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Abstract: In recent years, steel-concrete composite shear walls have been widely used in enormous
high-rise buildings. Due to their high strength and ductility, enhanced stiffness, stable cycle character-
istics and large energy absorption, such walls can be adopted in auxiliary buildings, surrounding the
reactor containment structure of nuclear power plants to resist lateral forces induced by heavy winds
and severe earthquakes. The current study aims to investigate the seismic behaviour of composite
shear walls and evaluate their performance in comparison with traditional reinforced concrete (RC)
walls when subjected to cyclic loading. A three-dimensional finite element model is developed
using ANSYS by emphasising constitutive material modelling and element type to represent the
real physical behaviour of complex shear wall structures. The analysis escalates with parametric
variation in reinforcement ratio, compressive strength of the concrete wall, layout of shear stud and
yield stress of infill steel plate. The modelling details of structural components, contact conditions
between steel and concrete, associated boundary conditions and constitutive relationships for the
cyclic loading are explained. The findings of this study showed that an up to 3.5% increase in the
reinforcement ratio enhanced the ductility and energy absorption with a ratio of 37% and 38%,
respectively. Moreover, increasing the concrete strength up to 55 MPa enhanced the ductility and
energy absorption with ratios of 51% and 38%, respectively. Thus, this improves the contribution of
concrete strength, while increasing the yield stress of steel plate (to 380 MPa) enhanced the ductility
(by a ratio of 66%) compared with the reference model. The present numerical research shows that
the compressive strength of the concrete wall, reinforcement ratio, layout of shear stud and yield
stress of infill steel plate significantly affect ductility and energy absorption. Moreover, this offers a
possibility for improving the shear wall’s capacity, which is more important.

Keywords: composite steel plate shear wall; hysteresis curves; ductility; energy absorption; ANSYS

1. Introduction

During earthquakes, buildings located in seismic zones are at risk of extensive dam-
age [1]. To dissipate the rate of hysteretic seismic energy without a significant loss of lateral
strength and stiffness, structural elements must be endowed with ductility [2–4]. Since
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reinforced concrete walls have a high structural performance, they can effectively limit the
building’s lateral displacements during a seismic event and minimise the level of dam-
age [5]. Various structural and architectural parameters (such as the height-to-length ratio,
the existence of openings, cross-sectional arrangements and materials) highly influence
the load-bearing capacity of such elements simultaneously and could also modify their
nonlinear behaviour [6,7]. Moreover, in many cases, due to architectural requirements,
walls may have complex shapes and require high steel ratios for increased bearing capacity,
which increases wall construction time. In recent decades, extensive research has been done
to develop an effective and economical solution to improve the structural performance and
technological issues of reinforced concrete structural walls [8,9].

The components of composite steel plate shear walls (CSPSW) consist of web plates,
infill steel plates, concrete and shear studs. A composite steel plate shear wall proves to be
excellent over reinforced concrete walls in terms of ultimate strength, stiffness, ductility
and energy dissipation [10].

Previous researchers have shown a lot of interest in the use of composite steel plate
shear walls in buildings [11–13]. The appropriate provisions for composite shear walls, such
as various seismic composite shear walls including ASCE 7-10 and AISC 341-10 [14,15], have
been prepared by allowing the use of CSPSW systems in earthquake zones. The researchers
have conducted numerous experimental tests to study the behaviour of composite shear
walls in the absence of boundary walls. Nie et al. [16], Mydin [17], Wright [18] and
Wang [19] depict a situation in which composite shear walls not only have a very high
ultimate strength but also excellent ductile behaviour. The local buckling of the web and
fracture failure of corners of the wall are the observed failure modes. Zhang et al. [20] and
Zhang et al. [21] showed that more channels lead to reductions in the ultimate strength
and stiffness of the wall but a substantial observed improvement in ductile and energy
dissipation behaviour. Finally, calculating the ultimate strength and initial stiffness has
been proposed, but all the necessary variables are not included in the proposed equation,
which leads to conservative results and this therefore creates a strong demand to perform
an exhaustive numerical analysis of composite shear wall [22,23].

Many researchers have suggested equation-based FE analysis for composite shear
walls. Nguyen et al. [24], Epackachi et al. [25] and Rafiei et al. [26] established the finite
element models and checked their accuracy. Wei et al. [27] show the axial compression
performance of composite shear walls. The higher axial compression ratio of the wall is
beneficial for restraining the internal concrete and improving the compressive strength
of the concrete. Thus, the energy dissipation capacity of the composite shear wall is
enhanced [28,29] Increasing the thickness of the steel plate can increase the stiffness and
ultimate bearing capacity of the wall, as the hysteretic curve of the wall is plumper [30–33].
Epackachi et al. [34] simulated shear walls with different aspect ratios. When the aspect ratio
was between 0.6 and 3.0, the coupling effect of the moment and shear force was obvious.
The specifications [15,35–37] define the formula for the shear capacity of composite shear
walls. The formulas for the shear and flexural capacity were given, but the formula for
estimating the flexural-shear coupling was not provided [38].

