θx, θy, θz). The S4R element accounts for large 324 

rotations and strains, as well as thickness variations, making it suitable for analyses involving significant 325 

deformation, materials with non-zero effective Poisson’s ratio, and cases where geometric nonlinearity 326 

occurs. The loading protocol applied to this model was cyclic loading under far-fault conditions, 327 

expressed in terms of drift cycles, and followed the ECCS 1986 standard [24]. The load was applied to 328 

a reference point (RP) defined in the numerical model. The shear wall was connected to this reference 329 

point through a coupling constraint, and the force–drift response at the node was recorded for 330 

comparison with the experimental results. Figure 8 illustrates the cyclic loading protocol under far-fault 331 

conditions for the first model in the study of Jahanpour et al., together with the finite element model 332 

developed in ABAQUS. 333 
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 334 

Fig. 8. A.  335 

 336 

Fig. 8. B. 337 

 Fig. 8. Far-fault cycle loading protocol Eccs1986 extended to Jahanpour et al. model and finite element model; 338 

(A):The finite element model of the experimental sample in ABAQUS (B):Far-fault cycle loading protocol 339 

Eccs1986 [24] 340 

Figure 9 compares the cyclic response of the numerical model with the experimental results. The 341 

findings indicated that the initial stiffness of the numerical model was significantly higher than that of 342 

the experimental model. In the experimental specimen, the initial stiffness was approximately 2 kN/mm, 343 

while in the numerical model it reached about 5 kN/mm, representing a difference of roughly 150%. 344 

This discrepancy in stiffness, which corresponds to the slope of the initial tangent of the cyclic curve, 345 

gradually decreased once the response entered the nonlinear range, where closer agreement was 346 

observed. However, the difference remained noticeable during the early loading stages and in large 347 

displacement cycles. The lower stiffness observed in the experimental model is primarily attributed to 348 

the slip of the studs connecting the wall plate to the boundary angles. These slips also caused tearing in 349 

the wall plate during the test, which resulted in horizontal relative displacements between the plate and 350 

the angles, thereby reducing the overall stiffness. In contrast, in the finite element model, the Tie 351 

constraint was used to idealize the connection, effectively preventing slip and eliminating relative 352 

horizontal movement between the plate and the angles. At later stages of loading, when the tension field 353 

was well established in the wall plate and stress transfer between the plate and the boundary angles 354 

dominated the behavior, the effect of slip diminished compared to the initial stages. Consequently, the 355 

differences between the two models became less pronounced. With increasing applied load according 356 

to the loading protocol, the bearing capacities of the numerical and experimental specimens converged, 357 

and their ultimate strengths showed only a small discrepancy. The ultimate strength of the experimental 358 

model was approximately 69 kN, while that of the numerical model was about 79 kN, reflecting a 359 

difference of nearly 10%. 360 
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 361 

Fig. 9. Comparison of the cyclic output of validation of the present article with the experimental sample of 362 

model number 1 of Jahanpour et al. article [13] 363 

3-2- Validation of Zhao and Astaneh-asl's CSW model 364 

Following the validation of the SSSW model, an additional validation was conducted to account for the 365 

composite steel shear wall considered in this study. For this purpose, Model 1 from the work of Zhao 366 

and Astaneh-asl was selected. The experimental configuration consisted of a two-story shear wall within 367 

a two-span frame, where the wall steel plate was connected to the surrounding beams and columns using 368 

bolted connections, resulting in a fully symmetrical system. In this setup, the beams were attached to 369 

the frame columns, and the shear wall was fastened to the boundary members by bolts. A layer of 370 

concrete was placed on one side of the wall and anchored to the steel plate using bolts to prevent slipping 371 

of the concrete surface under lateral loading. Longitudinal and transverse rebars were embedded within 372 

the concrete core. The boundary columns were fixed at their bases, while gusset plates at the top and 373 

bottom of the boundary columns were welded. In the numerical model developed by Zhao and Astaneh-374 

asl, shell elements were used to represent the steel members, and three-dimensional solid elements were 375 

applied to the concrete wall to properly account for the embedded reinforcement. The wall steel plate 376 

material was ASTM A36, while the frame members were made of plates specified according to ASTM 377 

