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Abstract: Using of sigma cold-formed steel sections is continuously increasing in industrial buildings due to their light weight. The sigma sections are 
characterized by their web stiffening effect which increases their buckling strength over the conventional C-section. This paper aims to answer the 
question of whether using the sigma section, as an alternative to the C-section subjected to bending moment, is feasible or not. A comparison was 
carried out between sigma and C sections having the same geometrical dimensions. Another comparison was conducted utilizing C-sections with 
increased thickness to attain the same weight characteristics of the sigma section. The results demonstrated the superiority of the sigma section over the 
C-section, especially when the web local or distortional buckling is the governing failure mode. In addition, due to the lack of investigations for the 
behavior of sigma beams, the Direct Strength Method hypothesized that the sigma beam is not a prequalified beam for the usage in the Direct Strength 
Method implementation and conservative safety factors are to be used in the design. As a result, the behavior of sigma beams is investigated by 
studying the relation between the nominal flexural capacity (Mn.) and critical buckling moment (Mcr.); therefore, a more economical design can be 
achieved. 
 
Index Terms: Direct Strength Method, Sigma section, ABAQUS, Cold-formed steel sections, CUFSM, Finite strip analysis, Finite element analysis. 

——————————      —————————— 

1 INTRODUCTION                                                                     

Cold formed steel (CFS) sigma sections have evolved from the 
conventional C sections by adding two stiffeners in the web. 
They are now commonly used as purlins and side rails in 
modern industrial buildings. One of the advantages of the 
sigma section is that the presence of web stiffeners brings the 
shear center closer to the C.G of the section and also 
increases the resistance to web local buckling, distortional 
buckling. In order to investigate the feasibility of using sigma 
sections as an alternative to C-sections subjected to bending 
moment about the main axis, the behavior of the sigma 
section, subjected to bending moment, was compared to that 
of the C-Section. Finite strip analysis was conducted using 
CUFSM in order to get the critical local, distortional, and 
lateral-torsional buckling moment of both the sigma section 
and the C-section. Two comparisons were performed between 
the bending behavior of both sigma and C- sections. The first 
comparison was between two sections that had the same 
dimensions. During the second comparison, the thickness of 
C- section was increased; thus, both sections had the same 
weight. According to the Direct Strength Method (DSM), the 
cross-sections are classified into two groups: prequalified 
beams, not prequalified beams. Prequalified beams, like C 
and Z sections, are supported by enough experiments and 
investigations; thus, directly using the Direct Strength Method 
is permitted (i.e., Ωb =1.67(ASD), Φb =0.90(LRFD)). In 
contrast, other beams are not supported by enough 
investigations; as a result, using the Direct Strength Method 
with conservative assumptions is inevitable (i.e., Ωb 
=2.00(ASD), Φb =0.80 (LRFD)). Sigma section is not 
considered a prequalified section; therefore, finite element 
analysis is used to obtain the nominal flexural capacity (Mn) 

and CUFSM is used to obtain the critical buckling moment 
(Mcr); consequently, the relationship between the Mn. and Mcr of 
the different buckling modes of failure (local, distortional) was 
extracted. 

 
2  LITERATURE REVIEW  
Cold-formed sections play a crucial role in reducing the own 
weight of the steel structures; thus, their usage helps in 
providing an economical design. Cold-formed design is highly 
sensitive to instabilities, i.e, local, distortional, and global 
buckling. 
Mainly, two approaches can be used to design cold-formed 
steel sections (Effective Section Method and Direct Strength 
Method). The Effective Width Method has many disadvantages 
that encourage Schafer and Pekoz [1] to develop the Direct 
Strength Method (DSM) that got over these flaws by directly 
getting the strength of the cold-formed sections depending on 
the critical buckling loads obtained from the buckling analysis 
using finite strip method, e.g., CUFSM. CUFSM stands for 
Constrained and Unconstrained Finite Strip Method. In 1997 
Prof. Ben Schafer originally developed CUFSM that can 
conduct buckling analysis using finite strip method for the 
different basic elastic buckling modes:  local buckling, 
distortional buckling, lateral torsional buckling under any 
applied load. Many international codes and specifications 
(e.g., AISI Specifications  [2] and Australian/New Zealand 