Khatir et al. [39] proposed two-stage approaches for studying damage detection, local-
ization and quantification in functionally graded material (FGM) plate structures. Metal
and ceramic FGM plates were considered using three different composite materials. The
results show that the improved indicator can predict the damaged elements with high
precision. Saadatmorad et al. [40] proposed a method called the wavelet transform-based
convolutional neural network (WT-CNN) technique for damage detection of rectangular
laminated composite plates (RLCPs). The results show that the proposed method can
predict and detect the location of damage in RLCPs with high accuracy and eliminate
problems of trial and error simulations for future input signals of damaged RLCPs. Khatir
et al. [41] studied an improved frequency response function (FRF) indicator for damage
identification in complex structures. To verify the effectiveness of the improved damage
indicator, different structures were used. The results showed that all optimization tech-
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niques can accurately predict the exact level of damage. However, an artificial gorilla troops
optimizer (GTO) is the most efficient in terms of convergence. To study the effectiveness
of this indicator in the case of noisy data, different levels of noise are considered in the
damage assessment exercises. To the authors’ knowledge, the seismic performances of such
wall configurations have not been extensively studied, and the research on this type of topic
is quite scarce. This study investigates the seismic performance of structural steel-concrete
composite shear walls numerically. Four different factors that affect shear wall behaviour
were studied in this paper. To assure the effect of all possible factors between the boundary
steel profiles and reinforced concrete web panels of the walls, the ratio of reinforcement,
compressive strength of the concrete wall, yield stress of infill steel plate and layout of a
shear stud was considered. Considering the numerical issues that could generally appear
in the modelling phase of the steel plate and concrete walls due to the complexities of
the steel and concrete behaviours and their interaction. The seismic behaviour, stiffness,
ductility and energy absorption are discussed and compared between the tested specimens
and numerical models.

2. Experimental Work
2.1. Sample Design

The experimental work conducted on CSPSW was carried out by Rahai and Hatami [42]
to study the behaviour of composite shear walls made of concrete and steel. The details of
the experimental work of CSPSW are shown in Figure 1.
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The length of frame span that is, the centre distance to the centre of both sides’ column,
is 2000 mm, and the height is also frame 1000 mm, which is the centre distance to the centre
of the top and bottom beams. Columns and beam sections were also double IPE2000 that
were reinforced with two plates (150 × 12 mm) on the flanges. Steel plate was inscribed
inside the boundary beams and columns. It is 1776 mm wide, and the thickness of these
plates is also considered 3 mm. The thickness of the concrete cover is 50 mm.

There is a 30 mm gap between the concrete cover and the boundary elements, 1716× 1716 mm
in length and width. In order to connect the concrete cover of 50 mm thickness to a steel
plate using 7 mm diameter and 100 mm length bolts, and also to reinforce the concrete
cover of thickness 50 mm, 6.5 mm diameter bars with a centre distance to the centre 65 mm
were used [31].

Table 1 shows the characteristics and strength of steel that is used in all models: St37
with a yield stress of 240 MPa and ultimate stress of 370 MPa. The behaviour of the steel
is considered a bilinear elastic-plastic curve for modelling. The compressive strength of
concrete in a 28-day cylindrical core sample is about 45 MPa, and the tensile strength is
equivalent to 3 MPa.
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Table 1. Details of the experimental specimens and mechanical properties.

Group
No. Group Name SW Gap Thickness

of Steel

Thickness
of

Concrete

Distance
between

Shear Stud

Ratio of
Reinforce-

ment

Compressive
Strength

Yield
Strength

The
Layout of

Shear Stud
(H × V)

1 Ratio of
reinforcement

SW-RR1% (R) 40 3 50 200 1% 45 240 3 × 8
SW-RR1.5% 40 3 50 200 1.5% 45 240 3 × 8
SW-RR2.5% 40 3 50 200 2.5% 45 240 3 × 8
SW-RR3.5% 40 3 50 200 3.5% 45 240 3 × 8

2
Compressive
strength of

concrete wall

SW-CS45MPa (R) 40 3 50 200 1% 45 240 3 × 8
SW-CS25MPa 40 3 50 200 1% 25 240 3 × 8
SW-CS28MPa 40 3 50 200 1% 28 240 3 × 8
SW-CS50MPa 40 3 50 200 1% 50 240 3 × 8
SW-CS55MPa 40 3 50 200 1% 55 240 3 × 8

3
Yield stress of

infill steel plate

SW-R 40 3 50 200 1% 45 240 3 × 8
SW-YS150MPa 40 3 50 200 1% 45 150 3 × 8
SW-YS200MPa 40 3 50 200 1% 45 200 3 × 8
SW-YS350MPa 40 3 50 200 1% 45 350 3 × 8
SW-YS380MPa 40 3 50 200 1% 45 380 3 × 8

4 Layout of
shear stud

SW-R 40 3 50 200 1% 45 240 3 × 8
SW-L8*3 40 3 50 200 1% 45 240 3 × 8
SW-L6*4 40 3 50 200 1% 45 240 6 × 4
SW-L4*6 40 3 50 200 1% 45 240 4 × 6

SW-L2*12 40 3 50 200 1% 45 240 2 × 12

2.2. Loading Programme and Test Setup

Horizontal loading was controlled by force [42]. In the force loading phase, the
horizontal forces were 600 kN, and loading was cyclically loaded with 1/60 Hz frequency.
The experimental load characteristics are shown in Table 2. The loading history is illustrated
in Figure 2.

Table 2. Cyclic loading time history.

Time (Second)
Max. Load (KN) Loading Shape Frequencies (Hz)

Start End

0.0 71 0.0 Cyclic 0
72 180 300 Cyclic 1/60

181 360 500 Cyclic 1/60
361 540 600 Cyclic 1/60
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3. Finite Element Model (FEM)
3.1. Model Overview
3.1.1. Part and Element of the FE Model

The numerical study is performed by finite element analysis using ANSYS. The finite
element model consists of five parts, the infilled steel plate, shear studs, outer steel frame,
reinforced concrete wall and reinforcement. The outer steel frame consists of a web and
flange plate.

A total of 181 four-noded shell elements from the ANSYS element library were used
to model the outer steel frame, infilled plate, web and flange plate. The element has six
degrees of freedom at each node. The change in stress in the thickness direction cannot be
ignored in shear stud and concrete walls because the sizes in the three directions have little
difference. Therefore, the element choice to represent the shear stud and reinforcement
was a link 180. The element used to represent the concrete wall was 3D solid65. In the
test, the shear studs were welded on the web plate. Thus, the shear studs are tied to the
steel plate in the FE model. In the test, the reinforcement and the steel studs were fixed
in the concrete.