A572. The definition of material and geometric properties—including integration technique, boundary 378 

conditions, support conditions, and meshing—was consistent with the procedures outlined in Section 379 

3-1. Figure 10 presents the finite element model of the shear wall and its surrounding frame, together 380 

with the cyclic loading protocol applied in this validation. 381 

 382 

Fig. 10. A.  383 
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 384 

Fig. 10. B.  385 

Fig. 10. AISC far-fault cycle loading protocol extended to Zhao and Astaneh-asl model and finite element 386 

model;(A):Finite element model of experimental sample in ABAQUS (B):AISC far-fault cycle loading protocol 387 

[12] 388 

The numerical validation results demonstrated that the initial stiffness obtained from the cyclic response 389 

of the finite element model was reasonably close to that of the experimental specimen. In the 390 

experimental sample, the initial stiffness was measured at 171 kN/mm, while in the numerical model it 391 

was 204 kN/mm, indicating a difference of approximately 19%. With increasing load during cyclic 392 

analysis, the experimental specimen exhibited slightly higher strength compared to the numerical 393 

model, resulting in an ultimate strength of 2780 kN for the experimental sample and about 2700 kN for 394 

the numerical model. This difference of roughly 3% confirms that the two responses are in good 395 

agreement. The small discrepancy in ultimate strength is mainly attributed to the more pronounced 396 

pinching effect observed in the cyclic response of the experimental sample. This effect can be explained 397 

by the slip of the bolts connecting the wall plate to the boundary members and the associated local 398 

damage to the steel plate during testing. In contrast, in the numerical model, bolts and studs were not 399 

modeled explicitly due to the complexity of geometry and the significant computational cost. Instead, 400 

Tie constraints were employed, which eliminated slip between the wall plate and boundary members, 401 

thereby reducing pinching compared to the experimental response. These differences led to minor 402 

variations in horizontal displacements and stiffness degradation between the two models. Overall, the 403 

validation process confirms that the numerical model provides sufficiently accurate results compared 404 

to the experimental data, and the adopted modeling approach is reliable for investigating the behavior 405 

of SSCSW systems in this study. Figure 11(A) illustrates the validation results under monotonic 406 

loading, while Figure 11(B) presents the comparison under cyclic loading far from the fault. 407 

 408 

Fig. 11. A.  409 
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 410 

Fig. 11. B.  411 

Fig. 11. Comparison of numerical and experimental validation samples of model 1 article Zhao and Astaneh-412 

asl;(A):Comparison of numerical and experimental output under monotonic loading (B):Comparison of 413 

numerical output and experimental sample under cyclic loading[11] 414 

 415 

 416 

 417 

 418 

4- Results 419 

4-1- Behavior output of SSSW model and SSCSW models under monotonic loading 420 

After designing the base SSSW model, developing it into the SSCSW sample, and validating the 421 

numerical models against the experimental studies of Jahanpour et al. and Zhao and Astaneh-asl, the 422 

next step was to compare the performance outputs of the two systems together with the variable models 423 

defined in Section 2-2. The models designed and analyzed in this study were subjected to both 424 

monotonic loading and cyclic loading protocols representative of near-fault and far-fault SAC records. 425 

The key results examined included hysteresis behavior, pushover capacity, ductility, energy dissipation, 426 

initial stiffness, ultimate strength, Von Mises stress distribution in the SSSW model, and compressive 427 

damage distribution in the SSCSW models. The primary objective was to evaluate the improvements 428 

provided by the SSCSW system relative to the SSSW. Under monotonic loading, the models were 429 

pushed to a lateral displacement corresponding to 4% of the total frame height. The results indicated 430 

that the SSCSW, with concrete layers applied to both sides of the steel plate, exhibited higher initial 431 

stiffness, greater ductility, and significantly improved ultimate strength. The increase in ultimate 432 

strength was approximately 35% compared to the SSSW. This finding highlights the effectiveness of 433 

the concrete cover in enhancing structural capacity. It was also observed that in the SSCSW model, as 434 

the applied load increased, the elastic slope of the response improved until the concrete cover began to 435 

crack. Once the maximum system capacity was reached—around 3200 kN—the concrete cover near 436 

the beam-column connections experienced crushing. This damage led to a reduction in both stiffness 437 

and ultimate load capacity, as evidenced by the slightly descending slope in the nonlinear region of the 438 

