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Abstract----Finite element (FE) models are developed to 
investigate the axial load behavior of a composite wall that consists 
of a double-skinned profiled steel sheet (PSS) in-filled with normal 
concrete and strengthened with embedded rectangular cold-formed 
steel (CFS). In this study, axial load behavior is compared between 
the FE models and an existing experimental work, and highly 
accurate results are obtained. Seven FE models are established to 
study the effectiveness of three parametric studies, namely, various 
thicknesses of the PSS, embedded rectangular CFS without stiffener, 
and embedded rectangular CFS with stiffeners with two different 
shapes, to improve the axial load capacity of the composite wall 
system. The results of this study confirm that the ultimate axial load 
of the composite wall increased by approximately 3.3% when PSS 
thickness increased from 0.8 mm to 1.0mm. Moreover, adding two 
embedded rectangular CFS to the composite wall improves the 
ultimate axial load to approximately 24% and 34% when thickness is 
0.8 mm and 1.0mm, respectively. Moreover, by adding stiffeners into 
the embedded rectangular CFS (0.8mm thick), the ultimate axial load 
of the composite wall is improved by up to 54%and 62%for L-and T-
shaped stiffeners, respectively.  
 

Keywords----Profiled steel sheet, double skinned, thin wall, 
composite wall, strengthening, cold-formed steel, stiffeners 

I. INTRODUCTION 
HE DSPSS in-filled with concrete is a type of composite 
wall that has been developed from composite flooring. 
The advantages of this type of composite wall are 

convenient construction, timing, recyclability, and efficient 
behavior against axial loads [1]. However, during the 
construction stage, a PSS can function as a fixed formwork for 
infill concrete while simultaneously working as a bracing 
system for the structure frame against axial loads [2]. 
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Numerous studies have examined the behavior of composite 
walls under the effects of exerting different load types [1-5], 
providing openings [6-10], enhancing wall strength by using 
high-strength infill concrete [11, 12], and enhancing the 
interaction between a PSS and its core concrete [4, 12, 13].  In 
addition, the strengthening of composite walls by adding steel 
wires and bolts was studied in [12],whereas strengthening by 
adding a pair of steel frames connected by bolts was 
researched in [4]. The failure mode was governed by the 
vertical splitting and crushing of concrete in the mid-portion, 
followed by the overall bulging of the steel sheet in [12]. 
Meanwhile, the failure mode was attributed to the diagonal 
concrete cracking and buckling of both PSSs in [4].  

In the present study, nonlinear FE analysis was developed 
to investigate the behavior and axial load capacity of a 
composite wall system. The models were then compared with 
an existing experimental work conducted by Wright (1998) to 
verify the validity of the FE models. In addition, three 
parametric studies were suggested to improve the axial load 
capacity of the wall. These parameters included using varying 
PSS thicknesses and providing embedded rectangular cold-
formed steel (CFS) both with and without stiffener. 

II. FINITE ELEMENT MODEL SIMULATION  
 The FE models were established based on a version similar 

to that of the composite experimental wall in [1]. several 
models were generated to investigate the axial load behavior 
of the composite wall system by using the FE software 
Abaqus/CAE [18].The FE models generally consisted of 
double-skinned PSS in-filled with normal concrete for the 
control model, whereas the other models were constructed by 
using the same wall system with embedded rectangular CFS 
with and without internal stiffeners designed with different 
shapes.  

A. Modeling wall assembly and boundary conditions  
The FE models were generally generated from seven parts. 

These parts included two PSSs (on both sides of wall), a core 
concrete, two embedded rectangular CFS, and two steel 
supports plates (top and bottom), as shown in Fig. 1.Two types 
of elements were selected to model the core concrete: the 
linear hexahedral element (C3D8R) for the main core concrete 
elements and the linear triangular prism (C3D6) for the corner 
elements. The former elements were also adopted for the steel 
support plates. Meanwhile, the linear quadrilateral shell 
element (S4R) was adopted for the PSS and the embedded 
rectangular CFS. 

T 
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A tie constraint option was assigned to represent the surface 
interaction between the support plates and the other wall parts 
at the top and bottom of the composite wall system. 
Meanwhile, tangential behavior with a penalty friction 
coefficient equal to 0.5 was assigned to the surface interaction 
between the PSS and the core concrete, as well as between the 
embedded rectangular CFS and the same core concrete. 

