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Shear walls are among lateral load resisting systems 

which are used to provide adequate stiffness, strength, 

and nonlinear deformation capacity to withstand strong 

ground motion. Usually at the base of the wall, these 

structures tolerate inelastic deformations subjected to 

strong ground motions. Researchers have offered 

composite walls to solve these problems. Steel plate-

concrete composite (SCC) walls have been regarded as 

an alternative to reinforced concrete walls in terms of 

seismic performance and constructability. In this study, 

a new semi-macro modified fixed strut angle finite 

element model is proposed to predict the nonlinear 

response of SCC walls using OpenSees. A new 

modified fixed strut angle model and a quadrilateral flat 

shell element are adapted to the analysis of SCC shear 

walls. The numerical model is validated using the 

results of a set of experimental data reported in the 

literature. Comprehensive comparisons between 

analytical-model-predictions and experimental data 

suggest that the numerical model can accurately 

simulate the steel plate-concrete composite wall 

responses. 

Keywords: 

Steel-plate composite shear wall; 

Smeared crack model; 

Semi-macro model; 

Cyclic loading; 

Steel faceplate. 

1. Introduction 

Reinforced concrete members have been 

used for several reasons [1,2] including, but 

not limited to, large lateral stiffness and 

nonlinear deformation capacity. Usually at 

the base of the wall, these structures tolerate 

inelastic deformations subjected to strong 

ground motions [3]. Some seismic codes 

determine a limit for the axial load ratio and 

the transverse reinforcement amount [4]. 

The wall's reinforcement ratio and thickness 

are often increased to ensure that the lower 

shear wall of high-rise buildings can meet 

codes requirements [2,6]. Thicker concrete 

walls not only occupy much utilizable floor 

space, but also increase the total weight of 

the structure and accordingly amplify 

seismic forces [7]. In addition, the dense 
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reinforcement can cause serious difficulties 

in construction. Researchers have offered 

composite walls to solve these problems. 

These composite structural members can be 

classified into three categories including 

steel reinforced concrete (SRC) walls, steel 

frame boundary and infilled RC walls, and 

steel panels combined with concrete walls 

(steel-plate concrete composite (SCC) or the 

single/double skin composite wall [8]– Fig. 

1). SC walls comprise a concrete core 

reinforced with steel faceplates on both 

surfaces. SC walls have demonstrated 

constructability and seismic performance 

under mechanical loading. Laboratory 

studies and FEM analysis were performed 

by Ozaki et al. [9] to investigate the 

behavior of steel-plate reinforced concrete 

panels. The results showed that the web 

openings had no impact on the shear strain 

of the steel-plate reinforced concrete panels 

at the onset of steel faceplate yielding and 

concrete cracking. Vecchio and McQuade 

[10] investigated the behavior of SCC shear 

walls using a smeared rotating crack model. 

The numerical model was developed 

using VecTor2 [11]. 

 
Fig 1. SCC shear wall [8,12]. 

Numerical model validation studies were 

then performed by modeling various test 

specimens and comparing laboratory and 

numerical results. The defect reported by 

them was modeling the Buckling of steel 

faceplate element and its effects on the 

response. Also, 2D nonlinear finite element 

analysis algorithm remarkably 

overestimated the stiffness. Xiaowei et al. 

[13] investigated the behavior of SCC shear 

walls using the general FE package 

MSC.Marc. One of the important parameters 

examined was the slippage characteristic of 

the steel plate-concrete interface. They used 

the spring elements to investigate the slip 

effect between the steel faceplates and the 

infill concrete. However, pinching and 

stiffness as well as strength deteriorations 

were not considered. Xiaowei et al. [13] 

proposed the axial force-moment interaction 

curves for SCC shear walls using the results 

of the parametric study. Rafiei et al. [14] 

investigated the behavior of SC shear walls 

under in-plane load using ABAQUS 

software. They developed two different 

finite element models to investigate the 

behavior of the steel plate-concrete 

interface. The design parameters which were 

studied were (a) the fasteners configuration, 

(b) compressive strength of the concrete, 

and (c) yield strength of the steel plate. Ali 

et al. [15] used ABAQUS software to predict 

the behavior of flanged SC walls. The 

backbone curve obtained using ABAQUS 

was consistent with the results of the cyclic 

loading test of four SC walls. The finite 

element (FE) models did not capture the 

pinching behavior seen in the experiments. 

