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The main purpose of this study is to numerically assess 

the effect of boundary elements with different types of 

steel and concrete materials on nonlinear performance of 

composite steel–reinforced concrete wall (CSRCW) by 

employing ABAQUS software. Two types of common 

steel profiles including box and I-shaped sections, 

located at the middle and extremities of the wall, were 

used to assess ultimate strength of the CSRCW. In 

addition, effects of concrete confinement on boundary 

elements were investigated for fully and partially 

encasement degrees. Following this, steel materials with 

three yield stresses of 300, 400 and 500 MPa, and 

concrete in two grades with compressive strengths of 30 

and 40 MPa were considered. The theoretical results 

demonstrated that numerical models can predict the 

fracture zones similar to experimental observations 

where the failure modes of CSRCWs appeared to have 

ductile mechanisms. Based on the numerical outputs, the 

presence of I-shaped steel section in the middle of 

CSRCW participated to effectively distribute the stress 

throughout the shear wall, which was found to be 6.5% 

higher than that conventional shear wall. Furthermore, 

using steel boundary elements with higher yield strengths 

caused the highest amount of ultimate strength for the 

CSRCW to be 397.1 kN. 
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1. Introduction 

To achieve the intended lateral strength and 

stiffness of structures, some composite steel–

concrete structural systems have been 

proposed by researchers [1-4]. Among these 

systems, composite steel-reinforced concrete 

wall (CSRCW) as a suitable lateral load-
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resisting system has been suggested to 

withstand seismic loads. The CSRCWs are 

comprised of reinforced concrete (RC) wall 

with additional structural steel, located at the 

extremities of the cross section of the wall, 

and also shear studs which are used to 

provide the composite action [5-8]. This 

system has the ability to induce a good 

flexural stiffness and an adequate ductility 

compared to conventional reinforced 

concrete shear walls [9]. Meanwhile, the 

addition of high strength steel and pozzolanic 

materials to concrete can enhance its energy 

dissipation capacity [10,13]. Nonlinear 

behavior of different types of composite 

shear walls have been investigated by many 

researches. Following this, Guan et al. [14] 

investigated the effect of ring stirrups as 

concrete filled steel tubes on the behavior of 

composite shear walls. They showed that the 

ring stirrups can efficiently prevent the 

collapse of the wall subjected to axial loads. 

In addition, Tuppor [15] evaluated the 

hysteretic behavior of RC walls with steel 

boundary elements. He reported that the 

seismic responses of the walls with boundary 

elements are very nearly to that of 

conventional RC flexural wall. Zhao et al. 

[16] and also Zhang et al. [17] investigated 

the monotonic and cyclic behaviors of 

encased steel plate reinforced gangue 

concrete composite shear wall. They 

concluded that the load-carrying capacity of 

the wall is developed as the axial 

compression ratio and steel plate strength 

increased. While, increasing the height-width 

ratio can decrease it. Teng Huang et al. [18] 

suggested a concrete filled double skin steel 

plate composite wall, and concluded that the 

proposed system has a great energy 

dissipation capacity in comparison with 

conventional shear walls. A study performed 

by Rassouli et al. [19] showed that the infill 

steel plate resists inelastic deformations 

through large lateral displacements. 

Kheyroddin and Mirza [20,21] proposed a 

new equation for estimating of flexural 

rigidity, EI, for RC flexural members. They 

reported that compressive strength of 

concrete and compression reinforcement 

ratio have a remarkable effect on EI values 

for heavily reinforced flexural members. This 

effect is reduced with a decrease in the 

tension reinforcement ratio. At the same level 

of moment, the flexural rigidity of beams 

loaded at the mid span was found to be 18% 

more than that for beams under uniformly 

distributed load. Ayazi and Shafaei [22] 

evaluated the effect of high performance 

fiber reinforced concrete panels on steel–

concrete composite shear walls. They 

indicated that the use of the panels causes an 

increase in the ductility ratio of the system. 

Dan et al. [23] investigated the performance 

of CSRCW with steel encased profiles. The 

results demonstrated that CSRCWs have a 

great plastic resistance to compression in 

comparison with concrete shear walls. The 

stiffness value also increased as the amount 

of steel increased. Stoian et al. [24] and also 

Sun et al. [25] showed that ductile failure 

being experienced by the tested elements for 

the CSRCWs. 