3.1.2. Contact of FE Mode

A friction contact model has been used between the steel plate and concrete. The
tangential friction coefficient is 0.6 [43], as shown in Figure 3a. The interface surface
between infill steel plate and concrete wall is represented by targe170 and contact 174.
Finally, the load slip action is represented by comb 39, as shown in Figure 4. The assembled
FE model is shown in Figure 3e.

Buildings 2022, 12, x FOR PEER REVIEW  5  of  27 
 

Table 2. Cyclic loading time history. 

Time (Second) 
Max. Load (KN)  Loading Shape  Frequencies (Hz.) 

Start  End 

0.0  71  0.0  Cyclic  0 

72  180  300  Cyclic  1/60 

181  360  500  Cyclic  1/60 

361  540  600  Cyclic  1/60 

3. Finite Element Model (FEM) 

3.1. Model Overview 

3.1.1. Part and Element of the FE Model 

The numerical study is performed by finite element analysis using ANSYS. The finite 

element model consists of five parts, the infilled steel plate, shear studs, outer steel frame, 

reinforced concrete wall and reinforcement. The outer steel frame consists of a web and 

flange plate. 

A total of 181 four‐noded shell elements from the ANSYS element library were used 

to model the outer steel frame, infilled plate, web and flange plate. The element has six 

degrees of freedom at each node. The change in stress in the thickness direction cannot be 

ignored  in shear stud and concrete walls because the sizes  in the  three directions have 

little  difference.  Therefore,  the  element  choice  to  represent  the  shear  stud  and 

reinforcement was a  link 180. The element used  to represent  the concrete wall was 3D 

solid65. In the test, the shear studs were welded on the web plate. Thus, the shear studs 

are tied to the steel plate in the FE model. In the test, the reinforcement and the steel studs 

were fixed in the concrete. 

3.1.2. Contact of FE Mode 

A  friction contact model has been used between  the steel plate and concrete. The 

tangential  friction  coefficient  is  0.6  [43],  as  shown  in  Figure  3a. The  interface  surface 

between  infill steel plate and concrete wall  is represented by targe170 and contact 174. 

Finally,  the  load  slip  action  is  represented  by  comb  39,  as  shown  in  Figure  4.  The 

assembled FE model is shown in Figure 3e. 

     
(a)  (b)  (c)  (d) 

Buildings 2022, 12, x FOR PEER REVIEW  6  of  27 
 

 
(e) 

Figure 3. Contact between different elements: (a) interface surface; (b) load slip; (c) reinforcement; 

(d) shear stud; (e) assembled FEM. 

 

Figure 4. Comparison of deformation‐load in the numerical and experimental model for CSPSW. 

3.1.3. Boundary Conditions 

The bottom frame is a fixed end constraint, and the boundary condition of the top 

beam  is  a  sliding  constraint. Therefore,  six degrees of  freedom  are  constrained  at  the 

bottom steel frame (i.e., U1 = U2 = U3 = UR1 = UR2 = UR3 = 0), and four degrees of freedom 

are constrained at the top steel frame (i.e., U3 = UR1 = UR2 = UR3 = 0). 

Figure 3. Contact between different elements: (a) interface surface; (b) load slip; (c) reinforcement;
(d) shear stud; (e) assembled FEM.



Buildings 2022, 12, 850 6 of 26

Buildings 2022, 12, x FOR PEER REVIEW  6  of  27 
 

 
(e) 

Figure 3. Contact between different elements: (a) interface surface; (b) load slip; (c) reinforcement; 

(d) shear stud; (e) assembled FEM. 

 

Figure 4. Comparison of deformation‐load in the numerical and experimental model for CSPSW. 

3.1.3. Boundary Conditions 

The bottom frame is a fixed end constraint, and the boundary condition of the top 

beam  is  a  sliding  constraint. Therefore,  six degrees of  freedom  are  constrained  at  the 

bottom steel frame (i.e., U1 = U2 = U3 = UR1 = UR2 = UR3 = 0), and four degrees of freedom 

are constrained at the top steel frame (i.e., U3 = UR1 = UR2 = UR3 = 0). 

Figure 4. Comparison of deformation-load in the numerical and experimental model for CSPSW.

3.1.3. Boundary Conditions

The bottom frame is a fixed end constraint, and the boundary condition of the top
beam is a sliding constraint. Therefore, six degrees of freedom are constrained at the bottom
steel frame (i.e., U1 = U2 = U3 = UR1 = UR2 = UR3 = 0), and four degrees of freedom are
constrained at the top steel frame (i.e., U3 = UR1 = UR2 = UR3 = 0).

3.1.4. Steel Constitutive Model

Steel plate is a major element in the composite shear wall. Preferably, for this plate
steel with a low yield point is chosen. For example, an St37 steel plate is preferred for high
strength steel plate because an St37 steel plate, due to its low yield point, is preferred to
encourage the yielding of steel plates.

3.1.5. Concrete Constitutive Model

The reinforced concrete cover on one or both sides of a steel plate carry some of the
story shear by improving the diagonal compression field and increasing strength and
stiffness. Of course, the major role of the reinforced concrete cover is to prevent the out-of-
plan buckling of the steel plate prior to yielding. In some cases, shear studs are not only
subjected to shear but also to a considerable tension due to local buckling of the steel plate.
For cast-in-place concrete, welded shear studs are usually utilised; for pre-cast concrete
walls, bolts can be used.