 
Fig 1. Main parts of the FE composite wall system 

Furthermore, to eliminate out-of-plane displacement, a steel 
plate was provided at the bottom of the FE models to represent 
the fixed support plate; meanwhile, another plate was provided 
at the top of the models to represent the loading plate. In 
addition, the displacement of the three degrees of freedom at 
the bottom face of the support plate was restrained to 
implement the fixed support system along the x, y, and z 
directions. Meanwhile, the top plate was restrained with the 
top surface elements along the horizontal direction (x and z) 
while releasing the vertical direction (y) to represent the 
loading movement along this direction and the real loading 
scenario. 

B. Core concrete material 
For the core concrete, a compressive stress–strain 

relationship (shown in Fig. 2a) was adopted to simulate 
concrete behavior during compression [14-16]. Both the 
compressive concrete stress value (ƒc) and concrete strain 
function (Ɛc) can be derived from the following equation: 

ƒc
ƒ′c

=  𝑛(Ɛc Ɛo⁄ )
𝑛−1+(Ɛc Ɛo⁄ )𝑛𝐾,                 (1) 

where ƒʹc is the ultimate compressive strength of the 
concrete; n is a curve-fitting factor, which can be considered 
as 𝑛 = 0.8 + ƒ′c

17
 or 𝑛 = 𝐸𝑐

𝐸𝑐−𝐸′𝑐
;Ec is the initial tangent 

modulus, which can be obtained from the formula, 𝐸𝑐 =
6900 + 3300�ƒ′c ; Ɛois the strain when ƒc reaches ƒ′c, and can 
be taken asƐo =  ƒ′c

𝐸𝑐
� n
n−1

�;and 𝐸′𝑐 is the tangent modulus of 
concrete atƒ′cthat can be calculated as follows: 
𝐸′𝑐 = ƒ′c Ɛo⁄ . Finally, the factor that controls the slope of 

the stress–strain curve is K, which can be obtained through the 
following conditions:  

If (Ɛc Ɛo⁄ ) ≤ 1, then K = 1.0;  
Whereas if (Ɛc Ɛo⁄ ) ˃ 1, then K = 0.67 + ƒ′c

62
 ≥ 1.0. 

Concrete damage plasticity option, which is available in the 
FE software Abaqus, was used to identify the plastic, 
elasticity, compressive, and tensile properties of the concrete 
material. The concrete compressive strength used in this study 
is 29.2MPa, which is the same value adopted in [17]. 

C. PSS and embedded rectangular CFS 
The obtained properties of the CFS (the PSS and the 

embedded rectangular section) were the same as those of the 
materials in the existing experimental test [1], which are given 
in TABLE I. Whilst, the details and dimensions of PSS are 
presented in TABLE II along with the details of the PSS. In 
the mechanical list of the material section in Abacus/CAE, the 
elastic and plastic values were obtained to identify the 
properties of the CFS. However, the true stress (σtrue) and the 
logarithmic plastic strain ( εln

pl ) can be derived from the 
following equations: 

𝜎𝑡𝑟𝑢𝑒 =  𝜎𝑛𝑜𝑚(1 + 𝜀𝑛𝑜𝑚)and               (2) 

𝜀𝑙𝑛
𝑝𝑙 = ln(1 + 𝜀𝑛𝑜𝑚)−  𝜎𝑡𝑟𝑢𝑒

𝐸
.            (3) 

Meanwhile, the CFS stress–strain relationship is presented 
in Fig. 2b. 

 
 

(a) Concrete                                (b) CFS 
Fig 2. Stress–strain relationship for concrete and CFS material 

 

TABLE I 
PROPERTIES OF THE CFS (ALL UNITS ARE IN MPA=N/MM2) 

(WRIGHT, 1998) 
Yielding 
strength 

Ultimate 
strength E value 

329 411 186,000 

 

TABLE II 
DETAILS OF THE PSS USED IN THE TEST(WRIGHT, 1998) 

Profiled Steel 
Sheet  name 

Profiled Steel 
Sheet  

Geometry 
p d f1 f2 w t 

ward 
multideck 60 

 

323 60 119 142 31 0.9 
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III. FINITE ELEMENT DISCRETIZATION 
In order to obtain an accurate FE result, a suitable meshing 

with convergence studies were conducted on the composite 
wall system. Six FE models with varying mesh sizes were 
selected to identify the best models used in this study. The 
ultimate axial load with number of elements relationship, 
which considered various mesh sizes of the FE models, is 
presented in Fig. 3. As shown clearly in the figure, the FE 
models with 7744 and 13455 elements presented ultimate 
axial loads with significantly close values, which were 2221 
kN and 2226 kN, respectively. Therefore, the FE model with 
7744 elements was selected to represent the general FE 
models (will name as the Control morel for all following 
comparisons in this study) in this study given that this model 
provides adequate axial load value and optimum time to run 
the models in normal computers. 