Standard [3] for Cold-Formed Steel Structures( included the  

Direct Strength Method (DSM).  
Cheng Yu and Benjamin W. Schafer [4] conducted a group of 
distortional buckling experiments. Experiments were 
performed on cold-formed C and Z sections, subjecting them 
to bending moment, to get the strength of the beams whose 
failure mode was distortional buckling. Experimental results 
were compared to the existing American Specification (AISI). 
The results revealed that there were 10% - 15% 
unconservative errors for the specifications. 
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Q. Liu [5] et al. investigated the structural behavior of CFS 
sigma purlins by performing a large number of laboratory tests. 
The study reported three different investigations. In the first 
one, the structural behavior of continuous sigma purlins was 
investigated by the laboratory tests of ten sigma purlins.  In the 
second investigation, the sleeve connection of sigma purlins 
was analyzed. Twenty laboratory tests were performed to 
evaluate the moment resistance of this type of connection and 
its rotational behavior. In the third investigation, experimental 
research was carried out on the flexural behavior of twenty-
seven full-scale purlin-sheeting assemblies. Each assembly 
was formed of two sigma purlins attached to roof sheets. Test 
results were compared to moment resistance predicted by the 
codified design specifications; as a result, modifications to the 
current specifications were proposed. 
 

3 VERIFICATION 
 
3.1 Verification of Finite Element Model 
Finite element analysis can extent the outcomes of the 
experimental tests after being calibrated. The experimental 
results [5], that was discussed in the literature review, were 
used for the verification of the finite element model using 
ABAQUS CAE software.  
 
3.1.1 Element Type 
Regarding cold-formed sigma beams, the shell element can 
simulate its behavior; consequently, shell S4R5 is used. Shell 
S4R5 is a four-node element that has five degrees of freedom. 
The five degrees are three translation degrees and two in-
plane rotations (i.e, rotation around the shell normal is 
excluded to reduce the computational time), yet all six degrees 
work at a node if needed, for instance, if rotational boundary 
condition is applied. This shell element is able to analyze thin-
walled structures and permits both material and geometric 
nonlinearity.  
 
3.1.2 Loading and Boundary Conditions 
The dimensions of sigma beams cross-sections are listed in 
Table 1. The test setup is shown in Fig.1, where the beam is 
supported using a square hollow section (SHS) that is bolted 
to the stiffened cleat angle; and the latter is bolted to the upper 
and lower outer webs of the sigma section. Concerning 
loading conditions, the beam was subjected to a central point 
load which was applied using a rigid universal beam section 
(UBS) and a stiffened loading cleat that was bolted to both 
UBS and the web of sigma section.  
 

Table 1 
Cross sectional dimensions. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 Test set-up. 

 
In the FE Model, the sigma beam was hinged at the upper and 
the lower outer webs at both ends; in addition, central point 
loads were applied on the middle of the upper and lower outer 
webs as shown in Fig.2 to simulate the loading conditions of 
the experiment.  

Fig. 2 Finite element boundary conditions, loading and 
meshing. 

3.1.3 Material Property 
 Multilinear stress-strain model with isotropic hardening rule 
was used to model the material property as illustrated in Fig.3. 
The isotropic hardening allowed us to simulate the large-strain 
behavior during the post-failure stage. 

Fig. 3 Typical stress-strain curve for the beam material. 

Model D F L O I S R t

mm mm mm mm mm mm mm mm

1 200 62.5 20 45 110 16 4 1.21

2 200 62.5 20 45 110 16 4 1.59

3 200 62.5 20 45 110 16 4 2.44

4 200 62.5 20 45 110 16 4 2.46

5 240 62.5 20 50 140 16 4 1.49

6 240 62.5 20 50 140 16 4 2.24

7 240 62.5 20 50 140 16 4 2.99

8 300 75 20 60 180 16 4 1.79

9 300 75 20 60 180 16 4 2.43

10 300 75 20 60 180 16 4 2.93
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3.1.4 Geometric Imperfections 
It is well known that the initial imperfections are crucial for the 
non-linear analysis of cold-formed sections. The researcher 
introduced geometric imperfection into the finite element 
model by the superposition of the determined basic linear 
buckling modes. Local, distortional, lateral-torsional buckling 
modes, which are shown in Fig. 4, are the three basic 
imperfection shapes; they are obtained from linear buckling 
analysis. 

 
 

Fig. 4 Basic Imperfection modes: Local, Distortional and 
Lateral Torsional buckling modes respectively. 