3.2. Validation of Finite Element Model

Before performing an actual parametric study, the validation of the FE model was
performed. The results of hysteretic curves obtained from FE analysis and test results
comparison are shown in Figure 4. It is observed that the FE results closely match with test
results. Therefore, it is concluded that the FE model is able to simulate the hysteretic curves
of the composite steel plate shear wall in a significant approach.
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In the test loading process, the steel plate experienced severe buckling at different
positions with increasing horizontal displacement as shown in Figure 5. The FE model
could simulate the local buckling phenomenon, as shown in Figure 6.
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Figure 5. Local buckling, out-of-plane and crack formation for experimental specimen. (a) A View of
Test Specimen (b) steel plate buckling; (c) plastic hinge at the base of column; (d) concrete crack at
mid of the test; (e) concrete crack at end of the test.
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The results obtained during the last cyclic loading from the experimental and the
ANSYS output are presented in Figures 5–7, which show the comparison of out-of-plane
deflection and crack formation in the composite shear wall in different experimental and
numerical specimens. The lateral displacement was found to be 6.47 mm and 7 mm in the
case of numerical and experimental tests, respectively.
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4. Parametric Analysis

For optimisation of shear wall parameters in tall structures, the parametric study has
been performed by varying the section size, and design guidelines have been suggested [42].
The effects of different variables have been vitally studied on stiffness, ductility, and energy
dissipation of the composite shear wall. To study the hysteric behaviour of the model in
parametric analysis, the cyclic load is applied to the wall. The boundary conditions in the
model are consistent with the test.
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The variables consist of the gap between the concrete wall and steel frame, the thick-
ness of the infill steel plate, the concrete wall, the distance between the shear stud, the ratio
of reinforcement, concrete strength, steel yield strength and the layout of a shear stud. The
standard model parameters are chosen as follows: the gap between the concrete wall and
steel frame is about 40 mm, the concrete wall thickness is about 50 mm, the steel ratio is 1%,
infill steel plate thickness is about 3 mm, the distance between shear stud is 200 mm, the
axial compressive strength of the concrete is 45 MPa and the yield strength of the infill steel
plate is 240 MPa; the layout of the shear stud is (H*V) (3 × 8).

In the parametric analysis, the ratio of reinforcement ranges (1–1.5–2.5–3.5%), the axial
compressive strength of the concrete ranges (25–28–45–50–55 MPa), the yield strength of
the infill steel plate ranges (150–200–240–300–350–380 MPa) and the layout of shear stud
ranges (3 × 8, 8 × 3, 6 × 4, 4 × 6, 2 × 12, 12 × 2) (H × V).

4.1. Influence Rules of the Parameters

The influence rules of key design parameters are studied by including material dis-
placement, stiffness, ductility and energy dissipation. The structural behaviour of the
composite steel plate shear wall, when subjected to cyclic load, is characterised by four
different stages with an increasing load applied; these stages are:

• The initial elastic stiffness phase
• The shear yielding stiffness phase
• The post yielding stiffness phase
• The pre-failure stiffness phase

The smart CSPSW, at first loading, shows a linear elastic response where the steel
frame and infill steel plate, beams and columns, undergo inelastic deformations.

After that, the interaction between the infill steel plate and the reinforced concrete
panel in the compression field is particularly efficient. While the lateraling loading is
more raised, the infill steel plate responsible is immaterially and geometrically nonlinear.
Moreover, the lateral shear stiffness of the wall drops substantially owing to the shear yield
of the infill steel plate.

During the third phase, with the excess of lateraling unloading, the pure shear yield
transpires pending the fully shear yield appearing in the infill steel plate, and the lateral
stiffness is reduced gradually at this phase.

While the lateral load surpasses the shear yield capacity of the infill steel plate, the
material and geometric nonlinearity responsible for steel frame and boundary elements is
massive. At this phase, the frame supplies the utmost lateral stiffness.

The test results appear to show that increasing the model thickness (infill steel plate
and concrete wall) worked to increase the structural strength capacity and the model’s
ability to absorb and dissipate energy which led to delaying the model’s failure; at the same
time, it prevented a rapid drop in the load-carrying capacity.

Additionally, increasing the distance and layout of the shear stud (certified number
of shear studs) increased the structural strength capacity and enhanced the ability of the
model to absorb energy and the model’s ductility.

What is more, when the properties of smart CSPSW are increased the structural
strength capacity and model’s ability to absorb and dissipate energy are enhanced.

4.1.1. The First Group Models (Influence of Reinforcement Ratio)

1. Lateral displacement

Figure 8 shows that the models SW-RR1.5%, SW-RR2.5% and SW-RR3.5% go through
the same phases as the reference model SW-RR1% (R) when loaded gradually and each
phase has been discussed below. Furthermore, the effect of the reinforcement ratio on the
out-of-plane displacement of group 1 is shown in Figure 9.
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Figure 8. Lateral displacement of group 1.
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(c) RR = 2.5%, (d) RR = 3.5%.

• Phase A:

From this phase, it can be noted that the change in the material properties of the
concrete wall represented by the ratio of reinforcement (ρ) affected the elastic phase signifi-
cantly for the model; therefore, the lateral displacement value of the models (SW-RR1.5%,
SW-RR2.5%, SW-RR3.5%) at the same load decreased by 23%, 34% and 60 % as compared
to the reference model SW-R. This enhancement in the wall capacity of the models may be
due to the material properties of the concrete wall.

• Phase B:

This phase is characterised by high applied loads with a slight change in the lateral
displacement, where the models (SW-RR1.5%, SW-RR2.5%, SW-RR3.5%) have a lower
lateral displacement by 2, 26 and 43% as compared to the reference model SW-R. This is
due to the material properties of the concrete wall represented by the ratio of reinforcement
(ρ) being directly proportional to the load-carrying capacity of the model.

