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Abstract  This paper presents a numerical modelling method to predict the shear behaviour of typical wall-stud 
cold-formed  steel wall panels subjected to in-p lane monotonic loads. In  the research presented in this paper, d ifferent material 
and mechanical properties for cold-formed steel sheets, self-drilling screwed connectors and wall fixing boundary conditions 
were considered to explore the influence of sheath sheeting, connectors and fixing boundary conditions on the structural 
behaviour of selected wall panels. After the FE model being validated against experimental results, a  parametric study was 
conducted and the comparison and analysis highlight the effect of different sheaths, connectors on to the structural shear 
behaviour of typical wall-stud cold-formed steel wall panels. 
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1. Introduction  
Cold-formed steel shear wall systems have been 

extensively used in lightweight steel construction. Although 
effective design recommendations for lightweight steel 
members and structures have been available, due to the 
specific characteristics of thin-walled sections and their 
assembly features, the stability of the thin-walled members, 
the failu re modes of connections and the load-bearing 
capacity of overall structural wall systems are still attracting 
designers and researchers’ attention. 

When an individual cold-formed steel member suffers 
from a compressive or shear load, stability problem may 
occur if its slenderness ratio exceeds a curtain value or the 
normal or shear stress reaches a critical value. Extensive 
investigations[1~12] have been carried out to understand the 
characteristics and causes of this kind of instabilities 
including local buckling, global buckling and shear buckling 
etc. The results of previous researches have formed the 
current design consideration of cold formed  steel members 
for use in modern construction.  

However, d ifferent from a s imple structural element, a  
typical wall-stud cold-formed steel shear wall panel consists 
of a cold-formed wall stud frame, sheathing boards and other 
associated filling materials. The sheathing boards and stud 
frame are joined by connectors. This makes the panel being a 
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composite member and thus its structural behaviour might be 
complicated. As one of the most important elements in  a wall 
panel system, the connection has been investigated broadly 
to understand its mechanical behaviour, such as the fatigue 
strength properties of screwed and riveted connections under 
cyclic loads[13]. Conventional connectors for cold-formed 
steelwork, including the type of fasteners (connectors), 
modes of failure, basic testing methods and the influence of 
repeated loading on connection performance were 
summarised by Davies[14].  

The sheathing board is an important member in a 
wall-stud cold-formed steel wall system. Sometimes it is 
named ‘structural skin’. According to their functions, sheaths 
can be divided into structural (mechanical) sheathing and 
non-structural (non-mechanical) sheathing. A structural 
sheath is generally  a load-bearing element  and it  has 
appropriate strength and stiffness. A non-structural sheath, 
however, may be weaker and its load-bearing capacity might 
be ignored in design conservatively. The “Manual of 
Stressed Skin Diaphragm Design”[15] and ECCS[16] cover 
the design and analysis of important steel sheathed system. 
The behaviour of non-metal sheaths applied on cold-fo rmed 
steel wall systems were also investigated by[17~25]. 
Generally, in a wall panel, the sheathing may restrain the 
local buckling of other frame members and thus to improve 
the overall stability of a structure. In practice a sheath 
provides substantial load-bearing capacity to the structural 
wall although in many design codes it is only included as a 
very conservative enhancement of the load-bearing capacity. 
It should be pointed out: the contribution of the sheath to the 
wall system depends on the connections. Stronger 
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connections may allow a sheath contribute its maximum 
capacity. Unfortunately, in engineering practice, most 
connections failed before the sheathing reached its ultimate 
strength. In many cases, the failure of the overall structural 
wall init iated from the failure o f connections. 

The research presented in this paper aims  to develop a 
numerical method using to model the structural behaviour of 
typical cold-formed stud wall panels under in-p lane loads. It 
includes the following aspects: (1) develop a numerical 
simulation method, (2) understand the effect of important 
constituent elements on the overall structural behaviour of 
typical wall-stud cold-formed steel wall panels. 

2. Description and Validation of 
Numerical Method 

There is no doubt a full scale physical experiment may 
provide the most reliable insight into the understanding to 
the behaviour of structural members, however physical 
testing is expensive, time consuming and somet imes limited 
by the capacity of available equipment. Furthermore it will 
be very difficu lt to conduct extensive parametric studies by 
experiments. Therefore the development of numerical 
modelling method and its application in engineering research 
and practice are encouraged. This section will describe and 
validate the FE modelling method using to capture the 
structural behaviour of typical wall-stud cold-formed steel 
wall panels under in-p lane monotonic load. 