 
It is well acknowledged that the first buckling mode, obtained 
from elastic buckling analysis, is considered as the most 
critical mode on the structural behavior; consequently, the 
researcher considered it for selected imperfection 
components. In contrast, the other modes were only included if 
the ratio of the considered buckling load to the first one does 
not exceed 1.6 [5]. Schafer and Pekoz [6] performed a 
statistical study, that was widely cited and utilized, in which the 
possible amplitudes of each buckling mode were determined, 
i.e., 0.14t, 0.66t for local buckling imperfection mode and 0.64 
t, 1.55t for distortional buckling mode, where t is the thickness 
of the cross-section. After trial and comparing, 0.66t is finally 
chosen for local buckling imperfection mode and 1.55 t is 
chosen for distortional buckling imperfection mode as they 
gave the most satisfactory results. The amplitude of lateral-
torsional buckling imperfection mode, considered in this study, 
was 1/1000 of the unrestrained span length. 
 
3.1.5 Finite Element Verification Results 
The comparison between test results and FEM predictions 
was presented in Table 2. It reveals that FEM predictions were 
in good agreement with the failure mode of the tests as shown 

in Fig. 5; moreover, it provided an acceptable prediction for 
ultimate moment resistance.  

Table 2 
Comparison of ultimate moment resistance between 

experimental and FE results. 

Model
Failure 

Mode
Span M EXP. M FEM

Coincidence of 

Failure Modes

M EXP.

 / M FEM

m KN.m KN.m

1 L.B 2.28 7.58 8.05 Yes 0.94

2 L.B 2.28 11.29 12.54 Yes 0.90

3 D.B 2.28 22.34 24.34 Yes 0.92

4 L.T.B 3.88 21.34 23.18 Yes 0.92

5 L.B 2.28 13.57 14.93 Yes 0.91

6 D.B 2.28 25.54 24.40 Yes 1.05

7 L.T.B 3.88 36.67 36.86 Yes 0.99

8 L.B 2.28 23.83 25.85 Yes 0.92

9 D.B 2.28 38.19 41.10 Yes 0.93

10 L.T.B 3.88 49.76 49.86 Yes 1.00

Average 0.95

Standard 

Deviation
0.05

 

Fig. 5 Failure modes from experimental studies and FEM: 
Local, Distortional and Lateral Torsional buckling respectively.  
 
3.2 Verification of Finite Strip Model 
3.2.1 Loading and Boundary Conditions 
The finite strip model is calibrated using the verified finite 
element model to perform buckling analysis for the 
experimental specimens; however, the loading and boundary 
conditions are changed to simulate CUFSM (simple- simple) 
boundary conditions as shown in Fig. 6. Concerning the 
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loading condition, the beam is subjected to pure moment; 
thus, Multi-point constraint (MPC), connecting the points of the 
cross-section (slave points) to the center of gravity of the 
section (master point), is used at the start and the end of the 
simply supported beam; consequently, the boundary condition 
of simply supported beam and concentrated moment are 
applied on C.G of the sigma cross-section. 

Fig. 6 Boundary and loading conditions of FEM that simulate 
CUFSM (simple-simple) conditions. 

 
3.2.2 Finite Strip Verification Results 
The comparison between the critical buckling moment from 
both FEM and FSM is represented in Table 3. 

Table 3 
Comparison between Mcr. form FEM and FSM. 

  

The results of the comparison between Mcr. from FEM and 
FSM shows that the FSM is in a good agreement with the 
verified FEM.  
 

4 PARAMETRIC  STUDY 
After the successful verification of both the FEM and FSM, two 
parametric studies were carried out.    
 
4.1 Comparison between Sigma and C section 
According to  AISI Specifications [2], Direct Strength Method 
equations reveal that the strength of the cross section is 
directly proportional to the critical buckling moments in local, 
distortional and lateral torsional buckling modes (Mcrl., Mcrd., 
Mcre.). As a result, comparing critical buckling moments of 
sigma section and C-section was satisfactory to evaluate the 
behavior and performance of sigma section compared to C- 
section. Two comparisons between sigma section and C-
sections were performed.  First comparison was between 
sigma section and C-section the had the same thickness. 
Table 4 and Table 5 list the dimensions of Sigma section and 
C-section respectively. It is well worth noting that because of 
the additional stiffener in the web of sigma section, the weight 
of sigma section is higher than that of C–section. In order to 
unify the weight of both sections, a second comparison was 
performed using the same sigma sections and new C-
sections, that had additional thickness to compensate the 
difference in weight, whose dimensions are listed in Table 6.  

 
Table 4 

Dimensions of sigma section used in the comparison between 
sigma and C-sections. 

 
Table 5 

Dimensions of C-section used in the comparison between 
sigma and C-sections have the same thickness. 
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Table 6 
Dimensions of C-section used in the comparison between 

sigma and C-sections have the same weight. 