Varma et al. [16,17] proposed a simplified 

model to simulate the in-plane response of 

SC panels under shear forces using a 

smeared crack model and a multi-axial 

plasticity with Von-Mises yield surface to 

simulate the behavior of the concrete and the 

steel faceplates, respectively. Kurt et al. [18] 

used LS-DYNA to develop and validate FE 

models for modeling the steel-plate concrete 
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composite shear walls under in-plane cyclic 

loading and their anchorage to the concrete 

basemat. The effects of shear connector 

design and composite action of the SC walls 

were investigated by Zhang et al. [19] using 

ABAQUS. Nonlinear finite element 

analyses were used to expand the 

experimental database. They provided the 

design criteria (for connector spacing) 

implemented in AISC N690s1 [20]. 

Epackachi et al. [8] conducted numerical 

modeling to study the cyclic response of the 

SCC shear walls. A nonlinear finite element 

model was developed in LS-DYNA. The 

validated DYNA model was used to 

investigate the effect of interface friction 

between the infill concrete and the steel 

faceplates, and the shear studs distribution. 

In a similar study conducted by Nguyen and 

Whittaker [21] it was shown that ABAQUS 

models of SCC shear walls can be 

developed to simulate the in-plane response 

and study key design variables such as a 

faceplate slenderness ratio, connector type, 

and reinforcement ratio. Wang et al. [22] 

tested and simulated corrugated steel plate 

concrete composite shear walls (SPCSWs) 

by ABAQUS to investigate the seismic 

performance of the corrugated SPCSWs. 

They corrugated SPCSW showed good 

ductility, high‐bearing capacity, high energy 

dissipation capacity, and lateral stiffness. 

With respect to inelastic modeling of steel-

plate concrete composite shear walls, the 

existing approaches can be classified as: (1) 

macroscopic modeling, (2) meso-modeling 

and (3) microscopic modeling approaches. 

Macroscopic modeling approaches are 

developed based on the simplifying 

assumptions and the observed behavior of 

structural walls. On the other hand, 

microscopic modeling approaches use 

different finite element model formulations 

and generalized material constitutive 

relationships. This method can be adapted to 

simulate a wide range of configurations and 

behavioral features. Meso-modeling 

approaches are considered between 

macroscopic modeling and microscopic 

modeling approaches. Most of the prior 

studies focused on the micro finite element 

modeling of steel-plate concrete composite 

shear walls using ABAQUS, VecTor2, and 

LS-DYNA [11,23,24]. The macro model is 

advantageous because of short-time analysis 

and less numerical complexities. In this 

paper, a meso-modeling approach is 

proposed to predict the response of the steel-

plate concrete composite shear walls. A 

modified fixed strut angle finite element 

model is developed to simulate the 

responses of the steel-plate concrete 

composite shear walls with aspect ratios 

equal or greater than one. A modified model 

is utilized to capture the behavior of steel 

that accounts for tensile fracture, the local 

buckling of the steel faceplates, and cyclic 

strength-deterioration. The computational 

model is then implemented into OpenSees 

[25]. The analytical model predictions are 

compared with experimental data. 

2. Model Description 

The new finite element model is an 

assembly of a quadrilateral flat shell which 

is based on the work of Xu and Long, Batoz 

and Tahar, and Lu et al. [26–28], with a 

smeared stress–strain formulation applied to 

describe the behavior of the SCC walls. The 

constitutive behavior, which relates an 

average strain field to a smeared stress field, 

is based on the fixed strut angle model 

formulation developed by Orakcal et al. 

[29]. The constitutive behavior is modified 

to consider tensile fracture, the local 

buckling of the steel faceplates, and cyclic 

strength-deterioration. 
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2.1. Quadrilateral Flat Shell Element 

Formulation 

The planar membrane element GQ12 [26] 

and the plate bending element [27] are used 

to construct quadrilateral flat shell element 

(Fig. 2).  

