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INTRODUCTION

Resisting lateral forces caused by earthquakes 
and wind is a fundamental requirement in build-
ing design, particularly for multi-story structures. 
Shear walls are among the most effective structural 
systems used to enhance a building’s resistance to 
such forces due to their capacity to withstand shear 
forces, bending moments, and axial loads (Gharaei-
Moghaddam et al., 2023; Haridas and Rasal, 2021; 
Singhal et al., 2019; Vahidi and Moradi, 2019). 
For decades, reinforced concrete (RC) shear walls 
were the only widely used type. However, under 
cyclic loading, they exhibited weaknesses due to 
concrete cracking, localized crushing, and eventu-
al reductions in stiffness and load-bearing capacity 
(Mo et al., 2021). To address these limitations, al-
ternative systems such as steel shear walls (SSWs) 

have been developed. These have demonstrated 
high efficiency in resisting seismic loads, particu-
larly in seismic-prone countries like Japan and the 
U.S. Steel shear walls are lightweight and reduce 
material usage, but suffer from early plate buckling 
under lateral loads, which significantly impairs 
their strength, stiffness, and energy dissipation ca-
pabilities (Moradi and Vahidi, 2018).

Composite shear walls, which combine steel 
plates and reinforced concrete, have emerged as a 
promising solution to overcome the limitations of 
RC and SSW systems. These walls benefit from 
the high ductility of steel and the confinement 
and buckling prevention provided by concrete 
encasement, thus enhancing seismic performance 
(Aydin and Bayrak, 2021; Hao et al., 2017). Com-
posite shear walls are generally categorized into 
two types: RC shear walls reinforced with steel 
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elements, and steel plate shear walls encased in 
concrete-the focus of this study (Afefy, 2020; 
Chang, 2015). Numerous experimental and nu-
merical studies have evaluated the seismic per-
formance of composite shear walls. For instance, 
(Wang et al., 2018) tested sixteen steel-reinforced 
RC shear wall specimens and found that this sys-
tem significantly improved ductility and damp-
ing capacity compared to conventional RC walls. 
Similarly, (Arabzadeh et al., 2011) demonstrated 
that encasing steel plates with concrete enhanced 
the strength and energy dissipation of the speci-
mens under cyclic loading.

However, despite the growing body of re-
search, limited attention has been given to the si-
multaneous effects of steel plate thickness and the 
presence of openings (e.g., doors and windows) 
on the seismic performance of composite shear 
walls. Although (Meghdadian et al., 2020) high-
lighted the influence of openings on wall stiffness 
and buckling resistance, the interaction between 
plate thickness and opening configuration re-
mains understudied. Therefore, this study aims 
to fill this knowledge gap by investigating the 
combined effect of steel plate thickness and open-
ing characteristics on the seismic performance 
of composite steel–concrete shear walls. Using 
validated finite element models in Abaqus, this 
research analyzes the influence of these param-
eters on lateral strength, stiffness, ductility, and 
energy dissipation capacity. Figure 1 represents a 
flowchart of the research methodology.

NUMERICAL VALIDATION

To assess the modeling approach and the re-
liability of the obtained results, validation is es-
sential. This study aimed to achieve validation 
by analyzing three reinforced steel shear wall ex-
amples constructed by (Meghdadian et al. 2020). 
These walls featured steel plates covered with 
reinforced concrete on one side. The specimens 
were categorized into three groups: one without 
any openings, one with a rectangular opening 
measuring 150 × 200 mm, and one with a rectan-
gular opening of the same dimensions, reinforced 
with a 45-degree rebar mesh around the edges to 
mitigate the negative impact of the opening. The 
specimens were modeled in Abaqus software at 
a quarter scale and subjected to cyclic loading, 
with the results analyzed accordingly. Figure 2 
illustrates the composite steel shear wall speci-
men, which has a length of 530 mm and a height 
of 730 mm. The concrete and steel specifications 
and properties can be found in Tables 1 and 2, as 
provided by (Moradi and Vahidi, 2021).

The dimensions and characteristics of the 
open-ended models were selected based on the 
experimental specimens without openings. This 
selection allows for a comparison of a system with 
openings with the responses of the same system 
without openings. The test specimens were sub-
jected to horizontal loading in accordance with 
the displacement control technique outlined in the 
ATC-24 (ATC-24 1992). The type of static loading 

Figure 1. Represents a flowchart of the research methodology
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was nonlinear (Owaid et al. 2025). The Abaqus 
model created for the specimen without openings 
and open-ended before and after analysis is shown 
in the Figures 3 and 4. The load-displacement hys-
teresis curves derived from the experimental data 
are displayed in Figure 5, while the numerical 
model’s equivalent curves are displayed in Figure 
6. The findings demonstrate that the models were 
correct since the numerical results and the experi-
mental data agree to a satisfactory degree.