 
 
4.2 Relation between Mn. and Mcr. of Sigma Section 
According to the Direct Strength Method (DSM), the sigma 
section is not considered a prequalified section; consequently, 
its usage with conservative assumptions is inevitable because 
it isn’t supported by enough experiments and investigations. 
As a result, the sigma section is thoroughly investigated by the 
researcher using ABAQUS and CUFSM programs. The 
researcher extracted the relationship between the nominal 
flexural capacity (Mn.) and the critical buckling moment (Mcr.) of 
each mode of the following: local, distortional. 
 

5 RESULTS AND DISCUSSION 
 
5.1 Results of the comparison between Sigma and C 

sections 
The behavior of sigma section was compared to that of C-
section using CUFSM. Two comparisons were carried out: the 
first comparison was between sigma and C- sections that had 
the same thickness. The signature curve of both sections are 
shown in Fig. 7. 

 
Fig. 7 Typical CUFSM results of sigma section and C- section 

have the same thickness.   
 
The second comparison was between sigma and C- sections 
that had the same weight as shown in Fig. 8. The two 
comparisons were with respect to critical local, distortional, 
and lateral-torsional buckling moment of both sigma and C 
sections.     
 
 

 
Fig. 8 Typical CUFSM results of sigma section and C- section 

have the same weight. 
 
5.1.1 Local Buckling 
The most remarkable result is shown in Fig. 9 in which the 
ratio of critical local buckling moment (Mcrl.) of sigma section to  
that of C-section, has the same thickness, ranges from 1.75 to 
2.5 for the depths 160, 200, 225, 240 and 300 respectively; 
however, Fig. 10 shows that the ratio between Mcrl. of sigma 
section to C- section, has the same area, ranges from 1.5 to 
2.25 for the same depths. 

 
Fig. 9 The ratio of critical local buckling moment (Mcrl.) of 

sigma section to that of C-section having the same thickness 
versus the thickness. 
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Fig. 10 The ratio of critical local buckling moment (Mcrl.) of 
sigma section to that of C-section having the same weight 

versus the thickness. 
The comparison revealed that local buckling behavior of sigma 
section with lip is much better than that of C-section with  lip, 
in all studied specimens that have the lip depth to flange width 
(L/F) ranges from 0.26 to 0.36, because of the additional 
stiffener of sigma section that prevents the local buckling in the 
web as shown in Fig. 11(a). In contrast, C-section does not 
have this stiffener; thus, web local buckling is not prevented.  

Fig. 11 Instablitities of C and sigma sections including: 
(a) local (b) distotional (c) lateral-torsional buckling modes. 

 
Concerning a long plate subjected to compression stress, the 
length of the half-sine waves and the width of the plate are 
approximately equal [7]. Table 7 lists the critical buckling 
length (Lcr.) which is the half-sine wavelength of the buckling 
mode. Interestingly, the local buckling length of the sigma 
section was much lower than that of the C-section which 
proves that there is a difference between the local buckling 
behavior of the two sections. Critical local buckling length (Lcrl.) 
of C -section equals approximately half the web depth, i.e., the 
portion subjected to compression. In contrast, the sigma 
section has web stiffeners that prevent local buckling to occurs 
in the web; thus, Lcrl. of the sigma section is, as forecast, 
nearly equal to the width of the flange. 
 
5.1.2 Distortional Buckling 
Critical distortional buckling moment (Mcrd) comparison is 
revealed in Fig. 12 in which the ratio of Mcrd of sigma section to 
that of C-section, has the same thickness, ranges from 1.25 to 
1.5, while Fig. 13 shows that the ratio between Mcrd of sigma 
section to C- section, has the same area, ranges from 1.1 to 
1.25. It has been demonstrated in Fig. 11(b) that the presence 
of web stiffener enhances the disortional buckling behavior of 
the sigma section and makes it more difficult for distortional 
buckling to occurs.  

 
5.1.3 Lateral Torsional Buckling 
Unexpectedly, the ratio of the global buckling moment (Mcre) of 
sigma section to that of C-section, which has the same 
thickness, ranges from 0.95 to 0.9 as shown in Fig. 14, while 
Fig. 15 shows that the ratio between Mcre of sigma section to 
C- section, has the same area, ranges from 0.9 to 0.87. Fig. 
11(c) shows that the effect of web stiffeners in sigma web on 
the lateral-torsional buckling behavior, in contrast to local and 
distortional buckling behaviors, is slightly detrimental. Web 
stiffeners make the sigma section to show a flexible 
mechanism against lateral-torsional buckling. 