 

Fig 2. Quadrilateral flat shell element. 

Eq.1 defines the nodal displacement vector 
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The following relations extract the strain 

filed contained in a displacement field: 
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The element stiffness matrix in the local 

coordinate system can be obtained by 

assembling the plate stiffness and the 

membrane matrices according to the DOFs’ 

sequence: 
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Where 
bbD  and mmD  are the material matrix 

of the plate bending element and the planar 

membrane element, respectively. See Batoz 

and Tahar [27] for details about the 

equations 11 and 12. The large deformation 

problem is considered using an updated 

Lagrangian formulation [30]. 

2.2. The Constitutive Fixed-Strut-Angle 

Model 

An improved version of the fixed-strut-

angle-model, developed by Ulugtekin [31] 

and extended by Orakcal et al. [29], is used 

in this study to describe the constitutive 

behavior. A perfect bond between the steel 

faceplates and the infill concrete was 

assumed for developing the numerical 

model. The implemented uniaxial 

constitutive stress-strain relationship for 

steel is modified to consider tensile fracture, 

the local buckling of the steel faceplates, and 

cyclic strength-deterioration. The Fixed-

Strut-Angle model does not consider the 

effect of slip deformations. The constitutive 

behavior model has three stages: (a) un-

cracked concrete, (b) formation of the first 

crack, and (c) formation of the second crack. 

In the un-cracked state of concrete, its 

stress-strain behavior in the fixed-strut-

angle-model is calculated using a rotating-

principal stress-direction approach [32,33]. 

After transforming the strain field into 

principal strain directions, uniaxial stress–

strain relationships are utilized to obtain 

principal stresses in concrete. Two 

coefficients are calculated and applied to 

incorporate compression softening and 

biaxial damage effect [34–36]: 
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Where max , c , 0 , and 1  are the 

maximum value of the compressive strain, 

the peak compressive strain, the strain 

corresponding to peak stress of concrete in 

compression, and the tensile strain in the 

principal tensile stress direction, 

respectively. When the principal tensile 

strain in concrete first exceeds the 

monotonic cracking strain of concrete, the 

first crack develops, and this principal 

direction ,( )cr A  remains unchanged for all 

of the following loading stages as the first 

“fixed strut” until the second crack forms. A 

uniaxial stress-strain relationship for 

concrete can be utilized in parallel and 

perpendicular to the first strut (principal 

stress directions).  

It is assumed that the second “fixed strut” 

(second crack) will form perpendicular to 

the direction of the first crack. For further 

loading stages, these two independent struts 

of the concrete will work as interchanging 

tension/compression struts. For all loading 

stages, biaxial softening effects ( , )m damage   

are considered. An aggregate interlocking 

action stems from sliding along the cracks. 

Therefore, a friction-based relationship is 

used for modeling shear aggregate interlock. 

When the concrete normal stress 

perpendicular to the crack is compressive, 

the shear stress, which is caused by the shear 

aggregate interlock, is calculated by the 

product of the concrete normal stress 

perpendicular to the crack and a friction 

coefficient. When the crack is open (the 

normal stress perpendicular to the crack is 

tensile), the shear stress is set to zero. The 

linear unloading/reloading slope is 0.4 cE (

cE  is the concrete elastic modulus) (Fig. 3). 

To consider the dowel effect of the steel 
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faceplate, a linear-elastic constitutive model 

(Kolozvari et al. [37–39]) is incorporated. 

 
Fig 3. Shear Aggregate Interlock model [40,41]. 

2.2.1. Constitutive Model For Concrete 

A refined relationship proposed by Chang 

and Mander [42] is used for concrete. The 

uniaxial constitutive model captures gradual 

crack closure, the progressive degradation of 

stiffness, concrete crushing, tension 

stiffening, and hysteretic behavior. 

Schematic drawing of the hysteretic uniaxial 

constitutive model is shown in Fig 4. More 

details about this hysteretic uniaxial 

constitutive model can be found in [37,39].  

 
Fig 4. Schematic drawing of the constitutive 

model for concrete [37,39]. 