The performance of shear studs in the 

CSRCW was assessed by Saari et al. [26]. 

They found that the ultimate strength and 

deformation capacity of the studs can be used 

to provide confinement effects. Hossain and 

Wright [27] suggested a new form of 

composite walling system consisted of two 

skins of steel sheeting with an in-fill of 

concrete. They concluded that the adequate 

connections can increase the shear resistance 

of the wall. Tong et al. [28] assessed the 

hysteretic performance of steel frame 

structures with composite RC in-fill walls 
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and partially-restrained connections. 

Concerning this, the RC in-fill wall exhibits 

approximately uniform shear deformation. 

Furthermore, the system showed to have an 

appropriate strength for withstanding lateral 

loads like earthquake, and a 

sufficient stiffness for controlling drift ratio. 

Rahnavard et al. [29] numerically assessed 

the influence of significant parameters such 

as distance between connectors and concrete 

cover on the behavior of the CSRCW. They 

reported that the lateral stiffness of the 

CSRCW is not affected by changing the 

concrete cover thickness and distance 

between connectors. Following this, the 

seismic behavior of the CSRCW with 

vertical steel encased profiles was evaluated 

by Dan et al. [30]. Increasing stirrups can 

decrease the local crushing of concrete under 

compression. Furthermore, the connectors 

can increase the anchorage of steel profiles, 

and avoid the splitting of concrete.  

The seismic performance of composite steel 

plate shear walls was evaluated by Astaneh 

[31]. The results demonstrated that the 

adequate boundary members are required for 

creating openings in the wall. In addition, 

headed shear studs should be employed to 

prevent local buckling of the steel plate. 

According to the results given by Epackachi 

[32], steel plate shear wall buckling is 

decreased by increasing concrete cover 

thickness, and by decreasing distance 

between connectors. 

For the purpose of further investigation on 

the effect of boundary elements on the 

seismic performance of CSRCWs, the 

behavior of CSRCW was numerically 

assessed considering steel materials with 

three different yield stresses: 300 MPa, 400 

MPa and 500 MPa. The study also 

investigated, the effect of concrete with two 

different compressive strengths: 30 and 40 

MPa on the numerical modeling of CSRCW.  

2. Material Properties and Details of 

Numerical Models 

In the present study, the experimental results 

of Dan et al. [30] were used to verify 

numerical modeling. Six specimens of the 

CSRCW were investigated by Dan et al. [30] 

as detailed in Table 1. Properties of steel and 

concrete materials are presented in Tables 2 

and 3, respectively. The modulus of elasticity 

of concrete is calculated using Eq. (1) as 

presented by Hognestad [33]. 

𝐸𝑐𝑚 = 4700 √𝑓𝑐𝑚  (in MPa)                    (1) 

where Ecm is the modulus of elasticity, and 

fcm is compressive strength of concrete 

materials, respectively. Details of the 

CSRCWs are shown in Fig. 1.  

To simulate the reinforced concrete wall and 

the composite steel–concrete elements, the 

ABAQUS software was employed. This 

software can provide a suitable nonlinear 

analysis for assessing the stress distribution 

and predicting the failure modes of 

composite elements. To consider the 

confining stress of steel tube on concrete, the 

sum of the confining stress from the tube and 

external confinement were assumed as 

proposed by researches [34,35]. 

To assess the stress distribution and crack 

propagation in concrete elements, three crack 

models are available in ABAQUS software: 

brittle cracking, concrete smeared cracking, 

and concrete damaged plasticity [36-38]. In 

the present study, the concrete damaged 

plasticity model was used. It can consider the 

both nonlinear compressive and tensile 

behaviors of concrete elements subjected to 

monotonic and dynamic loading [39]. The 
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relationships between the stress and strain of 

concrete are given by Eqs. (2) and (3) for 

developing the concrete damaged plasticity 

model at tension and compression. Some 

properties, used by other researchers [39, 40], 

were employed to establish the concrete 

damaged plasticity model. 

σt = (1-dt ) Ecm (εt - εt
pl

)                              (2) 

σc = (1-dc ) Ecm (εc – εc
pl

)                           (3) 

where dt and dc are the damage variables in 

tension and compression, respectively, and 

εt
pl

 and εc
pl

 are equivalent plastic strains in 

tension and compression, respectively, as 

shown in Fig. 2. 