Because in this study, the maximum frame 
strength in numerical models has been compared, 
one of the main criteria in showing the accuracy 

of numerical modeling of the experimental mod-
el is the maximum steel frame strength. Con-
sequently, the accuracy of numerical modeling 
has been assessed in this work using both the 
quantitative index of the steel frame’s ultimate 
strength and the qualitative indicator of the hys-
teresis diagram. In Table 3, the ultimate strength 
of numerical models and experimental models 
has been compared.

The difference between the experimental and 
numerical results is 5–8%, as shown in Table 3. 
The geometric discrepancy between the experi-
mental and numerical models, the differences in 

Figure 2. Characteristics of the experimental specimen (Meghdadian et al., 2020)

Table 1. Concrete and concrete cover specifications (Meghdadian et al., 2020)

Thickness [mm]Cylindrical compressive strength [MPa]Cubic compressive strength 
[MPa]Modulus of elasticity [MPa]

30434730819

Table 2. Experimental specimen steel member characteristics and dimensions (Meghdadian et al., 2020)
Yielding stress [MPa]Ultimate stress [MPa]Modulus of elasticity  [MPa]Details Elements 

3615102030002IPE300+2PL300X5Columns

3615102030002IPE300Beams

268415203000Thickness 2 mmSteel plate

336492203000Φ20Shear connector

361510203000Φ3Reinforcement
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Figure 4. Abaqus model created for the open-end specimen before and after analysis

Figure 5. Experimental and numerical hysteresis 
diagrams compared without opening

Figure 3. Abaqus model created for the sample without opening before and after analysis

the loading conditions between the two models, 
the size of the elements in the numerical model, 
the assumptions made to make the prediction of 
the nonlinear behavior of the materials easier, the 
differences in the boundary conditions between 
the two models, human error, etc. are some of the 
factors that contribute to the percentage difference 
between the numerical and experimental results.

VALIDATION OF FINITE ELEMENT 
MODELING ACCURACY

To verify the reliability and accuracy of 
the finite element modeling (FEM) approach in 
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simulating the behavior of composite steel–con-
crete shear walls, this chapter presents a valida-
tion process comparing numerical results with 
reliable experimental data.

Experimental program used for comparison

The numerical results obtained from the 
Abaqus software were compared with experi-
mental data published by (Meghdadian et al., 
2020) for three composite shear wall specimens:
 • C-SPSW – a wall without an opening,
 • C-SPWO1 – a wall with a rectangular opening 

of 150 × 200 mm,
 • C-SPWO2 – a wall with the same rectangu-

lar opening, reinforced with a 45° rebar mesh 
around the perimeter.

The specimens were modeled at a quarter 
scale using Abaqus, and were subjected to quasi-
static cyclic loading according to the displace-
ment-controlled loading protocol described in 
ATC-24 (ATC-24 1992). The material properties 
used in the numerical models are detailed in Ta-
bles 1 and 2.

Modeling results and validation

The finite element models prior to and follow-
ing the analysis are displayed in Figures 3 and 4. 
The load-displacement hysteresis curves from the 
computational calculations and the experimental 
testing are shown in Figures 5 and 6. A quantita-
tive evaluation was conducted using two statisti-
cal metrics:
 • root mean square error (RMSE) – represents 

the average deviation between the experimen-
tal and numerical load values,

 • correlation coefficient (R) – measures the 
strength of the linear relationship between the 
experimental and numerical responses.

Quantitative analysis and comparison

The results demonstrate a high level of agree-
ment between the numerical and experimental 
data, as shown in Table 4. RMSE values are rela-
tively low, and the correlation coefficients exceed 
0.94 for all specimens, confirming the accuracy 
and reliability of the finite element models in 
capturing the cyclic behavior of composite shear 

Figure 6. Hysteresis diagrams of the detector’s first and second modes compared with numerical and 
experimental models

Table 3. Comparison of the ultimate load of the experimental specimen with the numerical model
Different [%]Numerical ultimate load [kN]Experimental ultimate load [kN]Parameter

4.8530.6557.6C-SPSW

5449473C-SPWO1

8428465C-SPWO2
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walls. Minor discrepancies can be attributed to 
differences in boundary conditions, simplifica-
tions in material modeling, and mesh discretiza-
tion in the numerical simulations. 

In addition to the quantitative analysis, a qual-
itative visual comparison was performed for the 
failure patterns and strain distribution using strain 
maps from the numerical model and experimental 
failure images. The results showed that the gen-
eral failure pattern-including diagonal cracks, lo-
calized crushing at the base of the wall, and stress 
concentration areas around the openings-was ac-
curately represented in the numerical model.

In the C-SPSW model, the results showed a 
symmetrical distribution of diagonal strains, re-
flecting a shear failure mode, while in the C-SP-
WO1 model, high stresses were recorded at the 
corners of the opening, indicating local weakness 
caused by the opening. In contrast, the C-SPWO2 
model exhibited a more uniform strain distribu-
tion due to the reinforcement mesh, which im-
proved ductility and delayed failure initiation.