2.1. Typical Cold Formed Steel Wall Panel S ystem 

As mentioned previously, lightweight steel wall panels 
have been broadly employed in modern constructions. A 
typical wall-stud cold-formed steel shear wall panel system 
consists of cold-formed wall studs, braces, fasteners, 
sheathing boards and infill materials for fire-resistance and 
insulation of sound and warmth etc. As shown in Figure 
1[26], the full-sized stud wall panels involved in this 
research have a width 3600mm and depth 2440mm, 
comprised C-shaped cold-formed steel wall studs, 
corrugated cold-formed steel sheets, U-shaped cold-formed 
steel tracks, horizontal C-shaped cold-formed steel b races 
and self-drilling self-tapping screws (fasteners). Figure 2 
gives the joint details and Figure 3 presents the sectional 
dimensions of main members and sheet profiles used. The 
typical stud wall panels presented in Figure 1 are also 
selected for the development and validation of the FE 
method in the research presented in this paper. 

As shown in Figure 1, the selected cold-formed steel stud 
wall panel without opening consists of 9 studs, 2 tracks, 6 
horizontal braces and 3 pieces of corrugated steel sheets on 
one side. The stud wall panel with a door opening consists of 
10 fu ll-depth studs, as used in the panel without openings, 
and one short stud over the opening, 2 tracks, 4 horizontal 
braces, 1 door head and 5 pieces of corrugated steel sheets on 
one side. The fasteners for connecting the stud and track at 
each side of the wall panel are two pairs of SPEDEC 

SL4-F-4.8x16 (d=4.8mm) self-drilling self-tapping screws. 
The fasteners between the corrugated sheets and members 
(studs, tracks, braces) are SD3-T15-4.8-22 (d=4.8mm) 
self-tapping screws. As shown in Figure 1, the sheet ends are 
fixed to the frames in  every trough. For the intermediate 
studs, the sheets are fixed to the frame at every other trough. 
The seam fasteners of sheet to sheet are SL2-T-A14-4.8x20 
(d=4.8mm) screws, placed at 200mm spacing. 

 
Figure 1.  Typical cold-formed steel stud wall panels 

2.2. Boundary Condition and Member Interaction 

In engineering practice, lightweight steel wall panels are 
generally fabricated in a factory and then transported to the 
construction site to erect via bolts. Following the 
experimental study[26] and construction practice, the wall 
panels investigated by the research given in this paper were 
fixed to the ground by bolts with strong “washer” plates 
through the bottom track. The in-plane monotonic load was 
applied through a stiffener loading track at the panel top and 
whose lateral (out of wall plane) translation was restrained. 
In corresponding to the experimental boundary conditions, in 
the FE modelling, the bottom track was pinned to the ground 
through 27 points to model the holding-down blots and 
washers and the load was applied to the top track via 7 points. 
The top track was restrained against the translation in the 
direction out of the wall panel p lane which is identical to the 
experiment set-up. 

In the FE model, many contact pairs between members 
exist due to the wall panel is assembled by using multip le 
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elements. When the wall panel is under load, these elements 
interact each other through their contacts and the interaction 
affects the overall structural behaviour. Therefore the contact 
function available in  ABAQUS/Standard solverwas adopted 
to simulate the interaction between member and member. 
The contact was defined as surface-to-surface contact with a 
fin ite slid ing option. “Hard contact” was assumed fo r the 

normal contact behaviour as no penetration. Different 
friction factors, from frictionless (frict ion factor = 0) to 
substantial friction (frict ion factors = 0.4 and 0.8) to large 
friction (“rough” option) were assumed for the contact 
behaviour in the tangential direction. It was found the effect 
friction coefficient was not very sensitive and therefore a 
friction factor of 0.4 was adopted in all the FE models. 