 
Table 7 

Critical local buckling lengths (Lcr.)  of sigma sections and C-
sections that have the same thickness and C-sections that 

have the same weight. 
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Fig. 12 The ratio of critical distortional buckling moment (Mcrd.) 

of sigma section to that of C-section having the same 
thickness versus the thickness. 

 
Fig. 13 The ratio of critical distortional buckling moment (Mcrd.) 
of sigma section to that of C-section having the same weight 

versus the thickness. 
 

 
Fig. 14 The ratio of critical global buckling moment (Mcre.) of 
sigma section to that of C-section having the same thickness 

versus the thickness. 

 
Fig. 15 The ratio of critical global buckling moment (Mcre.) of 
sigma section to that of C-section having the same weight 

versus the thickness. 
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5.2 Relation between Mn. and Mcr. of Sigma Section 
The relation between the nominal capacity moment (Mn) and 
critical buckling moment (Mcr) of sigma sections, which were 
predicted from ABAQUS and CUFSM, of local and distortional 
buckling modes were plotted in Fig. 16 and Fig. 17 
respectively. In addition, they are compared to AISI [2] design 
equations and to the results of the previous tests presented by 
B.W.Schafer [8].  

 Fig. 16 Results of previous tests, code equations and  
ABAQUS & CUFSM results of local buckling. 

Fig. 17 Results of previous tests, code equations and  
ABAQUS & CUFSM results of distortional buckling. 

 
The results of sigma sections are in good agreement with AISI 
equations as revealed in Fig. 16 and Fig. 17. Consequently, 
sigma section can be considered as a prequalified section; 
thus, using Direct Strength Method equations directly (i.e., Ωb 
=1.67(ASD), Φb =0.90(LRFD)) is permitted, without 
considering conservative assumptions (i.e., Ωb =2.00(ASD), Φb 
=0.80 (LRFD)).  

 
6 CONCLUSION 
In this paper, sigma sections, subjected to bending moments, 
were analyzed and compared to C-section to investigate the 
feasibility of using sigma beams as an alternative to C-section 
by performing two comparisons. Sigma beams were 
compared, during first comparison, to C-beams that had the 
same dimensions without the web stiffeners of the sigma 
section that increased its weight; therefore, a second 
comparison was carried out in which the weight of both 
sections was unified by increasing the thickness of the C-
section to compensate the extra weight of sigma purlins due to 

their web stiffeners. Furthermore, the relation between the 
nominal flexural capacity (Mn.) and critical buckling moment 
(Mcr.) was investigated and compared to AISI equations. Based 
on the numerical results, the following conclusions can be 
drawn:   
• The web stiffeners of the sigma section substantially 

enhances its behavior especially if the web local buckling 
governs the capacity, i.e, the ratio of Mcrl. of sigma beams 
to that of C-beams have the same dimensions, except for 
the web stiffeners, ranges from 1.75 to 2.5; however, the 
ratio of Mcrl. of sigma beams to that of C-beams, have the 
same weight, ranges from 1.5 to 2.25.  

• The behavior of sigma beams, whose failure mode is 
governed by distortional buckling mode, are slightly 
enhanced, i.e, the ratio of Mcrd. of sigma beams to that of C-
beams have the same dimensions, except for the web 
stiffeners, ranges from 1.25 to 1.5, on the other hand, the 
ratio of Mcrd. of sigma beams to that of C-beams have the 
same weight ranges from 1.1 to 1.25. 

• In spite of the advantages of the web stiffeners of the 
sigma section, they detrimentally affect the behavior of 
sigma beams whose failure mode is governed by lateral-
torsional buckling. The ratio of Mcre of sigma beams to that 
of C-beams, have the same dimensions, ranges from 0.95 
to 0.9; however, if the sigma beams are compared to C-
beams with same weight, the ratio  ranges from 0.9 to 0.87.  

• Investigating the relation between the nominal flexural 
capacity (Mn.) and the critical buckling moment (Mcr.) 
enables us to consider sigma beams as prequalified 
beams. Therefore, using the Direct Strength Method 
directly is permitted (i.e., Ωb =1.67(ASD), Φb =0.90(LRFD)), 
instead of using Direct Strength Method with conservative 
assumptions (i.e., Ωb =2.00(ASD), Φb =0.80 (LRFD)); as a 
result, the design process can be more economical.       

It is well worth mentioning that further work is needed to 
investigate the sigma section that is subjected to axial loading.                            
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