Based on this, the validation results confirm 
that the numerical model used is capable of ac-
curately representing the real structural and me-
chanical behavior of composite shear walls under 
cyclic loading, both in terms of global response 
and local details, thus supporting its use in future 
analytical studies.

In this study on composite steel–concrete 
shear walls, a mesh convergence study was con-
ducted to verify the independence of the results 
from the mesh size. The element size was gradu-
ally reduced, and results such as displacements 
and stresses were compared each time. The re-
sults showed a clear stabilization in the responses 
after mesh refinement, indicating that the results 
became independent of the mesh size.

To further validate the accuracy of the numer-
ical model, hysteresis load-displacement curves 
were compared, showing a good agreement be-
tween the numerical and experimental results. 
Additionally, quantitative indicators such as the 
RMSE, which was found to be 18.3 kN, and the 
Correlation Coefficient (R), ranging from 0.94 to 

0.97, confirmed a high level of accuracy in the nu-
merical representation of the structural behavior.

Therefore, it can be confirmed that the numer-
ical model used in this study provides an accurate 
representation of the structural behavior without 
being affected by changes in the mesh size.

RESEARCH METHOD

Given the importance and need of research in 
the field of seismic behavior for composite steel-
concrete shear walls, the primary goal of this study 
is to investigate the impact of steel plate thickness 
and opening features on the seismic response of 
composite steel shear walls with reinforced con-
crete cladding. To achieve this goal, new articles 
and reliable sources were first studied, and then 
the research method was determined. The re-
search method in this paper is as follows: First, a 
three-story steel building with a completely regu-
lar plan was designed based on American codes 
and using the ETABS software. In the design of 
the structure, a dead load of 7 kN/m2 and a live 
load of 2 kN/m2 were assumed. As shown in Fig-
ure 7, after selecting one of the side frames of the 
building, a single-story span frame located in the 
middle span of the frame was selected for analy-
sis in Abaqus software. After determining the 
beam and column details for a single-story span 
frame, it was analyzed and examined in Abaqus 
software in four different cases, as shown in Fig-
ure 8, namely, an empty steel frame (reference 
model), a steel frame with a composite shear wall 
without an opening, a steel frame with a compos-
ite shear wall with a regular door opening, a steel 
frame with a composite shear wall with a large 
door opening, and a steel frame with a composite 
shear wall with a window opening. 

This research has attempted to employ the 
most common apertures because one of its goals 
is to examine how openings affect the seismic be-
havior of composite steel shear walls. This is why 
the window opening in the center of the frame, 
which is 1200 mm long and 1600 mm high, has 
been taken into consideration. Furthermore, it has 
been estimated that the door opening in the center 
of the frame is 900 mm in length and 2100 mm in 
height. The percentage of windows and doors that 
open is 1.15%, which is about equal. Addition-
ally, a big door opening with dimensions of 3000 
x 2500 mm, whose opening percentage is around 
60 percent, has been investigated in this study to 

Table 4. RMSE and correlation coefficient for load–
displacement response

Specimen RMSE [kN] Correlation coefficient [R]

C-SPSW 15.4 0.976

C-SPWO1 18.6 0.963

C-SPWO2 22.9 0.948
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examine the impact of increasing the percentage 
of opening on the seismic activity of composite 
steel shear walls. Therefore, considering the main 
objective of the research, which is to investigate 
the effect of opening type, concrete cover, and 
steel plate thickness on the seismic behavior of 
composite shear walls, 25 different cases of a sin-
gle-span, single-story steel frame, whose specifi-
cations are shown in Table 5, have been analyzed 
in finite element software, and finally, the ultimate 
strength, stiffness, ductility, and other important 
parameters are discussed and investigated.

Also in this research, the thickness of the re-
inforced concrete cover on the steel plate of the 
numerical specimens of the composite shear wall 
is considered to be 100 mm and concrete with 
a cylindrical strength of 40 MPa and an elastic 
modulus of about 2800 MPa has been used for 
it. The idea of attaching the concrete cover to the 

steel plate using a shear clamp has been explored. 
The minimum thickness for the steel plate in this 
research is 10 mm, and thicknesses of 12 and 15 
mm have been considered to investigate the effect 
of increasing the thickness of the steel plate. This 
is because plates with a lower thickness (below 
10 mm) need special and additional criteria and 
measures, and because the thickness of the steel 
plate in the composite steel shear wall shouldn’t 
be chosen that is less than 10 mm. Thus, three 
distinct thicknesses of 10, 12, and 15 mm have 
been taken into consideration for the steel plate 
of the composite shear wall in this study. Table 6 
displays the cross-sectional and material param-
eters of the single-span, single-story frame that 
was chosen, as depicted in Figures 7 and 8. Axial 
load is given to the columns in accordance with 
the loading depicted in Figure 7. After that, a linear 
spread load is applied to the beam, which exerts a 