Considering the size influence on the strain 

of concrete components results in a precise 

and reliable estimation of the concrete 

model's softening branch [43,44]. Based on 

the localization phenomenon, Markeset and 

Hillerborg [45] suggested an empirical 

model to adjust the ultimate strain ( cu ):

, (15)cu l cu

c

w

L
    

Where cL is the length of the component and 

w is a calibration value in [0.4, 0.7]. 

2.2.2. Constitutive Model For Steel 

The failure mechanism of the SCC shear 

wall is characterized, among other things, by 

concrete crushing at the wall base, local 

buckling at the corners of the steel 

faceplates, and local buckling between shear 

stud locations. Since the constitutive model 

for steel does not capture any form of 

strength degradation, the original 

formulation is modified by implementing a 

new constitutive model used for steel 

material based on the work of Bosco et al. 

and Kunnath et al. [46–48] (Figure 5). 

The general hysteretic stress-strain 

relationship is as follows:  
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Where 
r , R , r , and b are the stress at the 

point of strain reversal, the curvature 

parameter, the strain at the point of strain 

reversal, and the strain hardening ratio, 

respectively. 
0R , 1a  and 2a are 

experimentally determined parameters. 

Values of 
0 1 220, 18.5, 0.15R a a    and

0 1 220, 18.5, 0.0015R a a    were 

recommended by Menegotto and Pinto [40] 

and Elmorsi et al. [49], respectively. The 

formulation of Pugh [50] is adopted using 

the OpenSees MinMax wrapper to simulate 

full buckling. To model low-cycle fatigue 
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and strength degradation, the so-called 

Coffin-Manson type expressions [47] are 

implemented in the formulation of steel 

material: 

 
Fig 5. Hysteretic model of the steel material 

[37,39]. 

(2 ) , ( ) (17)p p

f f d SRC N C f     

Where p , fC , 2 fN ,  , dC , 
SRf , and   

are plastic strain amplitude, material 

constants, number of half-cycles to failure, 

material constants, strength loss factor per 

cycle , and material constants. The values of 

the material constants are taken as 0.44  ,

0.12fC  , 0.45  , and 0.2dC   

following Kunnath et al. [47]. The buckling 

strength and strain are estimated using the 

equations (Eqs.18 and19) proposed by Bai et 

al. [51] and Akiyama et al. [52].  
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Where 
b , B , 

sE , st , k , y , b , and y

are the buckling strength, the stud spacing, 

the elastic modulus of the steel faceplate, the 

thickness of the steel faceplate, the effective 

length ratio, the yield stress of steel plate, 

the steel strain at buckling, and the steel 

strain at yielding, respectively. These 

equations are validated by Haghi et al. [53] 

for steel plate. 

2.3. Mesh Sensitivity 

Descending parameters and fracture energies 

of the materials and mesh grid size may 

affect the computed response of each wall. 

To determine the appropriate descending 

parameters for the localized compressive 

zone, the model proposed by Coleman and 

Spacone [54] was utilized. The values 

recommended by Jansen and Shah [55] are 

used for the compressive fracture energy of 

concrete. More details on the mesh 

sensitivity procedure can be found in [54] 

and [55]. As an example, the DSCW-2 

specimen was discretized. Two different 

meshes were considered. Model 1 had 7 

elements in the horizontal direction and 5 

elements in the vertical direction. Model 2 

had 12 elements in the horizontal direction 

and 10 elements in the vertical direction. 

Figure 6 shows the effect of mesh 

configuration for Model 1 and Model 2 on 

experimental data. Figure 6 illustrates the 

fact that utilizing a finer mesh (Model 2) did 

not offer better performance. 
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b 

  
a-1 a-2 

Fig 6. DSCW-2 specimen: a) finite element mesh configuration, b) Load-displacement response. 

3. Numerical Validations 

This section presents several experiments of 

the SCC walls which are used to validate the 

proposed numerical model. The steel plate-

concrete composite walls subjected to quasi-

static cyclic lateral loading are used. The 

dataset included fifteen steel plate-concrete 

composite wall specimens from five 

experimental test programs conducted by 

researchers around the world. Tables 1-3 

present the properties of the test specimens. 