 

Figure 2.  Detailed configuration of joints A B C in wall-stud cold-formed steel stud wall panels 

 

Figure 3.  Section dimensions of the main members used for the selected wall panels 
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2.3. Modelling of Wall-Stud Panel Frame 

The frame is the skeleton of the panel system. Generally it  
bears the vertical loads applied  at the wall top. Due to the 
thickness of the frame member is very small comparing to 
other dimensions, therefore 4-node shell elements available 
in the ABAQUS was adopted in the modelling. Th is reflects 
appropriately the deformable feature of the “thin-wall” 
members. The mesh sensitivity study indicated that shell 
element size less than 100x100mm for the steel studs and 
steel tracks was appropriate. Smaller element size such as 
less than 20x20mm did not improve the accuracy of the 
numerical results but needed much more time to complete an 
analysis. However the accuracy of the numerical results 
became worse if the element size was greater than 
150x150mm. Therefore element dimension 100x100mm 
was adopted. The material properties of the original 
cold-formed steel members for the selected wall panels were 
tested by Fulop[26] and E=210000Mpa, Fy=445N/mm2, 
Dult=20% for cold-formed C-shaped suds, C-shaped braces 
and U-shaped trucks were suggested in numerical analysis. 

2.4. Modelling of Steel Sheaths  

As mentioned in the previous sections, the vertical 
compressive load may be carried by the stud frame, however 
the in-plane shear load is generally  carried by sheaths. 
Therefore in the selected steel stud wall panels, corrugated 
cold-formed steel sheet is one of the most important 
components, especially fo r the wall under in-plane load. As 
described previously, a wall panel sheath may be a structural 
sheathing or a non-structural sheathing. To promote the local 
buckling resistance and increase the vertical load bearing 
capacity, many sheaths with corrugated profile have special 
stiffener folds. This makes the panel wall system being 
complicated and causes difficulty in simple simulation and 
analysis. In the numerical modelling by using advanced 
commercial software packages, it is possible and exactly 
uses the shape and dimension of the sheaths, however more 
labour time and CPU time needed to build  and run the FE 
model. Therefore the corrugated sheath usually is simplified 
into an equivalent orthotropic flat sheathing board with two 
elastic moduli in simple calculation and analysis. The 
research presented in this paper tried to check the feasibility 
of applying simplification methods developed by other 
researchers to cold-formed steel stud wall panels under 
in-plane shear loads. Based on the practical corrugated sheet 
profiles, the material properties of a simplified (equivalent) 
flat sheet are orthotropic, which means that the properties in 
the corrugation direction and in the direction perpendicular 
to the corrugation are different. In order to understand the 
effect of the sheets to the whole structural behaviour of a 
wall panel, different parameters for the equivalent sheet were 
adopted in the numerical analysis.  

Atrek and Nilson[27] proposed an acceptable method to 
determine the equivalent elastic moduli and which is 
described as following. As shown in Figure 4, axes 1 and 2 
represent the direction perpendicular and parallel to the 

corrugation direction respectively. and are the 
equivalent moduli of elasticity of the flat sheet in the 
directions following axes 1 and 2. The equivalent orthotropic 
elastic moduli fo r the corrugated steel sheet are described as: 

             (1) 

In which  
: Po isson’s ratio of the orig inal sheet material,  

: pitch of corrugation (mm),  

: developed width of one corrugation (mm),  

: moment of inert ia of one corrugation about its own 
mid-p lane(mm4),  

: moment of inert ia of the flat sheet with a width equal 
to the pitch of the corrugation about its own mid-plane 
(mm4),  

: modulus of elasticity of o rig inal sheet material 
(kN/mm2),  

: equivalent modulus of elasticity of the flat  sheet in 
the direction perpendicular to the corrugation (kN/mm2),  

: equivalent modulus of elasticity of the flat sheet in 
the direction parallel to the corrugation (kN/mm2). 

 
Figure 4.  Method to determine the equivalent elastic moduli 
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Davies and Bryan[15] proposed a method to determine the 
equivalent shear modulus based on the flexibility of the 
sheeting profile and the method is described as following. 
The equivalent shear modulus of a trapezoidal profile 
is expressed as: 

(2) 

 
Figure 5.  Finite element meshes for the cold-formed steel stud and 
equivalent steel sheet 

a: width of panel in the direction perpendicular to the 
corrugation (mm). 

b: depth of panel in  the direction parallel to the corrugation 
(mm) 

d : top deflection of panel (mm) 
: modulus of elasticity of the original sheet material 

(kN/mm2)  
: net sheet thickness, excluding galvanizing and 

coatings(mm) 
: non-dimensional sheeting constant. is a  function 

of the shape of profile and the arrangement of fasteners to the 
supporting frame. For a trapezo idal profile, it  can be 
expressed in terms of the parameters and . 
Meanwhile, if fastener is fixed  in every  trough or alternate 
trough, is different, refer to table 9.6 and table 9.7 in the 
Manual Stressed Skin Diaphragm Design[15]. 