Figure 7. Selected single-span-single-story frame

Figure 8. (a) Empty steel frame (reference model), (b) steel frame with composite shear wall without opening, 
(c) steel frame with composite shear wall with normal door opening, (d) steel frame with composite shear wall 

with large door opening, and (e) steel frame with composite shear wall with window opening
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Table 5. Model naming and specifications
OpeningThickness of steel 

plate [mm]
Thickness of reinforced 

concrete cover [mm]Model name
Dimension [mm]PercentagePosition

-100---Ef (Reff model)

-0-10100C10

-0-12100C12

-0-15100C15

-0-100S10

-0-120S12

-0-150S15

900 × 210015Middle10100C10D15

900 × 210015Middle12100C12D15

900 × 210015Middle15100C15D15

900 × 210015Middle100S10D15

900 × 210015Middle120S12D15

900 × 210015Middle150S15D15

3000 × 250060Middle10100C10D60

3000 × 250060Middle12100C12D60

3000 × 250060Middle15100C15D60

3000 × 250060Middle100S10D60

3000 × 250060Middle120S12D60

3000 × 250060Middle150S15D60

1200 × 160015Middle10100C10W15

1200 × 160015Middle12100C12W15

1200 × 160015Middle15100C15W15

1200 × 160015Middle100S10W15

1200 × 160015Middle120S12W15

1200 × 160015Middle150S15W15

Table 6. Cross-section specifications used in modeling the frames
DetailsUltimate stress [MPa]Yielding stress [MPa]Modulus of elasticity [MPa]Elements

2IPE300+2PL300 × 5510361203000Columns

2IPE300510361203000Beams
Thickness 10 mm
Thickness 12 mm
Thickness 15 mm

415268203000Steel plate

Φ20492336203000Shear connector

Φ3510361203000Reinforcement

compressive force. Applying cyclic lateral load is 
the final step. According to the ATC24 code, the 
lateral load is applied up to 100 mm. The loading 
technique is displayed in Figure 9.

NUMERICAL MODELING ASSUMPTIONS 

The numerical model used in this study in-
corporates several assumptions and limitations 

that should be critically discussed. One of the 
key assumptions is the use of a flexible damage 
model for steel members, which, while useful in 
capturing the behavior of steel under cyclic load-
ing, may not fully represent the complex non-
linear interactions in real-world materials (Vahidi 
and Moradi 2019). Similarly, the plastic concrete 
damage model employed for concrete captures its 
brittle behavior under reciprocating and unidirec-
tional loading, but may not completely reflect the 
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nuances of concrete behavior, particularly under 
varying stress conditions, environmental factors, 
or in more complex load scenarios (Moradi and 
Khalilzadeh Vahidi 2018).

The choice of parameters in the plastic con-
crete damage model, such as the dilation angle, 
eccentricity, and viscous parameter, are based 
on prior studies (Hsu and Hsu 1994) but might 
not account for all possible variations in concrete 
performance, especially in different types of con-
crete mixes or under different environmental con-
ditions. For instance, the assumed dilation angle 
of 31 degrees and the set eccentricity and viscous 
parameters may limit the model’s ability to pre-
dict performance in extreme seismic events or 
under unusual loading conditions.

Moreover, the use of static analysis, while ap-
propriate for many structural analyses, may not 
fully capture the dynamic effects of seismic forc-
es, such as inertial effects or higher mode vibra-
tions. The lateral load is applied in a reciprocating 
manner, simulating cyclic loading, but it does not 
replicate the full complexity of dynamic seismic 
forces, which could include varying frequencies, 
amplitudes, and durations.

Another important assumption is the use of 
idealized meshing and element types for model-
ing the structural components. While solid ele-
ments (C3D8R) are used for modeling the con-
crete cover, and shell elements (S4R) are used for 
the steel plates, beams, and columns, this simpli-
fication might not accurately represent the inter-
action between these materials under real-world 
loading. The meshing technique, which uses 
only two nodes at each shear end, may also ne-
glect potential variations in stress distribution and 

failure modes, particularly at the interfaces where 
material transitions occur. Furthermore, the as-
sumption that the steel plate is directly attached 
to the frame, without incorporating edge-clips or 
joints commonly used in real-world structures, 
could affect the model’s accuracy in simulating 
the behavior of the infill plate under lateral load-
ing. The choice of high-strength concrete for the 
model, while reducing the risk of cracking in the 
concrete cover, may not fully reflect the perfor-
mance of lower-strength concrete, which is more 
commonly used in construction. Additionally, the 
reinforcement applied in a single layer constitut-
ing only 0.01% of the concrete volume might not 
capture the effects of different reinforcement con-
figurations or densities typically used in practice.