The tensile strength and tension strain of the 

concrete, for all specimens, are considered 

equal to 
'0.31 [ ]cf MPa  [56] and 0.0001, 

respectively, where '

cf  is uniaxial 

compressive stress of unconfined concrete. 
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Important points which should be mentioned 

are as follows: 

1. The peak compressive stress of 

confined concrete was calibrated 

according to the confinement model 

by Mander et al. [57].  

2. SCC walls which have the side and 

insert plates in the boundary 

elements, the plates are modeled 

using truss elements and the 

proposed constitutive model for steel 

material. 

3. Both the infill steel panel and 

boundary frame members are 

modeled using the four-node, general 

purpose shell element. 

4. A perfect bond between the steel 

faceplates and the infill concrete is 

assumed. 

5. In this study, the specimens (from 

five experimental test programs) 

which have the same configuration 

and material are ignored. 

 

Table 1. Properties of the steel plate-concrete composite wall specimens. 

No. Researcher Specimens ID Cross section 

(mm × mm) 

Aspect 

ratio 

Axial load 

ratio 

Steel plate thickness (mm) 

Boundary web 

1 Cho [58] SXC1 400 X 150 2.4 0 - 3 

2 Ma [59] DSCW-2 700 X 100 1.0 0.1 3 3 

3  

Epackachi 

[8,60,61] 

SC1 1524 X 305 1.0 0 - 4.8 

4 SC2 1524 X 305 1.0 0 - 4.8 

5 SC4 1524 X 229 1.0 0 - 4.8 

6 Cheng &  

Zhou [62] 

CCSP-1 620 X 86 1.5 0.4 6 3 

7 CCSP-3 620 X 86 1.5 0.3 6 3 

8 CCSP-7 620 X 106 2.5 0.3 6 3 

9 CCSP-9 620 X 86 1.5 0.3 C40X40X40&6 3 

10  

 

Nie [63] 

CFSCW-1 1284 X 214 2.0 0.37 5 5 

11 CFSCW-2 1284 X 214 2.0 0.37 5 5 

12 CFSCW-4 1284 X 214 2.0 0.36 4 4 

13 CFSCW-5 1284 X 214 2.0 0.37 3 3 

14 CFSCW-8 1284 X 214 2.0 0.32 6 4 

15 CFSCW-11 750 X 125 1.5 0.33 3 3 

Table 2. Properties of the steel material of the wall specimens. 

No. Researcher Specimens ID Web Boundary 

( )b MPa   ( / )b mm mm  ( )b MPa
 

( / )b mm mm  

1 Cho [58] SXC1 400 0.01 - - 

2 Ma [59] DSCW-2 334 0.011 310 0.011 

3  

Epackachi 

[8,60,61] 

SC1 248 0.038 - - 

4 SC2 248 0.0013 - - 

5 SC4 248 0.028 - - 

6  

Cheng &  

Zhou [62] 

CCSP-1 322 0.069 322 0.199 

7 CCSP-3 322 0.011 322 0.199 

8 CCSP-7 322 0.011 322 0.097 

9 CCSP-9 322 0.011 322 0.199 

10  

 

Nie [63] 

CFSCW-1 306 0.241 306 0.241 

11 CFSCW-2 306 0.241 306 0.241 

12 CFSCW-4 351 0.118 351 0.118 

13 CFSCW-5 443 0.05 443 0.05 

14 CFSCW-8 351 0.118 363 0.118 

15 CFSCW-11 443 0.218 443 0.218 
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Table 3. Properties of the concrete material of the wall specimens. 