: non-dimensional factors, refer to table 9.1 in  the 
Manual Stressed Skin Diaphragm Design[15].  

: pitch of corrugation (mm) 

: depth of the corrugation (mm) 
In order to compare the influences of different equivalent 

shear moduli on the structural behaviour of the whole wall 
panel, for the panel without opening, three other assumed 
equivalent shear moduli, 6Geff, 2Geff and 0.5 Geff , were used 
in the parametric study. 

In the FE modelling, 4-node shell element was adopted for 
the equivalent sheath boards. As well, the mesh sensitivity 
study suggested that the element size being 100x100mm was 
appropriate. The material propert ies of the original 
cold-formed  steel sheet were tested by Fulop[26] and 
E=210000Mpa, Fy=445N/mm2, Dult=20% were proposed for 
numerical analysis. Figure 5 shows typical meshes of the 
selected wall panels. 

2.5. Modelling of Connections  

As aforementioned, connections are very important in a 
composite wall panel. 2-node spring element with non-linear 
mechanical property was used to simulate a connection 
(connector with the connected members). In the FE model, 
each connection was modelled by 3 spring elements, one for 
tension action and the other two fo r the shear actions. The 
sketch of a connection is shown in Figure 6.  

 
Figure 6.  Modelling of a typical connection 

Due to the absence of experimental results, the load-slip  
property for member to member connections (all the frame’s 
fasteners including fasteners in both tension and shear), 
member to sheet connections and sheet to sheet connections 
(seam fasteners) in tension, defined as T-Con, was simulated 
by relatively strong non-linear spring element. In order to 
find the effect of the connections on the overall wall panels, 
different init ial spring coefficients 0.15mm/kN, 0.5mm/kN, 
different ultimate loads 5kN, 10kN and different failure slips 
(deformation) 20mm, 25mm were assumed as a parametric 
study. The above differences are given by 3 different 
connections T-Con 1, 2 and 3 as shown in Figure 7(a). 

The connections for member to sheet and sheet to sheet in 
the shear directions were also modelled by non-linear spring 
elements and defined as S-S-Con (for sheet to sheet 
connection) and M-S-Con (for sheet to frame connection). 
The force-slip relationship for S-S-Con and M-S-Con were 
tested and proposed by Fulop and Dubina[28]. In order to 
probe the influence of the shear connections on the 
behaviour of wall panels, connection models with different 
force-slip relat ions shown in Figure 7(b) (c), based on the 
test results, were considered in the parametric study.  
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Figure 7.  Load-deformation (slip) relationships of connections: (a) connections under tension; (b) sheet/sheet connections under shear; (c) member/sheet 
connections under shear 
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Figure 8.  Comparison of numerical prediction and experimental result 

2.6. Validation of FE model  

2.6.1. Comparison of Load Capacity  

To validate the FE model described in previous sections, 
experimental results of two typical cold-formed steel stud 
wall panels (as shown in Figure 1) were selected to justify 
the numerical pred iction. Figure 8 shows the comparison of 
in-plane shear load to top horizontal deflection relat ionships 
of the selected wall panels by FE prediction and 
experimental observation. It can be found that numerical and 
experimental results have a very good agreement. The 
comparison also indicates that using the Davies and Bryan 
method[15] to calcu late the equivalent shear modulus of the 
sheeting material shows very good coincidence. 

2.6.2. Comparison of Failure Modes 

The numerical modelling reproduced the failure modes 
and progression of selected wall panels under in-plane 
monotonic shear loads. With the increasing of shear load, the 
deformation of the wall panel began at two bottom corners 
(lift ing up of one corner and pressing down of the other 
corner), then relat ive slip appeared at the seams of the sheets 
and the internal forces (axial force of spring elements) of 
connecters increase. The complete failure of the wall panels 
under in-plane shear loads was governed by the upper seam. 
In addition, during the increasing of the shear loads, the 
flange of the bottom track near to the uplifted corner 
wrinkles gradually and for the wall panel with an opening, 
the top corners of the door appeared to have larger stresses. 
Figure 9 shows the exaggerated deformation (failure modes) 

of selected wall panels with or without opening. 