• Phase C:

When there is an increase in lateral load, the shear yield propagates until the full shear
yield occurs in the infill steel plate. In this phase, when changing the ratio of reinforcement
for SW-RR1.5%, SW-RR2.5% and SW-RR3.5%, the lateral displacement was enhanced (by 1,
9, 17%) as compared to the reference model SW-R.
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• Phase D:

This phase begins at the ultimate load, where a high increase in the lateral displace-
ment occurs, leading to a large buckling in the steel plate and cracking in a concrete wall.
The change in material properties of the concrete wall is represented by the ratio of rein-
forcement (ρ) (for SW-RR1.5%, SW-RR2.5%, SW-RR3.5%); under the same cycle of loading,
the lateral displacement decreases by 0.29, 0.29 and 0.59%.

2. Stiffness

The stiffness values of the fifth group model are shown in Figure 10. From the results,
it is stated that increasing the ratio of reinforcement of the models does not influence
stiffness because of the convergence of lateral displacement values. Therefore, the stiffness
of the modelled SW-RR1.5%, SW-RR2.5% and SW-RR3.5% is substantial being about 0.24,
0.24, and 0.58 % as compared to the reference model SW-R.
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Figure 10. Stiffness of Group 1.

3. Ductility

The change in the material properties of the concrete walls is represented by the ratio
of reinforcement (ρ) of the models affected by their ductility. Figure 11 gives the ductility
values of the fifth group models. From this figure, the model (SW-RR1.5%, SW-RR2.5%,
SW-RR3.5%) has greater ductility (by 1, 36, 75%) as compared with the reference model SW-
R. From the results, it appears that there is a proportional relationship between the ductility
and material properties of concrete walls. Therefore, increasing the ratio of reinforcement
causes an increase in the ductility and ultimately gives a gradual drop in the load-carrying
capacity until the fracture load is reached.
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Figure 11. Ductility ratio of group 1.
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4. Energy Absorption

The energy absorption of each model through the final phase is shown in Figure 12.
For (SW-RR1.5%, SW-RR2.5% and SW-RR3.5%) in phase C, when there is an increase in the
ratio of reinforcement, the energy absorption increases (by 14, 17 and 19%, respectively)
as compared with the reference model SW-R. Through phase D, it can be noticed that an
increased ratio of reinforcement increased the energy absorption (by 10, 27 and 38%) for
SW-RR1.5%, SW-RR2.5% and SW-RR3.5% as compared with reference model SW-R. The
models with a high ratio of reinforcement (SW-RR3.5%) have good energy absorption, and
this was due to the high area under the curve of load deflection and it refers to the increased
resistance of the model to the deformation.
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Figure 12. Energy absorption of group 1.

From the calculation of stiffness, ductility and energy absorption, it can be seen that
the ratio of reinforcement has an obvious effect on the behaviour of smart CSPSW because
the increasing ratio of reinforcement leads to a gradual drop in the load-carrying capacity
until the fracture load is reached.

From the results of the phases above, it can be noticed that the ratio of reinforcement
wall should be limited to some specific value (max. 3.5%) because the behaviour of smart
CSPSW remains the same beyond that ratio. Thus, the ideal range for using the thickness
of the concrete wall is between (1–3.5%).

4.1.2. The Second Group Models (Influence of Concrete Wall Compressive Strength)

1. Lateral Displacement

Figure 13 shows the behaviour of the second model, SW-CS25MPa, SW-CS28MPA,
SW-CS50MPa and SW-CS55MPa, in terms of lateral displacement. Additionally, the out-
of-plane displacement of each model of group 2 is shown in Figure 14. The loading and
displacement phases of group 2 are presented below.

• Phase A:

From this phase for SW-CS25MPa and SW-CS28MPa, it is noted that the decreasing of
the material properties of concrete walls represented by compressive strength increased the
values of the lateral displacement significantly (by 34, 34%) and led to a decrease in the
elastic phase. For the models SW-CS50MPa and SW-CS55MPa, it is noted that the increase
in the material properties of concrete wall decreased the values of the lateral displacement
significantly (by 30, 58%) and led to an increase in the elastic phase.
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Figure 13. Lateral displacement of group 2.
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Figure 14. Effect of compressive strength (CS) of concrete on the lateral displacement, (a) CS = 25 MPa,
(b) CS= 28 MPa, (c) CS = 45 MPa, (d) CS = 50 MPa, (e) CS = 55 MPa.



Buildings 2022, 12, 850 14 of 26

• Phase B:

For models SW-CS25MPa and SW-CS28MPa, it is noted that decreased material prop-
erties of concrete walls represented by compressive strength (F′c) are directly proportional
to the value of lateral displacement, which increases (by 17, 17%) compared to the reference
model SW-CS28MPa(R). While for models SW-CS50MPa and SW-CS55MPa, it is noted that
increased material properties of concrete walls are represented by compressive strength,
(F′c) is directly proportional to the value of lateral displacement, which decreases by 22 and
37% in comparison with the reference model SW-CS28MPA(R).

• Phase C:

In this phase, when decreasing the compressive strength (from 45 to 25 MPa) for SW-
CS25MPa and SW-CS28MPa, the lateral displacement is larger (by 15, 14.6%) as compared
with the reference model SW-CS45MPa (R), where this large displacement leads to a
sudden drop in the model. When there is an increase in the compressive strength (from
45 to 55 MPa) for SW-CS50MPa and SW-CS55MPa, the lateral displacement was lower (by
4, 20%) as compared with the reference model SW-CS45MPa (R)

• Phase D:

In this phase, the models SW-CS25MPA, SW-CS28MPA, SW-CS50MPA and SW-
CS55MPA have very similar behaviour with very close values of lateral displacement.
It is noted that the decrease or increase in compressive strength did not have any large
effect on phase D for these models. Continuing the model loading worked on the devel-
opment of pure shear yield in the steel plate. From this, it appears that increasing the
compressive strength of the concrete wall delays the failure of smart CSPSW.