No. Researcher Specimens ID Uniaxial compressive stress of concrete 

Unconfined (MPa) Confined (MPa) 

1 Cho [58] SXC1 35 - 

2 Ma [59] DSCW-2 53 62 

3  

Epackachi 

[8,60,61] 

SC1 30.3 - 

4 SC2 30.3 - 

5 SC4 36.6 - 

6 Cheng &  

Zhou [62] 

CCSP-1 24 34 

7 CCSP-3 24 31 

8 CCSP-7 24 31 

9 CCSP-9 24 34 

10  

 

Nie [63] 

CFSCW-1 73.1 103 

11 CFSCW-2 71.7 101 

12 CFSCW-4 75.4 103.8 

13 CFSCW-5 73.7 99.4 

14 CFSCW-8 74 102 

15 CFSCW-11 66.3 95.1 

 

A brief discussion of the results for each of 

the fifteen experimental specimens, which 

are grouped by experimental program, are 

provided below: 

3.1. SXC1 Specimen (Cho’s SCC Wall) 

The SXC1 specimen tested by Cho et al. 

[58] had no boundary elements and showed 

base-plate flexibility. Therefore, five support 

springs are utilized to model the initial 

stiffness of the SXC1 specimen. Each spring 

has an axial stiffness of 79 /kN mm . 

Additionally, horizontal flexural cracks as 

well as shear cracks and the buckling of 

steel plates were reported by Cho et al. [58]. 

Figure 7 shows the numerical results and the 

experimental results. Comparison of 

experimental data and analytical results of 

the SXC1 specimen shows that the proposed 

numerical model slightly underestimates 

pinching characteristics of the response. The 

numerical model predicts the maximum 

strength, with an average error of 11%. 

From Figure 7 shows the proposed model 

simulates well the lateral stiffness of the 

specimen for all the applied drift levels. The 

numerical model captures initial stiffness 

successfully using the five support springs 

for considering the base-plate flexibility. 

The effect of the buckling of the steel 

faceplates near the base of the wall on the 

lateral load capacity is captured. 

 
Fig 7. Load-displacement response of SXC1 

specimen. 

 
Fig 8. Load-displacement response for DSCW-2 

specimen. 
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3.2. DSCW-2 Specimen (Ma’s SCC 

Wall) 

 Ma et al. [59] tested three steel plate-

concrete composite walls without boundary 

elements. The walls were in 1-4 scale. In 

this study, the specimens which have the 

same configuration and material are ignored. 

The failure modes of the DSCW-2 specimen 

with a low shear-to-span ratio under the 

combined action of the cycle's horizontal 

and axial compression load consist of local 

buckling of steel plates and compressive 

crushing of concrete. The experimentally-

measured and computed numerical load-

displacement responses of the specimen are 

plotted in Figure 8. It can be found from the 

figure that the result of the proposed model 

matches the experimental result very well 

and the characteristics of the hysteretic 

loops, including cyclic stiffness degradation 

and the energy dissipation, are predicted. 

The numerical model overestimates the 

experimentally-measured lateral load at 

1.6% drift ratio in the positive loading 

direction. 

3.3. Epackachi’s SCC Wall 

Epackachi et al. [60,61] presented the results 

for a series of tests using SCC walls. 

Damages to SCC walls were concrete 

crushing, buckling of the steel faceplates, 

and tearing of the steel faceplates. To model 

the connection between a steel plate-

concrete composite wall and its foundation, 

six support springs are utilized. The stiffness 

of each spring for SC1, SC2, and SC4, is

87.28 10
N

m
 ,

83.28 10
N

m
  ,

83.28 10
N

m
 , 

respectively. The comparison of the lateral 

load versus top displacement responses by 

simulation and experiment of the three 

specimens is presented in Figure 9. 

Specimen SC4 exhibits greater strength and 

deformation capacity (with an average error of 

17%) in the simulation than is observed 

experimentally at the loading cycle 

preceding the ultimate loading cycle in the 

positive loading direction. Important 

features of the top displacement-lateral load 

diagrams such as the unloading and 

reloading force path and cyclic stiffness 

degradation are well predicted for other 

specimens. The hysteretic curves also 

demonstrate a slight pinching effect. The 

numerical model tends to slightly 

underestimate pinching. 
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b-1) SC1 specimen 

  
b-2 ) SC2 specimen b-3 ) SC4 specimen 

Fig 9. Load-displacement response for Epackachi’s SC walls.  