In conclusion, while the numerical model 
presented offers valuable insights into the seis-
mic behavior of composite shear walls, it is 
important to recognize these limitations and as-
sumptions. Future research should consider more 
refined modeling approaches, including dynamic 
analysis, more representative material models, 
and a wider range of reinforcement configura-
tions, to better capture the complexities of real-
world seismic behavior.

RESULTS AND DISCUSSION

Studying the effect of the percentage and 
type of opening 

For this purpose, four examples were chosen: 
one without an opening, one with a modest door 
opening, and one with a garage door. All of these 

Figure 9. Loading protocol used in this research
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models had a steel plate thickness of 10 mm. The 
control model was also included in this set. The 
selected models and the impact of the opening on 
ultimate strength, dissipated energy, stiffness, and 
ductility coefficient are displayed in Tables 7 and 
8, respectively. We divide the values of the other 
models by the value of the control model, which 
is one, to make comparisons easier. The control 
model is normalized.

According to Table 7, the presence of a 
composite shear wall increases the ultimate 
strength by about 12 times. Furthermore, the 
ultimate strength of a composite steel-concrete 
shear wall with a window opening (15%) is 
approximately 9.5 times that of the reference 
model, which is an empty frame without a shear 
wall. Similarly, the ultimate strength of a com-
posite steel-concrete shear wall with a door 
opening (15%) is approximately 4.6 times. That 
example, if both openings are in the middle 
and the opening % is the same for both, the ul-
timate strength of a shear wall with a window 
opening is around 1.5 times that of a shear wall 
with a door opening. It seems that the reason 
for this phenomenon is the change in the state 
of the force transmission mechanism. In other 
words, when we have a window opening, the 
compressive forces are transferred to the lower 
floors through the compression arms, but when 
we have a door opening, the force transmission 
mechanism is not well formed. Additionally, the 
composite shear wall’s ultimate strength drops 
by roughly 70% when the proportion of door 
opening is increased from 15% to 60%.

Also, according to Table 7, the dissipated 
energy in the numerical model with 15 percent 
window opening and in the numerical model with 
15 percent door opening was about 6 and 4 times 
that of the reference numerical model (numerical 
model without shear wall), respectively. In other 
words, the dissipated energy in the numerical 
model with window opening is about 1.5 times 
that of the numerical model with door opening. 
Also, increasing the percentage of opening from 
15 to 60 percent causes a 50 percent reduction in 
dissipated energy.

According to Table 8, the ductility in the nu-
merical model with 15% window opening and 
in the numerical model with 15% door opening 
is 3 and 2.4 times, respectively, of the reference 
numerical model (numerical model without shear 
wall). Increasing the opening percentage from 15 
to 60% has caused a 10% decrease in ductility.

Also, according to Table 8, the stiffness in the 
numerical model with 15% window opening and 
in the numerical model with 15% door opening is 
about 49 and 27 times, respectively, of the refer-
ence numerical model (numerical model without 
shear wall). While increasing the opening per-
centage from 15 to 60% has caused a significant 
decrease in stiffness by 85%.

Based on Tables 7 and 8, it can be said that 
adding a composite shear wall to a steel frame 
will increase the ultimate strength by about 12 
times, increase the dissipated energy by 7 times, 
increase the stiffness by 48 times, and increase 
the ductility by three times compared to the 
empty frame. Therefore, it is advised to utilize 

Table 7. Ultimate strength and dissipated energy based on the percentage and type of opening
Fui/FuefUltimate load [kN]Ei/EefEnergy dissipated [kN.m]Specimens

1655.661142361.51Ef (Reff Model)

12.137957.037.01998695.35C10

9.586275.885.95847475.14C10W15

6.434221.643.95562498.03C10D15

2.061354.511.98282968.02C10D60

Table 8. Stiffness and ductility, based on the percentage and type of opening
Si/SefStiffness [kN/mm]Di/DefDuctilitySpecimens

112.3112.7Ef (Reff model)

48.85600.993.028.14C10

39.07480.685.6415.22C10W15

26.96331.722.416.52C10D15

4.0650.0592.185.9C10D60
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a composite shear wall to enhance the behavior 
of the structure taking into account the positive 
impacts of the wall on the shear behavior. The 
ultimate strength, dissipated energy, stiffness, 
and ductility are all decreased by introducing an 
opening, and significant seismic parameters fur-
ther fall as the percentage of opening increases, 
as shown in Tables 7 and 8. Furthermore, the 
seismic behavior of a steel frame with a com-
posite shear wall is more negatively impacted 
by door apertures than by window openings, as 
indicated by the results displayed in Tables 7 and 
8. Therefore, when designing steel frames with 
a composite shear wall, it is advised to employ 
smaller holes.