2. Stiffness

Figure 15 gives the stiffness values for the sixth group of models, which shows that the
stiffness is directly proportional to the increased compressive strength of the concrete wall.
The model SW-CS55MPA, with compressive strength equal to 55 MPa, has a high stiffness
of up to 186.34 kN/mm because of the small lateral displacement at ultimate load, while
the model SW-CS25MPA with compressive strength equal to 25 MPa has a low stiffness
equal to 168.07 kN/mm because of the elevated lateral displacement at the ultimate load.
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Figure 15. Stiffness of group 2.

3. Ductility

Figure 16 shows that the ductility ratio of the model SW-CS25MPa and SW-CS28MPa
was small and reached (1.57, 1.56) because of the small deflection at the ultimate load.
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Figure 16. Ductility ratio of group 2.

The models SW-CS50 MPa and SW-CS55 MPa have high deflection values at each of
the yield and ultimate load, which made the model ductility ratio reached of moderate
value (2.2, 2.64) and caused the gradual drop of the load-deflection curve after the ultimate
load.

4. Energy Absorption

The energy absorption of each model through each phase is shown in Figure 17. For
SW-CS25MPa and SW-CS28MPa in phase C, when there is a decrease in compressive
strength of the concrete wall, the energy absorption decreased by 37 and 3% as compared
to the reference model SW-CS45MPa (R). For SW-CS50MPa and SW-CS55MPa in phase
C, when there is an increase in compressive strength of the concrete wall, the energy
absorption increased by 15 and 25% as compared to the reference model SW-CS45MPa (R).
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Figure 17. Energy absorption of group 2.

Through phase D, it is noticed that decreased compressive strength of the concrete
wall decreased the energy absorption (by 49, 21%) for SW-CS25MPa and SW-CS28MPa as
compared with the reference model SW-CS45MPA (R). When increased, the compressive
strength of the concrete wall increased the energy absorption (by 8, 28%) for SW-CS50MPa
and SW-CS55MPA as compared with reference model SW-CS45MPa (R).
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Models with a large value of compressive strength (SW-CS50MPa and SW-CS55MPa)
have good energy absorption due to the high area under the curve of load-deflection, and
it increases the resistance of the model to the deformation.

From the calculation of stiffness, ductility and energy absorption, it is noticed that the
compressive strength of concrete wall has a good effect on the behaviour of smart CSPSW
because increasing compressive strength leads to an increase in the contribution of concrete
in force transfer; therefore, the influence of lateral load on the infill steel plate becomes
low, and also increased compressive strength leads to restricting the model and reducing
the lateral offset. From the above results, it is noticed that the compressive strength of a
concrete wall should be limited by a specific value (max. 55 MPa) if we want to get more
resistance from the concrete wall. Therefore, researchers should change the type of concrete
from ordinary to high strength concrete, and this becomes costlier.

4.1.3. The Third Group Models (Influence of Yield Stress of Infill Steel Plate)

1. Lateral displacement

Figure 18 discusses the behaviour of the third group of models (SW-YS150MPa, SW-
YS200MPa, SW-YS350MPa and SW-YS380MPa) when gradually experiencing load in-
creases. The out-of-plane displacement of each model generated after the FEM simulation
is also demonstrated in Figure 19. The linear and nonlinear behaviour of the models
are discussed below:

• Phase A:

For the model SW-YS150MPa and SW-YS200MPa, this phase is characterised by a high
increase in the applied loads with a large increase in the model lateral displacement and
continual yield displacement (equal to 2.47 and 2.28 mm) for both models. From this, it
is noted that the decreasing of the material properties of steel plate represented by yield
stress decreased the values of the yield displacement significantly and led to a decrease in
the elastic phase.

For the models SW-YS350MPa and SW-YS380MPa, this phase was characterised by a
very high increase in the applied loads with a low increase in the model lateral displacement
and continual yield displacement (equal to 1.41 and 0.93 mm) for both models. From this,
it is noted that the increase in the material properties of steel plate represented by yield
stress increased the values of the yield displacement significantly and led to an increase in
the elastic phase.
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Figure 19. Effect of yield stress (YS) of infill steel plate on the lateral displacement, (a) YS = 150 MPa,
(b) 200 MPa, (c) YS = 240 MPa, (d) YS = 300 MPa, (e) YS = 350 MPa, (f) YS = 380 MPa.

• Phase B:

For models SW-YS150MPa and SW-YS200MPa, this phase is characterised by the curve
transformation from a straight line with a few inclines to a flat line with a high incline as a
result of the high increase in the model displacement as compared with the small increase
in the model loads. It has been noted that the decreased material properties of steel plate
represented by yield stress are directly proportional to the model’s lateral displacement;
therefore, the models with low yield stress possessed low resistance compared with the
reference model SW-YS240MPa (R).

For models SW-YS350MPa and SW-YS380MPa, it is noted that increased material
properties of steel plate represented by yield stress are directly proportional to the model
lateral displacement; therefore, the models with high yield stress possessed high resistance
compared with the reference model SW-YS240MPa (R).

• Phase C:

In this phase, when decreasing the yield stress (from 240 to 150 MPa) for SW-YS150MPa
and SW-YS200MPa, the lateral displacement was larger (by 15, 14.6%) as compared with
the reference model SW-YS240MPa (R), where this large displacement led to a sudden drop
in the model. When increasing the yield stress (from 240 to 380 MPa) for SW-YS350MPa
and SW-YS380MPa, the lateral displacement was lower (by 6 and 88%) as compared with
the reference model SW-YS240MPa (R).
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• Phase D:

In this phase, for the model SW-YS150MPa, SW-YS200MPa and SW-YS350MPa have
very similar behaviour with very close values of the lateral displacement, as shown in
Figure 17. From this, it is noted that yield stress value (between 150 and 350 MPa) did not
have a large effect on the pre-failure phase for these models. For the model SW-YS380MPa
(with yield stress 380), MPa has a good effect on the pre-failure phase.