SSCSW response. Similar trends were observed in the variable composite models. These findings 439 

suggest that using a concrete cover, especially when a gap is provided between beams and columns to 440 

reduce stress concentrations, can substantially improve the performance of semi-supported shear walls. 441 

Figure 12 illustrates these behavioral differences. 442 
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 443 

Fig. 12. Comparison of the capacity curve obtained from monotonic load analysis for SSSW and SSCSW 444 

models 445 

After designing the base SSSW model, developing it into the SSCSW sample, and validating the 446 

numerical models against the experimental studies of Jahanpour et al. and Zhao and Astaneh-asl, the 447 

next step was to compare the performance outputs of the two systems together with the variable models 448 

defined in Section 2-2. The models designed and analyzed in this study were subjected to both 449 

monotonic loading and cyclic loading protocols representative of near-fault and far-fault SAC records. 450 

The key results examined included hysteresis behavior, pushover capacity, ductility, energy dissipation, 451 

initial stiffness, ultimate strength, Von Mises stress distribution in the SSSW model, and compressive 452 

damage distribution in the SSCSW models.The primary objective was to evaluate the improvements 453 

provided by the SSCSW system relative to the SSSW. Under monotonic loading, the models were 454 

pushed to a lateral displacement corresponding to 4% of the total frame height. The results indicated 455 

that the SSCSW, with concrete layers applied to both sides of the steel plate, exhibited higher initial 456 

stiffness, greater ductility, and significantly improved ultimate strength. The increase in ultimate 457 

strength was approximately 35% compared to the SSSW. This finding highlights the effectiveness of 458 

the concrete cover in enhancing structural capacity. It was also observed that in the SSCSW model, as 459 

the applied load increased, the elastic slope of the response improved until the concrete cover began to 460 

crack. Once the maximum system capacity was reached—around 3200 kN—the concrete cover near 461 

the beam-column connections experienced crushing. This damage led to a reduction in both stiffness 462 

and ultimate load capacity, as evidenced by the slightly descending slope in the nonlinear region of the 463 

SSCSW response. Similar trends were observed in the variable composite models. These findings 464 

suggest that using a concrete cover, especially when a gap is provided between beams and columns to 465 

reduce stress concentrations, can substantially improve the performance of semi-supported shear walls. 466 

Figure 12 illustrates these behavioral differences. 467 

In the variable models SSCSW-OSC and SSCSW-CW86, a reduction in ultimate strength was observed 468 

compared to the reference SSCSW model. However, a noteworthy finding was that these two variable 469 

models exhibited almost identical behavior. Specifically, the SSCSW-CW86 model (with a reduced 470 

concrete cover thickness of 86 mm on each side of the steel plate) and the SSCSW-OSC model (with a 471 

concrete cover on only one side of the steel plate) demonstrated similar initial stiffness and ultimate 472 

strength values. The ultimate load capacity for both variable models was approximately 2795 kN, while 473 

the corresponding value for the reference SSCSW model was 2964 kN. Overall, the ultimate strength 474 

under monotonic loading in these two variable models decreased by about 6% relative to the SSCSW 475 

specimen. In contrast, the SSCSW-PL7 variable model, which featured an increased steel plate 476 

thickness from 3 mm to 7 mm compared to the SSCSW model, showed a significant enhancement in 477 

both initial stiffness and ultimate load-carrying capacity. The ultimate strength of this model was 478 

estimated to be 4023 kN, representing an approximate 36% increase compared to the reference SSCSW 479 

model. Figure 13 illustrates the monotonic load–displacement performance of the variable models in 480 
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comparison with the developed SSCSW specimen, clearly highlighting the influence of geometric and 481 