Turning now to the experimental evidence 

on the vertical strain distribution in the steel 

faceplate, the analytically-predicted and 

experimentally-measured vertical strain 

distribution of the SC4 steel faceplate for the 

drift levels of 0.5% and 0.95% are presented 

in Figure 10. At 0.5% and 0.95% drift levels, 

both tensile and compressive strains at the 

steel faceplate are predicted with reasonable 

accuracy (with a mean error of 14%). Figure 

11 shows the analytically-predicted and 

experimentally-measured hysteretic 

damping ratio at different drift levels for 

SC4 specimen. The results obtained from 

the experimental and numerical data have an 

average error of 8.4 %. 

  
Fig 10. Vertical strain distribution in the steel faceplate. Fig 11. Equivalent viscous damping ratio for SC4 specimen. 
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3.4. Cheng and Zhou’s SCC Wall 

Cheng and Zhou [62] conducted an 

extensive study of experimental SCC wall 

specimens. The cyclic loading tests were 

conducted on ten SCC wall specimens with 

aspect ratios of 1.5 - 2.5. The SCC walls had 

boundary channel columns. In this study, the 

specimens which have the same section and 

material are ignored. Figure 12 shows the 

analytical results and the laboratory test 

results for each wall. For CCSP-3 of CCSP-

7 specimens, simulated stiffness is greater 

than the measured stiffness. The disparity is 

likely due to the flexibility of the connection 

between a steel plate-concrete composite 

wall and its foundation as well as excessive 

shrinkage. Barkhordari et al. [64] stated that 

pretest micro-cracking close to the base of 

the walls as a result of the restrained 

shrinkage and early-stage cracking at the 

wall foundation can lead to a wrong 

assessment of stiffness. Currently, OpenSees 

has presented no valid option to take into 

account the shrinkage [25]. Epackachi [60] 

showed that disregarding not-so-rigid base-

wall connections in the nonlinear analysis of 

the SCC walls leads to inappropriate initial 

stiffness calculation. Also, many reasons, 

such as imperfections of specimens and 

customizable initial stiffness in the material 

model used, can result in this difference. It 

can be found from the Figure 12 that cyclic 

characteristics of the response, including 

initiation of strength degradation, plastic 

displacements, and stiffness degradation 

behavior can be reproduced by the proposed 

numerical model. 

  
b-1) CCSP-1 b-2) CCSP-3 

  
b-2) CCSP-7 b-2) CCSP-9 

Fig 12. Load-displacement response for Cheng and Zhou’s SCC walls. 
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3.5. Nie’s SCC Wall 

Nie et al. [63] performed quasi-static cyclic 

testing on twelve composite wall specimens 

to evaluate the overall in-plane performance 

of the wall. Six out of twelve specimens 

tested by Nie et al. [63] are selected in this 

paper. The specimens with the same material 

properties and sections are not considered in 

this paper. Specimens CFSCW-1, CFSCW-

2, CFSCW-4, CFSCW-5, CFSCW-8, and 

CFSCW-11 failed in a progression of 

fracture initiation, fracture propagation, and 

local buckling. Local buckling occurred 

earlier for CFSCW-4 and CFSCW-5 since 

thinner plates were used for these 

specimens. During the test, for specimens 

CFSCW-5 and CFSCW-8, the steel plates 

fractured at the locations that approximate 

170 mm from the wall base. The 

experimentally-measured and the computed 

numerical responses of the Nie’s SCC walls 
are shown in Figure 13. The results of the 

numerical model are in good agreement with 

those obtained in the experiments in terms 

of the pinching of the hysteresis loops and 

stiffness degradation. Only for CFSCW-4, 

the model underestimates the pinching of the 

hysteresis loops. The wall lateral load 

capacity is overestimated by the proposed 

model during the last cycle for CFSCW-2, 

CFSCW-4, and CFSCW-5 specimens with a 

mean error of 13.1%. Table 4 compares the 

(peak) lateral load capacity of the analytical 

models and the experimental results. The 

predictions are obtained with acceptable 

accuracy using proposed model for the 

experimentally measured lateral load.  

  
b-1) CFSCW-1 b-2) CFSCW-2 

  
b-3) CFSCW-4 b-4) CFSCW-5 
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b-5) CFSCW-8 b-6) CFSCW-11 

Fig 13. Load-displacement response for Nie’s SCC walls. 