The collapse of the models SW-YS150MPa and SW-YS200MPa began before reference
model SW-YS240MPa (R), while the collapse of SW-YS350MPa and SW-YS380MPa began
after reference model SW-YS240MPa (R). Continuing the model loading worked on the
development of pure shear yield in the steel plate. From this, it appears that increasing the
yield stress of concrete wall delays the failure of smart CSPSW.

2. Stiffness

Figure 20 gives the stiffness values for the seventh group of models, which shows
that the stiffness is directly proportional to the increased yield stress of the steel plate.
The model SW-YS380MPa, with yield stress equal to 380 MPa, has a high stiffness up
to 221.4 kN/mm because of the small lateral displacement at ultimate load, whereas the
model SW-YS150MPa, with yield stress equal to 150 MPa, has a low stiffness equal to
168.07 kN/mm because of its high lateral displacement at the ultimate load.
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Figure 20. Stiffness of group 3.

3. Ductility

Figure 21 demonstrates that the ductility of the model SW-YS150MPa and SW-YS200MPa
was very low (and reached 1.45, 1.56) because of the small deflection at the ultimate load.
These few data caused the rapid and sudden drop in the load-carrying capacity when
this model arrived at the ultimate load compared with the gradual drop of the reference
model SW-YS240MPa (R). While the models SW-YS350MPa and SW-YS380MPa had high
deflection values at each of the yield and ultimate load (which made the model ductility of
moderate value reach 2.28, 2.91), this caused the gradual drop of the load-deflection curve
after the ultimate load.
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Figure 21. Ductility ratio of group 3.

4. Energy Absorption

The energy absorption of each model through each phase is shown in Figure 22 for
SW-YS150MPA, SW-YS200MPA and SW-YS350MPA in phase C. When the yield stress of
the steel plate is equal to 150,200 and 380 MPa, the energy absorption decreases (by 27, 9
and 41%) as compared to the reference model SW-YS240MPa (R). For SW-YS380MPa in
phase C, when the yield stress of steel plate is equal to 350 MPa, the energy absorption
increased (by 0.21%) as compared to reference model SW-YS240MPa (R).
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Figure 22. Energy absorption of group 3.

Through phase D, it is noticed that the decreased yield stress of steel plate decreases
the energy absorption (by 42 and 29%) for SW-YS150MPa and SW-YS200MPa as compared
with the reference model SW-YS240MPa®. When the yield stress of steel plates is increased,
the energy absorption increases (by 15, 12%) for SW-YS350MPa and SW-YS380MPa as
compared with the reference model SW-YS240MPa (R). The models with a large value of
yield stress (SW-YS350MPa) have a small effect on energy absorption.

From the calculation of stiffness, ductility and energy absorption, it is observed that
the yield stress of the steel plate has a good effect on the behaviour of smart CSPSW because
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increasing yield stress leads to an increase in the contribution of steel plate in resistance to
lateral displacement. Therefore, the influence of lateral load on the concrete wall becomes
low; besides this, increasing the yield stress leads to a decrease the critical force and average
buckling stresses.

From the results of the phases above, it is noticed that the yield stress of steel plate
should be limited by a specific value (max. 350 MPa); this is because to get greater resistance
of steel plate, there should be a change in the type of steel plate, and this becomes costlier.
Furthermore, the behaviour of smart CSPSW remains the same beyond that value of the
yield stress.

4.1.4. The Fourth Group Models (Influence of Shear Stud Layout)

1. Lateral displacement

From Figure 23, it is observed that the models SW-L8*3, SW-L6*4, SW-L4*6, SW-
L2*12 and SW-L12*2 went through the same phase of the reference model SW-L3*8 (R)
when unloaded gradually and this has been discussed in detail below. Additionally, the
out-of-plane displacement of each model from group 4 is shown in Figure 24.

• Phase A:

For the models SW-L8*3, SW-L6*4, SW-L4*6, SW-L2*12 and SW-L12*2, the elastic phase
started from the beginning of loading to yield displacement (equal to 1.42, 1.52, 1.43, 1.43,
1.41 mm, respectively) and is characterised by a linear relationship between the applied
load and the model displacement.

In this phase, the lateral displacement values of the models SW-L8*3, SW-L6*4, SW-
L4*6, SW-L2*12 and SW-L12*2 were lower (by 47, 42, 49, 51, 52%) as compared with the
reference model SW-L3*8 (R), as shown in Figure 21, as a result of a change in the layout of
the shear stud of smart CSPSW which causes the decrease in the yield displacement and
increase in the yield load values that lead to increase the elastic stage for all the models as
compared to reference model SW-L3*8 (R). From this, it is noted that the layout of the shear
stud has no large effect on the elastic phase for these models.
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Figure 24. Effect of shear stud layout on the lateral displacement. (a) (3 × 8), (b) (8 × 3), (c) (4 × 6),
(d) (6 × 4), (e) (2 × 12), (f) (12 × 2).

• Phase B:

This stage involves the start of the plastic model behaviour. Here, a small increment
occurs in the applied loads contrasted and a high increment in lateral displacement, and
this proceeded until it reached to the ultimate load. The shear yield zone of the model
SW-L8*3, SW-L6*4, SW-L4*6, SW-L2*12 and SW-L12*2 was larger than (by 37, 28, 36, 36, 38)
% as compared to the reference model SW-L3*8 (R).

From this, it is noted that the change in the layout of shear stud becomes more effective
when it is concentrated horizontally more than vertically and this enhances the behaviour
of smart CSPSW. Thus, it significantly affected the shear yield phase through the escalation
of the strain hardening capacity which leads to a significant escalation of the models’ stress
redistribution compared to the reference model SW-L3*8 (R).