 
Figure 9.  The exaggerated deformation of wall panels with or without 
opening under in-plane monotonic load  

3. Assessment of Shear Capacity of 
Lightweight Steel Stud Wall Panel 
System 

3.1. Effect of sheathing boards  

To find the effect of sheaths to the shear behaviour of wall 
panels, a group of material parameters as shown in Table 
1and Table 2 were assumed. The varied values might 
represent different sheathing materials and section profiles. 

Table 1.  Selected equivalent elastic moduli and Poisson’s ratio of 
equivalent flat sheet for corrugated steel sheets 

Paramet
ers 

By 
Atre
k[27] 

Assumed values 

E1(kN/
mm2) 

5.4x
10-2 

5.4x
10-2 

5.4x
10-2 

5.4x
10-1 

5.4x
10-3 

5.4x
10-1 

5.4x
102 

E2(kN/
mm2) 

244 244 244 244 244 24.4 210 

 0.3 0.1 0.0 0.3 0.3 0.3 0.3 

Table 2.  Selected equivalent shear moduli of equivalent flat sheet for 
corrugated steel sheets 

Geff  (kN/mm2) 
By 

Davies[15] Assumed values 

Panel without 
opening 15.25 80.7 30.5 7.6 

Panel with 
opening 15.25, 6.09    

 

(a). Panels before loading 
 

(b). Panels after loading 

(c). Failure modes observed from experiment 
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Figure 10(a) shows the in-plane shear load-deflection 
curves of the wall panel without opening by using different 
Poisson’s ratios of the sheet materials, =0.0, 0.1, 0.3. 
Obviously, the comparison shows that the Poisson’s ratio of 
sheath sheet has almost no influence on the mechanical 
characteristics so that in the numerical modelling, selecting 

=0.3 for the equivalent flat sheet should be reasonable.  

 
Figure 10.  Influences of sheet Poisson’s ratio (a), the sheet elastic 
modulus E1 (b), the sheet elastic modulus E2 (c), and the sheet shear 
modulus Geff (d) 

Figure 10(b), (c) show the in-plane shear load-deflection 
curves of the wall panel without opening by assuming 
different sheet elastic moduli. From Figure 10(b) it  can be 
found with a great  increase in the elastic modulus in the 
direction perpendicular to sheet corrugation, the init ial 
(elastic) shear stiffness, early (hardening) shear strength and 
the ultimate top deflection of the panel increase slightly, the 
later (softening) shear strength decreases slightly, but the 
ultimate shear load and the ductility of the wall panel show 
very little change. As well Figure 10(c) shows that with a 
great increase in the elastic modulus in the direct ion parallel 
to the sheet corrugation, the in itial (elastic) shear stiffness, 
early (hardening) shear strength and ultimate top deflection 
increase slightly, the later (softening) shear strength 
decreases slightly, but the ultimate shear load and the 
ductility of the wall panel have no noticeable changes. The 
comparison indicates that the equivalent elastic moduli of the 
sheathing influenced the mechanical characteristics of the 
selected wall panel slightly only.  

Figure 10(d) shows the in-plane shear load-deflection 
curves of the wall panels without opening but with different 
equivalent shear moduli of the sheathing sheet. Obviously, 
the equivalent shear modulus gives significant effect on the 
shear mechanical characteristics of the selected wall panel. It 
can be seen with the increasing of shear modulus, the init ial 
(elastic) shear stiffness, early (hardening) shear strength, 
hardening rate and ultimate deflection at the top of wall panel 
increased significantly, the later (softening) shear strength 
and softening rate decreased considerably, but the ult imate 
shear load had no noticeable change. 

3.2. Effect of Connections  

Figure 11 (a)shows the in-plane shear load-deflection 
curves of the wall panel without opening but assuming 
different frame and tension connection models (T-Con.), 
litt le difference is found. The difference by using 
connections T-Con 1, 2 and 3 is not evident as shown in 
Figure 7(a), the in itial shear stiffness, maximum shear 
strength and final shear strength of the whole wall panel 
changed slightly only (less than 5%).  