Table 4. Comparing the maximum capacity obtained with the numerical model and experiment. 

  Positive Direction (kN) Negative Direction (kN) 

    Test Num. Num./test Test Num. Num./test 

1 SXC1 126 124 0.98 105 117 1.11 

2 DSCW-2 794 767 0.97 770 740 0.96 

3 SC1 1410 1500 1.06 1400 1305 0.93 

4 SC2 1396 1354 0.97 1408 1260 0.89 

5 SC4 1210 1350 1.12 1215 1265 1.04 

6 CCSP-1 380 390 1.03 365 354 0.97 

7 CCSP-3 375 345 0.92 320 338 1.06 

8 CCSP-7 240 270 1.13 235 260 1.11 

9 CCSP-9 416 395 0.95 397 410 1.03 

10 CFSCW-1 2630 2365 0.90 2640 2360 0.89 

11 CFSCW-2 2830 2435 0.86 2270 2444 1.08 

12 CFSCW-4 2200 2220 1.01 2090 2200 1.05 

13 CFSCW-5 2100 2127 1.01 1905 2090 1.10 

14 CFSCW-8 2542 2360 0.93 2250 2330 1.04 

15 CFSCW-11 1415 1365 0.96 1480 1345 0.91 

3.6. The Effect of Stress–Strain Models 

For Steel Material 

In this section, the analytical model of the 

CCSP-9 specimen is analyzed again using 

the conventional model for steel material 

(OpenSees-Steel02 Material, Filippou et al. 

[48]). Figure 14 shows the response of the 

proposed model with two different 

constitutive stress-strain relationship for 

steel material. A comparison of Figure 14-a 

and 14-b shows that the numerical model 

without considering buckling, low-cycle 

fatigue degradation, and tensile fracture, 

overestimates lateral load capacity and 

pinching behavior. 
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a b 

Fig 14. Load-deformation response of the CCSP-9 a) with, and b) without considering buckling, low-

cycle fatigue degradation, and tensile fracture. 

3.7. Sensitivity Analysis 

A method that is used here for the calculation 

of the global sensitivity indices is based on 

the work of Vu-Bac et al. [65]. The method is 

variance-based sensitivity indices for models 

with dependent variables [66]. Figure 15 

plots the total sensitivity indices and the 

parameters that characterize the parameter 

space of interest. The slenderness ratio is 

characterized as the ratio of max distance 

between two neighboring connectors to the 

thickness of the steel faceplate. Figure 15 

indicates that the aspect ratio, axial load, and 

steel-plate thickness are the dominant 

parameters that contribute to the lateral 

strength of the SCC wall. 

4. Limitations 

Although the suggested modeling 

methodology appears to correctly estimate 

the nonlinear cyclic response of composite 

shear walls, its limitations must be examined: 

(1) the proposed modeling technique is 

designed to estimate the hysteretic response 

of SCC walls. Finite element models will be 

required for comprehensive local responses 

such as damage states, (2) the current 

modeling technique is restricted to cases 

where the assumptions (a perfect bond 

between the steel faceplates and the infill 

concrete) in the proposed numerical model 

formulations are valid. 

 
Fig 15. Sensitivity analysis. 

5. Conclusion 

 This paper presents information about the 

formulation and validation of a new semi-

macro modified fixed strut angle finite 

element model for seismic analysis of the 

double skin composite walls. A quadrilateral 

flat shell element, which can model the effect 

of large deformation, and an effective 

constitutive model-referred to as the “fixed 

strut angle model” were used in this paper. 

The constitutive models captured tensile 

fracture, local/global buckling, low-cycle 

fatigue degradation of the steel plate, 

compression-softening, and tension-

stiffening. To validate the developed 
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numerical model, fifteen steel plate-concrete 

composite walls were used as case studies. 

Comparisons between experimentally-

measured lateral load-displacement responses 

of the walls and the predicted responses by 

the numerical model revealed that the 

proposed model was capable of appropriately 

modeling the cyclic load-displacement 

response attributes of wall specimens.  
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