To develop the concrete damaged plasticity 

model, some parameters were considered. To 

consider the viscosity parameter (μ) effects 

on the result of problem solution in software, 

the arranging μ for a few times is required. In 

this study, the μ parameter was selected for a 

very small number as reported by researchers 

[39,40]. The behavior of concrete subjected 

to compound stresses can be obtained from 

the dilation angle (ψ) parameter, which was 

assumed to be 31° based on Szczecina and 

Winnicki investigation [41]. To consider the 

yielding pattern for stress–strain curves of 

concrete, the modification coefficient of the 

deviatoric plane (Kc) was used in accordance 

with the Drucker-Prager yield criterion [42]. 

In this study, the Kc was assumed for a value 

of 0.667 in concrete damaged plasticity 

model. The ratio of initial biaxial 

compressive yield stress to initial uniaxial 

compressive yield stress (σb0/σc0) was 

considered to be 1.16. The ratio of tensile to 

compressive strengths, defined as flow 

potential eccentricity (ε) was considered to 

be 0.1. 

Shayanfar et al. [43] proposed Eqs. (4) and 

(5) for eliminating the dependence of the 

computed results on the finite element size. 

The model can be effectively employed to 

ensure reasonable accuracy. 

𝜀 𝑡 𝑢  = 0.004 𝑒  −0.008ℎ       (𝜀 𝑡 𝑢  ≥ 𝜀 𝑐 𝑟 )  (4)  

If 𝜀𝑡𝑢 is smaller than 𝜀𝑐𝑟, then 

𝜀𝑡𝑢 = 𝜀𝑐𝑟                                                              (5) 

where h is the width of the element in mm, 

and 𝜀𝑡𝑢 is the ultimate tensile strain of 

concrete.  

Concerning the type of elements in 

ABAQUS software, three-dimensional (3D) 

hexahedral element, with 8 nodes and 

reduced integration (C3D8R) was used to 

simulate the concrete and rigid sections, 

similarly to what was employed by other 

researchers [36,38]. 

To assess the stress distribution and crack 

propagation in six specimens of the CSRCW, 

three types of steel materials with yield 

stresses of 300 MPa, 400 MPa and 500 MPa, 

and two grades of concrete with compressive 

strengths of 30 MPa and 40 MPa were 

considered in numerical modeling. 

Kheyroddin et al. [44] investigated the effect 

of high-strength reinforcement on structural 

behavior of moment-resisting frames. They 

reported that although high-strength 

reinforcements have economic benefits, they 

increase displacements and drifts, leading to 

an increase in steel quantity and dimensions

of members to compensate the rigidity  
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Table 1. The parameters of experimental specimens [30]. 

Specimen ID 
No and steel 

profile section 

Encasement 

degree 
Steel ratio Axial load (kN) 

Normalised axial 

level 

CSRCW1 2-box section Fully 0.20 100 0.018 

CSRCW2 
2-I-shaped 

section 
Fully 0.23 100 0.021 

CSRCW3 
3-I-shaped 

section 
Fully 0.26 100 0.015 

CSRCW4 

2-I-shaped 

section rotated 

by 90° 

Fully 0.20 100 0.016 

CSRCW5 
2-I-shaped 

section 
Partially 0.22 100 0.015 

CSRCW6 - - - 100 0.016 

 

Table 2. Properties of steel materials [30]. 

Type ID 

Rebar 

diameter/steel 

thickness (mm) 

fy 

(MPa) 

fu 

(MPa) 

Es 

(MPa) 

Steel rebar 

d8-1 8 483 616 2.09×10
5 

d8-2 8 484 616 2.05×10
5
 

d8-3 8 471 617 2.01×10
5
 

d10-1 10 526 626 2.10×10
5
 

d10-2 10 559 624 2.15×10
5
 

d10-3 10 558 616 2.09×10
5
 

I-shaped steel 

section 

s-01 7 328 515 2.00×10
5
 

s-02 7 324 513 2.01×10
5
 

s-03 7 331 521 2.05×10
5
 

 

Table 3. Properties of the concrete elements [30]. 
Specimen ID No. of samples fcm (MPa) Ecm (MPa) 

CSRCW1 3 54.7 36628 

CSRCW2 3 46.0 34773 

CSRCW3 3 65.1 38591 

CSRCW4 3 62.0 38031 

CSRCW5 3 65.6 38680 

CSRCW6 3 63.5 38305 
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(a) Elevation                                                                 (b) Steel elements  

 
(c) A-A section 

Fig. 1. Details of composite steel–concrete walls [30]. 
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Fig.2. Concrete response subjected to uniaxial loading in tension (a) and compression (b) [45]. 