 
Fig 3. Convergence study of the FE models 

IV. VALIDATING THE FE SIMULATION MODELS  
The accuracy of the suggested FE models was verified by 

comparing them with the results in the experimental work 
conducted by [1]. However, this previous work was carried 
out in three tests, during which the investigated materials were 
subjected to a predominantly axial load regime to 
independently investigate the ultimate capacities of the 
composite wall system, the PSS, and the core concrete. The 
composite wall system generally consisted of the DSPSS 
called Ward Multideck 60 in-filled with normal concrete (with 
the same material properties explained in Section (2.2, 
2.3).Furthermore, to increase the interaction between the 
concrete and the PSS, tied hook connectors were used as 
shown in Fig. 4. Model 9 from the experimental work was 
selected to verify the present study. This model has a total 
wall height of1800 mm, an assembly thickness of 180 mm, 
and PSS thickness of 0.9mm. 

A highly accurate comparison was obtained between the 
results of present FE analysis and those of the experimental 
work, as shown in TABLE III and Fig. 5.  
 

 
Fig 4. Main components of composite wall test number (Wright, 

1998) 
Fig 5.  

TABLE III 
COMPARISON OF THE ULTIMATE AXIAL LOAD BETWEEN THE PRESENT 

STUDY AND THE EXPERIMENTAL TEST 

Models 
Experimental test 

[1] 
 (kN) 

FE Models 
(kN) 

Deviation from 
the experimental 

value 
(%) 

Core 
concrete 

1848 1933 +4.5 

PSS 221 240 +8.5 

Composite 
wall 

2007 2221 +10.6 

 

 

a- Core Concrete Only

  
b- PSS Only 
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c-  Composite wall system 

Fig 6. Axial load–displacement curves of the present FE analysis 
and the experimental test 

V. PARAMETRIC STUDIES 
Based on the accepted comparisons with the existing 

experimental work, three parametric studies were suggested 
for further analysis etc., the effectiveness of various 
thicknesses of PSS, employing embedded rectangular CFS 
with and without internal stiffeners on the behavior of the 
composite wall system. 

A. Effect of PSS thickness 
Two FE models with different PSS thicknesses (0.8 mm and 

1.0 mm), named PSS1 and PSS2, were adopted to explore the 
behavior of the composite wall system. As shown in TABLE 
VI and Fig. 6, the thicknesses exhibited no significant effect 
on the ultimate load and behavior of the composite wall. 
Model PSS1 demonstrated a reduction in the ultimate axial 
load of–1.5% when the thickness was0.8 mm compared with 
the control model (model used to verify the study), which had 
a thickness of 0.9 mm. Meanwhile, model PSS2 presented an 
increase in the ultimate axial load of +1.8% when the PSS 
with 1.0 mm thickness was used. Therefore, for economical 
purposes, PSS with 0.8 mm thick was suggested. 

 
TABLE IV 

AXIAL LOAD RESISTANCE OF THE COMPOSITE WALL THAT IS ATTRIBUTED 
TO PSS THICKNESS 

Models 

Profiled 
Steel Sheet 
Thickness 

(mm) 

Axial Load 
Resistance 

(KN) 

Displacement 
(mm) 

Deference 
Percentage 

Control 
Model 0.9 2221 2.70 - 

PSS 1 0.8 2186 2.60 - 1.5% 
PSS 2 1 2263 2.65 + 1.8% 

 
Fig 7. Axial load–displacement curves of the composite wall with 

varying PSS thicknesses 

B. Embedded rectangular CFS without stiffener 
To improve axial load resistance of the composite wall, 

three FE models were generated and analyzed by using 
embedded rectangular CFS with different thicknesses and 
without any stiffener. The models ER1, ER2, and 
ER3represent the composite wall with an embedded 
rectangular CFS that is 0.8, 0.9, and 1.0 mm thick, 
respectively. TABLE V and Fig. 8present the ultimate axial 
loads of 2767, 2941,and 2995kN for models ER1, ER2,and 
ER3, which  demonstrate an improvement of 24%, 32%, and 
34% from the control model (2221 kN), respectively as shown 
in Fig. 7. 