Small openings: The presence of small open-
ings (such as ventilation holes or small windows) 
generally has a minimal impact on the seismic 
performance of the wall. However, they may lead 
to stress concentrations around the opening, po-
tentially causing cracking or local failure. Large 
openings: Large openings have a more significant 
effect on the wall’s structural response. Large 
openings, such as doors or wide windows, can re-
duce the wall’s load-bearing capacity by decreas-
ing the cross-sectional area contributing to shear 
resistance. They may also contribute to stress 
concentrations around the edges of the opening, 
increasing the likelihood of failure in these ar-
eas. Interaction effects: The interaction between 
plate thickness and opening configuration ampli-
fies these effects. For example, large openings in 
a thick plate wall may create a locally weak area 
around the opening, while openings in a thin plate 
wall may contribute to faster failure due to the 
uneven stress distribution.

Studying the effect of steel plate thickness 

This section aims to investigate how the 
thickness of steel plates affects the seismic be-
havior of composite shear walls. Therefore, nu-
merical models of composite shear walls without 
openings with steel plates of thicknesses of 10, 
12, and 15 mm are compared with the reference 

numerical model. According to Table 9, in nu-
merical models without openings, increasing the 
steel plate’s thickness from 10 to 12 mm and from 
12 to 15 mm by roughly 0.5 percent increases the 
ultimate strength; however, increasing the steel 
plate’s thickness from 10 to 12 mm increases the 
dissipated energy by roughly 10 percent, and in-
creasing from 12 to 15 mm increases the dissi-
pated energy by 1%.

Increasing the thickness of the steel plate in a 
composite shear wall significantly improves both 
stiffness and ductility. When the thickness was in-
creased from 10 mm to 12 mm, a 17% increase 
in stiffness and a 27% increase in ductility were 
observed. When the thickness was increased from 
10 mm to 15 mm, the increase was even greater, 
with stiffness rising by 30% and ductility by 45%. 
These improvements occur because a thicker steel 
plate provides greater resistance to displacement 
under lateral loads, which enhances the wall’s 
ability to deform before failure. This aligns with 
the findings of (Elgaaly et al., 1993; Purba and 
Bruneau, 2015), who noted that increasing the 
steel thickness improves the wall’s performance 
in resisting seismic forces.

A steel plate with a thickness of 15 mm ex-
hibits the best seismic behavior of the numerical 
model of a composite shear wall without an open-
ing, as shown in Tables 9 and 10. This is because 
the steel plate’s stiffness, ductility, dissipated en-
ergy, and ultimate strength are all higher, and it 
performs better seismically during an earthquake. 
To improve the seismic performance, it is advised 
that steel plates that are 15 mm thick be used in 
the design of composite shear walls. Increasing 
the plate thickness: Increasing the thickness of 
the steel plate in shear walls may enhance the 
ability to resist lateral forces and reduce cracking 
and damage to the wall. A thicker plate provides 
greater shear resistance, leading to an increase in 
the wall’s strength under loading. Decreasing the 
plate thickness: On the other hand, reducing the 
plate thickness may decrease the wall’s ability to 
resist external forces, weakening its seismic re-
sponse and causing an increase in deformations.

Table 9. Ultimate strength and dissipated energy based on steel plate thickness
Fui/FuefUltimate load [kN]Ei/EefEnergy dissipated [kN.m]Specimens

1655.661142361.51Ef (Reff Model)

12.137957.037.01998695.36C10

12.208003.987.731100799.1C12

12.248026.167.811113079.44C15
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Investigating the effect of reinforced concrete 
cover 

The influence of the reinforced concrete cov-
er on the seismic behavior of the composite shear 
wall will be explored by comparing two cases: 
one with and one without the cover. The control 
model, one without openings, one with a small 
door opening, and one with a window opening, 
all with a steel plate thickness of 10 mm, will all 
be considered.

The ultimate strength of the composite shear 
wall is approximately 1.8 times greater than 
that of the conventional shear wall in the model 
without an opening, 1.7 times greater in the nu-
merical model with a window opening, and 1.6 
times greater in the numerical model with a door 
opening, as shown in Table 11. In other words, 
the composite shear wall’s ultimate strength is 
greater than that of the traditional shear wall. This 
appears to be because the steel plate buckles later 

because of the reinforced concrete layer. Addi-
tionally, the dissipated energy of the numerical 
models with a composite shear wall is greater 
than that of the traditional shear wall, as indicates 
in Table 11. The early buckling of the steel plate 
and, consequently, the lack of energy dissipation 
by the shear wall appear to be the reasons for the 
comparable dissipated energy between the nu-
merical models with and without openings and 
those with door and window openings in numeri-
cal models with a conventional shear wall.