 

3. Verification of Finite Element 

Models 

For verification, the numerical results of this 

study were compared to the experimental 

results of Dan et al. investigation [30]. 

According to the contour of compressive 

damage variable (DAMAGEC) (Fig. 3b), the 

crack propagation pattern approximately 

occurred at the base of CSRCW specimen, 

similar to what observed in the experimental 

results (Fig. 3a). Meanwhile, the general 

trends of CSRCW specimens in numerical 

studies were nearly the same obtained for 

experimental outputs given by Dan et al. [30] 

as shown in Figs. 4 and 5. Therefore, it can 

be stated that there was a good agreement 

between finite element analysis and 

experimental works. The critical forces for 

experimental specimens and numerical 

models were calculated as presented in Table 

4.  

Table 4. The difference between experimental 

and numerical results. 

 

 
Fig. 3. Final failure appearance in the experimental specimen (a) and numerical model (b). 

Specimen 

ID 

Pcr- Exp. 

(kN) 

Pcr- Num. 

(kN) 

Difference 

(%) 

CSRCW1 255 280 9.80 

CSRCW2 247 268.62 8.75 

CSRCW3 278 295.41 6.26 

CSRCW4 246 271.55 10.38 

CSRCW5 266 290 9.02 

CSRCW6 192 207.17 7.90 
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Fig. 4. Horizontal load versus lateral displacement (hysteretic curves) for experimental models: CSRCW1 

(a); CSRCW2 (b); CSRCW3 (c); CSRCW4 (d); CSRCW5 (e); CSRCW6 (f) [30]. 
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Fig. 5. Horizontal load versus lateral displacement (hysteretic curves) obtained for numerical models: 

CSRCW1 (a); CSRCW2 (b); CSRCW3 (c); CSRCW4 (d); CSRCW5 (e); CSRCW6 (f). 

4. Results and discussions  

In the present study, the performance of 

CSRCW specimens was numerically 

assessed for three types of steel materials 

with yield stresses of 300 MPa, 400 MPa and 

500 MPa. In addition, two levels of 

compressive strength of concrete (30 MPa 

and 40 MPa) were introduced to numerical 

models to evaluate the lateral bearing 

capacity of the CSRCW.  

As indicated in Fig. 6, ultimate strength of 

the CSRCW made with steel materials with 

the yield stress of 500 MPa was about 7.4% 

greater than that of 400 MPa. Meanwhile, the 

value for CSRCW made with steel materials 

with the yield stress of 500 MPa was on 

average about 10.3% more than that of 300 

MPa. It can be inferred that by increasing the 
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yield stress of steel materials, the composite 

shear walls were rehabilitated better. 

Comparison of data on two CSRCW 

specimens made with compressive strength 

of 30 MPa and 40 MPa clarified that ultimate 

strength of the CSRCW made with concrete 

materials with the compressive strength of 40 

MPa was on average about 7.7% higher than 

that of 30 MPa. Therefore, increasing 

compressive strength of concrete materials, 

the composite shear walls were rehabilitated 

better as expected. 

Comparison of the results on CSRCW 

specimens made with different compressive 

strength of concrete materials and yield 

stresses of steel materials demonstrated that 

there is no remarkable difference between the 

results of CSRCW made with steel materials 

with the yield stress of 300 MPa and 

CSRCW made with concrete materials with 

compressive strength of 40 MPa. However, 

ultimate strength of the CSRCW made with 

steel materials with the yield stress of 500 

MPa was on average about 7.1% higher than 

that made with concrete materials with the 

compressive strength of 40 MPa. 