• Phase C:

In this phase, all models of the eighth group had very similar behaviour with very
close values of the lateral displacement. It is noted that the change in the layout of the
shear stud in the CSPSW models did not have a substantial effect on the post shear yielding
phase for these models. In this phase, when there was variation in the layout of shear stud
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for SW-L8*3, SW-L6*4, SW-L4*6, SW-L2*12 and SW-L12*2, the lateral displacement was
lower (by 7, 0.37, 6.32, 0.75, 9%) as compared to the reference model SW-L3*8 (R).

• Phase D:

This phase began with the arrival of the model at the ultimate load by exposure of all
model elements situated above and below the shear stud to high stresses. The collapse of
the reference model SW-L3*8 (R) began with the occurrence of buckling in the infill steel
plate because of the use of the maximum layout of shear studs in the vertical direction, in
other words, a low number of shear studs in the horizontal direction led to reducing the
restricted model. After comparison of the result in this phase at the same cycle loading,
it is noticed that the lateral displacement of SW-L8*3, SW-L6*4, SW-L4*6, SW-L2*12 and
SW-L12*2 was lower (by 5, 4.29, 6.92, 5.92, 6.58%) as compared with the reference model
SW-L3*8 (R).

2. Stiffness

Figure 25 shows the values of the stiffness for the eight group models. Figure 25
displays that change in the layout of shear stud in the models SW-L8*3, SW-L6*4, SW-L4*6,
SW-L2*12 and SW-L12*2 enhances their stiffness (by 5, 4.12, 6.47, 5.59, 6.18%, respectively)
compared with the reference model SW-L3*8 (R) because of the small lateral displacement
of these models. From these stiffness values, it is noted that the change in the layout of the
shear stud has the smallest effect on the model stiffness.
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Figure 25. Stiffness of group 4.

3. Ductility

Figure 26 shows the ductility values of the eight group models. From this figure, it is
noted that the increased distance between shear studs in the models SW-L8*3, SW-L6*4,
SW-L4*6, SW-L2*12 and SW-L12*2 enhances their ductility significantly (by 22.91, 18.22,
21.17, 21.88 and 22.57%, respectively) as compared with the reference model SW-L3*8 (R).

This is because of the high upgrade in the values of lateral load for these models.
Consequently, it was seen that there is a continuous drop in the load-carrying capacity of
these models and a sudden and fast drop in the reference model SW-L3*8 (R).
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Figure 26. Ductility ratio of group 4.

4. Energy Absorption

Figure 27 show the results of energy absorption of each model through each phase.
For SW-L8*3, SW-L6*4, SW-L4*6, SW-L2*12 and SW-L12*2 in phase C, when changing
the layout of the shear stud, the energy absorption increased (by 11.03, 16.17, 22.83, 25.18
and 20.94%) as compared with reference model SW-L3*8 (R). Through the phase D, it is
noticed that change in the layout of the shear stud increased the energy absorption (by 5.23,
4.31, 15.59, 13.38 and 16.56%) for SW-L8*3, SW-L6*4, SW-L4*6, SW-L2*12 and SW-L12*2 as
compared with reference model SW-L3*8 (R).
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Figure 27. Energy absorption of group 4.

Models with layout (12 × 2) (horizontal × vertical) (SW-L12*2) have excellent energy
absorption, due to the high area under the curve of load-deflection, and this refers to an
increase in the resistance of the model to the deformation. From the results of stiffness,
ductility and energy absorption, it is noticed that the layout of the shear stud should be a
concentrated distribution of the vertical to the horizontal direction, because large distances
will cause widespread buckling of the steel plate in free subpanels between shear studs
and would result in no improvement. Therefore, the layout of the shear stud was (12 × 2,
6 × 4) (horizontal × vertical).
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5. Conclusions

The present approach provides a practical way to model the complex geometry of steel-
concrete composite shear walls by using ANSYS. This study has discussed the numerical
attributes of shear walls and presented parametric effects of different reinforcement ratios,
the compressive strength of the concrete wall, the layout of shear stud and the yield stress
of infill steel plate on the lateral resisting capacities.

The nonlinear cyclic behaviour of the shear walls with steel and concrete acting
together is investigated with reference to earlier test data. The predicted deformation-load
values are compared with the experimental results using hysteric curves to check the
compatibility of the technique.

A good agreement is shown between the numerical and experimental hysteric curve
as a response of reversed loading. Furthermore, based on the numerical result conducted
in this study, the researchers concluded the following:

1. The ratio of reinforcement has a good effect on the behaviour of smart CSPSW because
the increasing ratio of reinforcement leads to a gradual drop in the load-carrying
capacity until it reaches the fracture load. The ratio of reinforcement walls should
be limited by a specific value, max. 3.5%, because the behaviour of smart CSPSW
remains the same beyond that ratio (so the best range for using the thickness of the
concrete wall was 1–3.5%).

2. The compressive strength of the concrete walls has a vital impact on the behaviour of
smart CSPSW. Increasing compressive strength leads to an increase in the contribution
of concrete in force transfer. Therefore, the influence of lateral load on the infill steel
plate becomes low. Additionally, increasing compressive strength led to restricting
the model and reducing the lateral offset. The compressive strength of concrete walls
should be limited by a specific value (max. 55 MPa). This is because to obtain more
resistance from the concrete walls, there should be a change in the grade of concrete
from ordinary to high strength, and this becomes costlier.

3. The yield stress of steel plate should be limited by a specific value (max. 350 MPa);
this is because to obtain more resistance from steel plate, we should change the type
of steel plate, and this becomes costlier. Additionally, the behaviour of smart CSPSW
remains the same beyond that value of yield stress. The change in the layout of the
shear stud affected the type of failure in the model. The layout of the shear stud
should be a concentrated distribution of the vertical to the horizontal direction. Since
large distances will cause widespread buckling of the steel plate in free subpanels
between shear studs and would result in no improvement, a layout of the shear studs
was selected of (12 × 2, 6 × 4) (horizontal × vertical).
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