According to Table 12, the initial stiffness of 
numerical models with composite shear walls is 
almost the same as that of models with conven-
tional shear walls, with only a slight difference 
between them. The absence of participation of 
the reinforced concrete cover on the steel plate in 
supporting the lateral load appears to be the cause 
of this. Nevertheless, compared to numerical 
models with composite shear walls, the ductility 

Table 10. Steel plate stiffness and ductility as a function of thickness
Si/SefStiffness [kN/mm]Di/DefDuctilitySpecimens

112.3112.7Ef (Reff model)

48.85600.993.028.14C10

57.3706.073.8410.36C12

63.5785.154.3711.8C15

Table 11. Effects of reinforced concrete cover on ultimate strength and energy dissipation
Fui/FuefUltimate load [kN]Ei/EefEnergy dissipated [kN.m]Specimens

1655.661142361.51Ef (Reff model)

12.137957.037.01998695.36C10

9.586275.885.95847475.14C10W15

6.454221.643.95562498C10D15

6.664370.582.72388188S10

5.723752.222.61400335.17S10W15

3.972603.352.12302344.67S10D15

Table 12. Variations in stiffness and ductility as a result of reinforcing the concrete 
Si/SefStiffness [kN/mm]Di/DefDuctilitySpecimens

112.3112.7Ef (Reff model)

48.85600.993.028.14C10

39.07480.685.6415.22C10W15

26.96331.722.416.52C10D15

46.05566.53.399.17S10

31.54388.15.8415.73S10W15

22.36280.263.439.27S10D15
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of the conventional shear wall model is higher. 
This occurrence appears to be caused by the rein-
forced concrete cover that is attached to the steel 
plate via shear connectors, which stops the steel 
plate from pulling. Stated differently, the pres-
ence of the reinforced concrete cover on the steel 
plate, when fully integrated and attached to the 
steel plate using steel shear connectors, increases 
the tensile strength of the entire shear wall assem-
bly and makes the shear wall behave brittle and 
fragile, which lowers the ductility in comparison 
to traditional steel shear walls.

The results presented in Tables 11 and 12 in-
dicate that the addition of a reinforced concrete 
layer to steel shear walls, whether without open-
ings or with openings, significantly improves the 
strength, stiffness, and dissipated energy, while 
reducing the ductility coefficient. This improve-
ment can be attributed to the role of reinforced 
concrete in enhancing the wall’s ability to resist 
lateral forces (shear) and better distributing the 
stresses. Increased Strength and Stiffness: For the 
steel shear wall without an opening, the results 
showed that the addition of a 10 mm reinforced 
concrete cover increased the strength by 82% and 
stiffness by 6%. This increase aligns with findings 
by (Yin et al., 2020), who stated that reinforced 
concrete improves the performance of walls 
against seismic forces by distributing stresses 
more effectively, thus enhancing the wall’s load-
bearing capacity. 

The study also showed a 157% increase in dis-
sipated energy for the steel shear wall without an 
opening, indicating that the reinforced concrete 
cover helps in absorbing seismic energy more 
effectively, reducing the negative effects on the 
structure. This result supports the work of (Yin et 
al. 2020), which highlighted that reinforced con-
crete improves energy dissipation in shear walls. 
Despite the improvements in strength, stiffness, 
and dissipated energy, there was a reduction in 
the ductility coefficient by 11% for the steel shear 
wall with the reinforced concrete cover without 
an opening. This reduction in ductility is a natural 
consequence of the increased stiffness provided 
by the concrete, which reduces the wall’s abil-
ity to deform before failure. This finding is con-
sistent with (Wang et al., 2018), who noted that 
adding concrete could increase stiffness while 
decreasing ductility. In the case of a steel shear 
wall with an opening (such as a window or door), 
the strength, dissipated energy, and stiffness were 
enhanced by 138%, 127%, and 23%, respectively. 

However, the ductility coefficient decreased by 
4%. These results align with (Dey and Bhow-
mick, 2016), who pointed out that openings af-
fect the wall’s performance, as the presence of an 
opening reduces the effectiveness of reinforced 
concrete in improving the seismic resistance due 
to stress concentrations around the opening. For 
the steel shear wall with a small door opening, 
the strength, dissipated energy, and stiffness im-
proved by 62%, 87%, and 21%, respectively, but 
the ductility coefficient decreased by 28%. This 
indicates that small openings have a greater im-
pact on the wall’s load-bearing capacity com-
pared to walls without openings, which is con-
sistent with findings from (Zhang et al., 2022), 
who confirmed that small openings lead to a more 
significant reduction in ductility.

These results suggest that adding reinforced 
concrete to steel shear walls significantly im-
proves their structural performance, but with 
some trade-offs in ductility, particularly in the 
presence of openings.

PRACTICAL AND METHODOLOGICAL 
LIMITATIONS

While the current study provides valuable in-
sights into the seismic performance of composite 
steel–concrete shear walls, it is important to ac-
knowledge certain practical and methodological 
limitations. First, the analysis conducted is based 
solely on static nonlinear loading, without incor-
porating dynamic time-history or spectral analy-
sis, which limits the understanding of the struc-
ture’s response to real earthquake excitations. 
Dynamic effects such as frequency content, du-
ration, and cumulative damage are therefore not 
captured. Second, the finite element simulations 
rely on idealized assumptions regarding material 
behavior-such as perfect plasticity and homoge-
neous, isotropic properties-which may not fully 
represent the complex, inelastic response of mate-
rials under cyclic and dynamic loading conditions. 