Given these improvements, this study suggests using an 
embedded rectangular CFS with a thickness of 0.9 mm for the 
composite wall system because it exhibits optimum behavior 
and higher economy than other thickness values. 

TABLE V  
AXIAL LOAD RESISTANCE OF THE COMPOSITE WALL THAT IS ATTRIBUTED 

TO THE THICKNESS OF THE RECTANGULAR CFS 

Models 

Rectangular 
Strengthening 

Thickness 
(mm) 

Axial 
Load 
(KN) 

Displacement 
(mm) 

Improvement 
Percentages 

Control 
Model - 2221 3.1 - 

ER1 0.8 2767 2.8 + 24% 
ER2 0.9 2941 3.2 + 32% 
ER3 1.0 2995 3.0 + 34% 

 
Fig 8. Axial load–displacement curves of the composite wall with 

embedded rectangular CFS to strengthen thickness 

C. 11BEmbedded rectangular CFS with stiffeners 
This study generated two FE composite walls models with 
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embedded rectangular CFS supported by L-and T-shaped 
stiffeners, named ER2-SL and ER2-ST, respectively. Each 
model was designed with a unique stiffener tied to each 
internal face of the embedded rectangle, as shown in Fig. 8. 
These FE models were compared with the control model to 
investigate the effectiveness of the stiffeners on the behavior 
of the composite wall against the axial load.  

    
   (a) ER2-SL       (b) ER2-ST 

Fig 9. Embedded rectangular CFS with stiffeners 
 

TABLE VI and Fig. 10clearly show the increasing axial 
load resistance for the aforementioned FE models compared 
with the control model. Moreover, the improvement 
percentage was +54% for model ER2-SL, whereas model 
ER2-ST exhibited higher axial load resistance, that is, +62% 
more than the control model as shown in Fig. 9. This change 
was attributed to the T-shaped stiffener. Model ER2 exhibited 
an axial load resistance that is +32% higher than the control 
model with a maximum displacement equal to 3 mm, whereas 
the displacement of models ER2-SL and ER2-ST reached 7.0 
mm. These results indicate that the ductility of the composite 
wall was improved compared with that of the control model. 

 
 
 
 
 
 
 

TABLE VI 
AXIAL LOAD RESISTANCE OF THE COMPOSITE WALL STRENGTHENED WITH 

RECTANGULAR CFS 

Models Strengthening 
Shapes 

Displacement 
(mm) 

Axial 
load 

Resisting 
(KN) 

Improvement 
Percentage 

Control 
Model - 3.0 2221 0 

ER2 - 3.2 2941 + 32% 
ER2-SL L Shape 7.0 3430 + 54% 
ER2-ST T Shape 7.0 3603 + 62% 

 

 
Fig 10. Axial load–displacement curves of the composite wall with 

embedded rectangular CFS supported by L-and T-shaped 
thickeners to strengthen thickness 

VI. 5BCONCLUSION  
FE models were developed and presented in this study to 

verify the axial load behavior of an existing experimental 

composite wall. Seven FE models were analyzed using 
Abaqus/CAE to create three different novel parameters to 
verify the axial load behavior of the composite wall by 
considering the effects of PSS thickness, embedded 
rectangular CFS thickness without stiffener, and embedded 
rectangular CFS with stiffeners. The variable information 
provided by the parametric study can be summarized as 
follows. First, the effect of PSS thickness on the axial load 
behavior of the composite wall was minimal, and the 
percentage difference between the control model and the 
composite walls with different PSS thicknesses was only 
+1.0%. Thus, this study suggests using PSS with 0.8 mm 
thickness. Second, the result of the comparisons between the 
FE composite wall models strengthened by embedded 
rectangular CFS with different thicknesses and the control 
model proved that the axial load behavior of the composite 
walls increased by different percentages more than the control 
model. Therefore, this study suggests using rectangular CFS 
that is 0.9 mm thick for strengthening. Third, the comparisons 
between the control model and the FE composite wall models 
strengthened by an embedded rectangular CFS supported by 
stiffeners with two different shapes proved that the stiffeners 
had a considerable positive effect with different percentages 
that were approximately+62% higher than the control model. 
Thus, this study suggests using rectangular CFS supported by 
T-shaped stiffener. 

In summary, to increase axial load resistance and for 
economical purposes, the suggested composite wall should 
have a PSS that is 0.8 mm thick, an embedded rectangular 
CFS that is 0.9 mm thick, and a T-shaped stiffener to 
strengthen the rectangular CFS. 
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