material modifications on the structural behavior. 482 

 483 

Fig. 13. Comparison of the capacity curve obtained from monotonic loading analysis for variable models 484 

compared to the SSCSW sample 485 

 486 

4-2- Behavior output of SSSW model and SSCSW models under cyclic loading 487 

After evaluating the base and variable models under monotonic loading in Section 4-1, the same models 488 

were subjected to cyclic loading near and far from the fault using the SAC loading protocol described 489 

in Section 2-3. The results of the base SSSW and the developed SSCSW models were first compared 490 

under these two protocols, as illustrated in Figure 14. The analyses showed that the initial stiffness of 491 

the SSCSW model was 469 kN/mm, while in the SSSW model it was only 104 kN/mm. This represents 492 

an approximately 350% increase in initial stiffness, attributed to the presence of concrete layers on both 493 

sides of the steel plate in the SSCSW configuration. The ductility factor obtained under the far-fault 494 

loading protocol was 25 for the SSCSW model compared to 10 for the SSSW model, indicating a 150% 495 

increase in ductility due to the addition of concrete. Similar results were observed under the near-fault 496 

loading protocol, confirming that the improvement in ductility is consistent across different loading 497 

patterns and is not dependent on the specific protocol applied. In terms of ultimate strength, the SSCSW 498 

model reached 3004 kN, while the SSSW model reached 2353 kN, reflecting a 28% increase in ultimate 499 

strength. This improvement, however, is slightly lower than the 35% increase observed under 500 

monotonic loading. It is important to note that plate tearing was not considered in the developed 501 

numerical models. Therefore, the reported values represent an idealized case in which failure  502 
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Fig. 14. A.  504 
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 505 

Fig. 14. B.  506 

Fig. 14. Cyclic curve for SSSW and SSCSW model; (A):SSSW and SSCSW model under near-fault pattern (B): 507 

SSSW and SSCSW model under far-fault pattern 508 

The variable models were then subjected to cyclic loading near the fault, and their results were 509 

compared with those of the developed SSCSW model. For the SSCSW CW86 model, the initial stiffness 510 

was 360 kN/mm, representing a 30% reduction compared to the SSCSW sample (469 kN/mm). The 511 

ultimate strength of the SSCSW CW86 model was 2915 kN, only 3% lower than that of the SSCSW 512 

model (3004 kN) (Figure 15.A). This indicates that once the concrete cover is damaged during the initial 513 

cycles, a considerable portion of its strength is lost, and the system behavior becomes similar to that of 514 

a purely steel wall, which explains the close ultimate strengths of the two models. For the SSCSW OSC 515 

model, the initial stiffness was 346 kN/mm, showing a 36% decrease compared to the SSCSW model. 516 

The ultimate strength of the SSCSW OSC model was 2806 kN, corresponding to a 7% reduction relative 517 

to the SSCSW model (Figure 15.B). In contrast, the SSCSW PL7 model exhibited a significant 518 

improvement in performance. Its initial stiffness was 636 kN/mm, which is 35% higher than that of the 519 

SSCSW model. Moreover, the ultimate strength reached 4042 kN, representing a 34% increase 520 

compared to the SSCSW model (Figure 15.C). 521 
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Fig. 15. A.  523 

 524 

Fig. 15. B.  525 
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 526 

Fig. 15. C. 527 

 Fig. 15. Comparison of variable models with the developed SSCSW model under near-fault loading; 528 

(A):SSCSW and SSCSW CW86 model under near-fault pattern (B):SSCSW and SSCSW OSC model under 529 

near-fault pattern (C):SSCSW and SSCSW PL 7 model under near-fault pattern 530 

4-3- Comparison of energy dissipation in the SSSW model and SSCSW models 531 

Following the cyclic loading analysis in part 4-2, the cumulative energy dissipation of the models was 532 

evaluated under both near-fault and far-fault loading conditions. Under the far-fault protocol, the 533 

cumulative energy dissipation of the SSSW model was 3.3 MJ, whereas the SSCSW model reached 5.5 534 