Generally, in most cases, CSRCW3 specimen 

appeared to have the highest lateral bearing 

capacity. For instance, the highest amount of 

ultimate strength was found to be 397.1 kN 

for CSRCW3-fy500. It seems that there was 

a good conjunction between steel materials 

and other components of composite shear 

walls. Meanwhile, the CSRCWs could 

absorb energy more by increasing the yield 

stress of steel materials particularly in 

boundary elements. Therefore, it can be 

concluded that the boundary element has a 

remarkable effect on increasing the lateral 

bearing capacity of developed numerical 

models.  

 On the other hands, the lowest ultimate 

strength was obtained for CSRCW6 

specimen where there were no steel sections 

in boundary elements to improve the lateral 

bearing capacity of composite shear walls. It 

is worth mentioning that the rehabilitation of 

shear walls by means of RC columns as 

boundary elements in CSRCW6 could not 

efficiently increase the ultimate strength of 

wall. Apparently, this can be due to the fact 

that the tensile strength of concrete materials 

associated with steel sections was higher than 

that of concrete elements with no steel 

section in boundary elements. 

  
 (a)                                                                                   (b) 
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(c)                                                                                 (d) 

  
(e)                                                                                   (f) 

Fig. 6. Analytical P - ∆ curves for CSRCW1 (a); CSRCW2 (b); CSRCW3 (c); CSRCW4 (d); CSRCW5 

(e); CSRCW6 (f). 

The stress distribution in steel elements for 

CSRCW1 and CSRCW3 specimens is shown 

in Fig. 7. The results demonstrated that the 

high stress for CSRCW1 specimen occurred 

in fracture zone at the base of shear walls, 

where it was equal to 586 MPa as indicated 

in Fig. 7(a). This value for CSRCW3 

specimen was found to be 624 MPa by steel 

section in the middle of CSRCW as seen in 

the Fig. 7(b). Therefore, it can be concluded 

that the ratio of high stress obtained for 

CSRCW3 to CSRCW1 was 6.5%. 

Another matter is that in the presence of steel 

section in the middle of shear wall 

(CSRCW3), the stress was distributed better 

throughout the shear walls, while most 

stresses in CSRCW1 specimen were 

concentrated at the base of the shear walls 

and it seems that by getting away from the 

base of the shear walls, different components 

of CSRCW1 could efficiently participate to 

bear the lateral loading without the presence 

steel section in the middle of CSRCW. 

The assessment of the failure mode and stress 

distribution in Figs. 3 and 7 showed that 

there were some evidences for forming 

inelastic zone on CSRCWs, where the plastic 

deformations occurred in the composite 

walls. Therefore, it can be inferred that the 

behavior of these composite systems seems 
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to be ductile. Thus the energy was efficiently 

dissipated between boundary elements and 

other components of shear walls.   

(a)                                                                                        (b) 

Fig. 7. Stress distribution of steel elements in CSRCW1 (a) and CSRCW3 (b) 

5. Conclusions 

In the present study, the behavior of 

CSRCWs with different types of steel and 

concrete materials was numerically assessed. 

Based on the numerical results, the following 

main conclusions can be drawn: 

 The results showed that there was a 

fair agreement between the developed finite 

element models and experimental specimens. 

In addition, the results revealed that 

numerical models predicted the fracture 

zones similar to experimental observations 

and the contours of damage demonstrated 

that the fracture mechanisms of CSRCW 

specimens involved compressive damage 

evolution modes.  

 By increasing the compressive 

strength of concrete materials and the yield 

stress of steel materials, the composite shear 

walls were rehabilitated better. 

 Comparison of data on CSRCW 

specimens clarified that ultimate strength of 

the CSRCW made with steel materials with 

the yield stress of 500 MPa was on average 

about 7.1% higher than that made with 

concrete materials with the compressive 

strength of 40 MPa. 

 According to the numerical results, 

CSRCW3-fy500 and CSRCW6-C30 

specimens appeared to have the highest and 

lowest lateral bearing capacity, respectively. 

The highest amount of ultimate strength for 

the CSRCW was found to be 397.1 kN for 

CSRCW3-fy500 specimen. 
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 According to the numerical results, 

the ratio of high stress obtained for CSRCW3 

to CSRCW1 was found to be 6.5%.  

 Based on the numerical outputs, the 

presence of steel section in the middle of 

shear wall (CSRCW3) led to effectively 

distribute the stress throughout the shear 

wall. 
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