Figure 11(b) shows the in-plane shear load-deflection 
curves of the wall panel without opening but with different 
sheet to sheet (seam) shear connection properties (S-S-Con). 
The comparison shows that this kind of connection has a fair 
influence on the shear mechanical characteristics of the 
selected wall panels. With an increase of the ultimate 
strength of the connection, the ultimate shear load 
(maximum resistance) of the wall panel increased, with the 
increasing of the ductility of the connection, the later shear 
strength, ultimate top deflection  and ductility of the whole 
wall panel increased.  

Figure 11(c) shows the in-plane shear load-deflection 
curves of the wall panel without opening but with different 
member to sheet shear connection model (M-S-Con) as 
shown in Figure 7 (c). The comparison shows that this kind 
of connection influences the shear mechanical characteristics 

m

m
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of the wall panel sensitively: with an increase of the ultimate 
load or ductility of the connection, the ultimate shear load, 
final shear strength, ultimate top deflection and ductility of 
the wall panel increased evidently. 

 
Figure 11.  Influences of the frame and tension connection (a), sheet to 
sheet shear connection (b), and member to sheet shear connection (c) 

3.3. Effect of Boundary Conditions 

Figure 12shows the in-plane shear load-deflection 
relationships of selected wall panels without opening but 
taking account the top restraint in the direction out of the 
wall plane. The comparison indicates that the difference is 
less than 20% for the wall panel with or without top restraint 
in the direction out of the plane of the wall. Obviously, the 
lateral restraint at wall top increased the initial in -plane shear 
stiffness of the whole wall panel slightly and also reduced the 
in-plane deflect ion at the wall top. But it appears the restraint 
did not affect the ultimate shear capacity of the wall panel.  

Figure 13shows the horizontal in-plane shear 
load-deflection  relationship of the wall panel without 
opening but with different vertical compressive loads at the 
top of wall panel. The comparison indicates, if don’t take 
account of the buckling failure o f the wall panels, the vertical 
loads at the wall top give little influence to the horizontal 

load-deflection feature of the whole wall panel. 

 
Figure 12.  Influence of top restriction on the in-plane shear 
load-deflection relationship of wall panel without opening 

 
Figure 13.  Influence of vertical load at the top of panel on the in-plane 
shear load-deflection relationship of the wall panel without opening 

4. Conclusions 
This paper describes the numerical modelling method 

developed to predict the shear behaviour of typical wall-stud 
cold-formed  steel wall panels subjected to in-plane 
monotonic loads. Based on the comparison and analyses, the 
following conclusions can be made.  

The shear behaviour of selected wall-stud cold-formed 
steel wall panels under in-plane monotonic load main ly 
depends on the mechanical properties of affixed sheets and 
connectors. Numerical simulation shows that no more than  
8% of the u ltimate shear resistance of the overall wall panel 
was carried by the bare stud frame and the whole shear 
capacity of the selected wall panel system was governed by 
the sheathing and connection strength.  

It appears that the equivalent tensile (compressive) elastic 
moduli o f the sheathing sheet just slightly affect shear 
mechanical characteristics of the wall panel under in -plane 
monotonic load: with the increasing or decreasing of tensile 
(compressive) moduli of sheet, the initial (elastic) shear 
stiffness, early (hardening) shear strength of the wall panel 
increased or decreased slightly, while the later (softening) 
shear strength and ultimate top deflection decreased or 
increased. The changes of tensile moduli of the sheet didn’t 
cause noticeable effects on ultimate shear load of the wall 
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panel. The shear elastic modulus of the sheet affects the 
shear behaviour of wall panel significantly: when the shear 
modulus of the sheet change, the shear load-deflection curve 
changed dramat ically, but it  appears the shear modulus did 
not influence the maximum shear capacity.  

The shear mechanical characteristics of the member to 
sheet connection (M-S-Con.) and seam connection 
(S-S-Con.) gave significant influence to the ultimate shear 
load and ductility of the wall and influenced the ultimate 
deflection at the top of wall panel evidently.  

By comparing the numerical and experimental results, 
simplification methods suggested by Atrek[27] and 
Davies[15] may be used to calculate the equivalent elastic 
properties and shear property of corrugated cold-formed 
steel sheeting respectively.  

The main failure mode o f the selected wall panels under 
in-plane monotonic loads was characterized by the failure of 
connections of frame to sheets and sheet to sheet. Wrinkling 
occurred on flange of the bottom track at the corner subject 
to uplift. For the panel with a door opening, the top corners 
of the door caused larger stress concentration.  
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