MJ, corresponding to a 67% increase in the composite wall (Figure 16.A). Under the near-fault protocol, 535 

the cumulative energy dissipation of the SSCSW model was 4.84 MJ compared to 2.8 MJ for the SSSW 536 

model, representing a 73% increase in the composite wall (Figure 16.B). 537 

 538 

Fig. 16. A.  539 

 540 

Fig. 16. B.  541 

Fig. 16. Comparison of cumulative energy dissipation in SSSW and SSCSW models under loading near and far 542 

from the fault; (A):The amount of energy dissipation of each cycle in the pattern away far-fault for the SSSW 543 

and SSCSW models (B):The amount of energy dissipation of each cycle in the pattern away near-fault for the 544 

SSSW and SSCSW models 545 

After examining the two samples above, the energy dissipation of the variable models was compared 546 

with the SSCSW sample under the near-fault pattern. First, the results of the SSCSW CW86 model 547 

were compared with SSCSW. The results showed that in the SSCSW CW86 sample, the maximum 548 

amount of cyclic energy dissipation was calculated as 4.6 MJ, and according to the amount of cyclic 549 

energy dissipation of 4.84 MJ in the SSCSW sample, it shows a decrease of 5% (Figure 17. A). The 550 

comparison of energy dissipation in the SSCSW OSC sample compared to the SSCSW sample showed 551 

that the amount of energy dissipation in both models was 4.4 MJ, and reducing the concrete cover on 552 
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the steel plate of the wall does not affect the cumulative energy dissipation (Figure 17. B). The 553 

comparison of the cumulative energy dissipation in the SSCSW PL 7 model with the SSCSW sample 554 

showed that the highest cyclic cumulative energy dissipation in the SSCSW PL 7 model is 7.2 MJ, 555 

which shows a significant increase of 49% in the cumulative energy dissipation compared to the 556 

SSCSW sample. (Figure 17. C). 557 

 558 

Fig. 17. A.  559 

 560 

Fig. 17. B.  561 

 562 

Fig. 17. C.  563 

Fig. 17. Comparison of the cumulative energy dissipation of variable models with the developed model SSCSW 564 

under near-fault loading; (A):Comparison of the cumulative energy dissipation of two SSCSW and SSCSW 565 

CW86 models under the near-fault pattern (B):Comparison of the cumulative energy dissipation of two SSCSW 566 

and SSCSW OSC models under the near-fault pattern (C):Comparison of the cumulative energy dissipation of 567 

two SSCSW and SSCSW PL 7 models under the near-fault pattern  568 

5- Von Mises stress distribution and examination of damage to the concrete wall 569 

Figure 18 presents the Von Mises stress distribution of the SSSW model under near- and far-fault 570 

loading, as well as the compressive damage distribution in the concrete wall of the SSCSW model for 571 

the same SAC protocols. In Figure 18.A, under the near-fault pattern, the maximum displacement 572 

occurs during the first cycle, and the highest stress concentration appears at the beam-to-primary 573 

column connection. This region reaches the collapse zone with a peak stress of 253 MPa. In Figure 574 

18.B, representing the far-fault protocol in the final cycles, both the beam-to-primary column 575 

connections and the beam-to-secondary column joints enter the collapse zone, with the maximum stress 576 

reaching 256 MPa. These results confirm that, under far-fault loading, the structural response remains 577 

consistent with the expected wall behavior, preventing severe damage to the main frame elements. The 578 

contribution of the concrete cover plays a crucial role in this performance. Specifically, under far-fault 579 

loading, damage initiates gradually from the fourth cycle and progresses until the tenth cycle, at which 580 

point the concrete wall is completely crushed. In contrast, under near-fault loading, the concrete cover 581 

undergoes abrupt failure during the initial cycles, with approximately 60% of the cover crushed in the 582 
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first cycle (Figures 18.C and 18.D). This sudden degradation transfers additional forces to the frame-583 

wall system, pushing the primary structural elements, particularly the columns, into nonlinear behavior. 584 