Additionally, the study does not consider 
construction-related imperfections, residual 
stresses, or interaction effects between the steel 
plate and concrete due to possible debonding 
or imperfect composite action. These simpli-
fications, although necessary to reduce model 
complexity and computational cost, may influ-
ence the accuracy and applicability of the re-
sults when extrapolated to full-scale, real-world 
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structures. Therefore, while the findings contrib-
ute to the academic understanding of composite 
shear wall behavior, caution should be exercised 
when translating the results into practical en-
gineering applications without further experi-
mental and dynamic validation. The findings of 
this study emphasize the importance of design 
factors such as plate thickness, concrete cover, 
and the presence of openings in composite shear 
walls for seismic performance. Increasing the 
plate thickness from 10 to 15 mm significantly 
enhances the strength, energy dissipation, stiff-
ness, and ductility of composite shear walls, es-
pecially in systems without openings. However, 
the presence of openings, whether in the form of 
windows or doors, reduces the wall’s resistance, 
energy dissipation, stiffness, and ductility. The 
inclusion of reinforced concrete cover further 
improves the resistance and energy dissipation 
but may decrease ductility.

These results suggest that composite shear 
walls are highly effective in improving the seis-
mic behavior of buildings, and their design should 
focus on optimizing plate thickness and concrete 
cover. For structures with openings, adjusting the 
plate thickness can help balance functionality and 
seismic performance. Future research should con-
tinue exploring methods to enhance energy dis-
sipation and ductility to further improve the seis-
mic resilience of these walls.

CONCLUSIONS

The conclusions drawn from this study focus 
on the impact of various factors on the seismic 
behavior of composite steel shear walls. The fol-
lowing key findings were observed:
 • Effect of openings: The presence of an in-

creased percentage of openings in composite 
shear walls reduces their resistance by (18–
83%), dissipated energy by (15–71%), stiff-
ness by (20–91%), and ductility coefficient by 
(20–28%).

 • Impact of plate thickness: Increasing the steel 
plate thickness from 10 to 15 mm in a compos-
ite steel shear wall without openings enhances 
the ultimate strength by 2%, dissipated energy 
by 12%, stiffness by 30%, and ductility coef-
ficient by 45%.

 • Influence of plate thickness in aperture mod-
els: In composite shear walls with apertures, 
increasing the steel plate thickness from 10 to 

15 mm results in increases in ultimate strength 
(12–19%), dissipated energy (7–22%), stiffness 
(28–35%), and ductility coefficient (11–27%).

 • Performance with a 10 mm plate and open-
ings: A steel shear wall with or without holes 
and a 10 mm plate shows significant increases 
in strength (62–138%), dissipated energy (87–
157%), and stiffness (6–23%). However, the 
ductility coefficient decreases by 4% to 28%.

 • Effect of reinforced concrete cover (12 mm 
Plate): The inclusion of reinforced concrete 
cover in steel shear walls, both with and with-
out openings, increases resistance by 44 to 
113%, dissipated energy by 31 to 90%, and 
stiffness by 3 to 19%. However, it reduces the 
ductility coefficient by 7 to 39%.

 • Effect of reinforced concrete cover (15 mm 
Plate): The presence of reinforced concrete 
cover in steel shear walls with a 15 mm plate 
increases resistance by 33 to 80%, dissipated 
energy by 18 to 76%, and stiffness by 4 to 
15%. However, it reduces the ductility coef-
ficient by 11 to 51%.

 • Comparison with bare frame: When compared 
to the bare frame, adding a composite shear 
wall increases ultimate strength by approxi-
mately 12 times, dissipated energy by 7 times, 
stiffness by 48 times, and ductility by 3 times. 
Therefore, the use of composite shear walls is 
highly recommended for enhancing the shear 
behavior of buildings.

 • Optimal plate thickness for seismic perfor-
mance: A steel plate with a thickness of 15 mm 
demonstrates the best seismic performance in 
composite shear walls without openings due 
to its superior stiffness, ductility, dissipated 
energy, and ultimate strength. Therefore, steel 
plates with a thickness of 15 mm are recom-
mended for improving seismic performance.

 • Future research: Further experimental studies 
focusing on enhancing the energy dissipation 
and ductility of composite shear walls are rec-
ommended for researchers aiming to improve 
the seismic behavior of these structures.

In conclusion, composite shear walls exhibit 
significant improvements in seismic behavior 
when appropriate design factors such as plate 
thickness and concrete cover are considered. Fu-
ture research should continue to explore methods 
to enhance the energy dissipation and ductility to 
further improve the performance of these walls in 
seismic conditions.
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