Consequently, it is recommended that designers carefully consider the performance of primary frame 585 

columns under near-fault protocols. Furthermore, since the portion of the beam located between the 586 

secondary and primary columns behaves similarly to a link beam, its nonlinear response should be 587 

specifically evaluated in future studies. 588 

 589 

Fig. 18. A. 590 

 591 

Fig. 18. B.  592 

 593 

Fig. 18. C.  594 

 595 

Fig. 18. D.  596 

Fig. 18. Von Mises stress distribution in the SSSW model and compression damage distribution in the concrete 597 

wall for the SSCSW model, under loading near and far from the fault; (A): Von Mises stress distribution in the 598 

SSSW model under the near-fault model (B): Von Mises stress distribution in the SSSW model under the far-599 

fault model  (C):Compressive damage distribution of SSCSW model concrete under the near-fault model  600 

(D):Compressive damage distribution of SSCSW model concrete under the far-fault model   601 

 602 

5-1- Von Mises stress distribution in the panel zone in the developed SSCSW model 603 

Following the investigation of the models under monotonic and cyclic loading near and far from the 604 

fault using the SAC protocol, the performance of the beam located between the primary and secondary 605 

columns in the SSCSW sample was analyzed. Figure 19 illustrates the maximum Von Mises stress 606 
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distribution within the panel zone of the SSCSW model. The results indicate that the peak Von Mises 607 

stress developed at the connection between the secondary column and the top beam on the left side of 608 

the frame, reaching a value of 257 MPa. This maximum stress corresponds to regions where element 609 

removal had not yet occurred. However, part of the connection between the secondary column and the 610 

beam experienced element removal. Based on the adopted ductile damage model for steel, once the 611 

local stress exceeded the predefined ultimate stress of 370 MPa, element deletion was triggered at the 612 

specified location, confirming the occurrence of localized failure. 613 

 614 

Fig. 19. The maximum Von Mises stress distribution (MPa) in the panel zone and the beam between the primary 615 

column and the left secondary column in the upper beam in the SSCSW sample 616 

6- Conclusion 617 

This study investigated the cyclic and monotonic behavior of semi-supported steel shear walls (SSSW) 618 

and semi-supported composite steel shear walls (SSCSW) through finite element modeling and 619 

validation against experimental benchmarks. The following conclusions can be drawn: 620 

1. Converting SSSW to SSCSW by adding concrete cover on both sides of the steel plate 621 

significantly enhanced performance. Initial stiffness increased by approximately 350%, 622 

ductility improved by a factor of 2.5, and ultimate strength rose by 28–35% depending on the 623 

loading protocol. 624 

 625 

2. Energy dissipation capacity of the SSCSW model increased markedly compared to SSSW, with 626 

improvements of 67% under far-fault loading and 73% under near-fault loading. Among 627 

variable models, SSCSW PL7 showed the most favorable results, with a 49% increase in energy 628 

dissipation relative to the base SSCSW. 629 

 630 

3. Damage patterns demonstrated that under near-fault loading, the concrete cover experienced 631 

rapid crushing, reaching nearly 60% failure in the first cycle and complete failure by the fifth 632 

cycle. In contrast, under far-fault loading, concrete degradation was gradual, with full collapse 633 

occurring by the tenth cycle. 634 

 635 

4. Stress distribution analyses revealed that the highest Von Mises stresses developed in the panel 636 

zone and at secondary column-to-beam connections, in some cases leading to element removal 637 

when stresses exceeded the ultimate strength of steel. 638 

 639 

5. Overall, the results confirm that composite semi-supported walls exhibit superior cyclic and 640 

monotonic performance compared to conventional semi-supported walls. However, the sudden 641 
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degradation of concrete under near-fault loading emphasizes the need for careful consideration 642 

of main frame elements and boundary member design. 643 

Future research should explore more refined numerical models incorporating plate tearing and realistic 644 

stud or bolt connections, as well as experimental validation of semi-supported composite walls under 645 

different loading protocols. Additionally, the potential link-beam behavior of the beam segment 646 

between secondary and primary columns requires detailed nonlinear evaluation. 647 
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