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ABSTRACT 

Cold-formed steel structures can be used extensively in the building industry, either as complete 

structures in low to mid-rise construction, or in combinations with hot-rolled or fabricated steel 

framing. Cold formed steel (CFS) has been used as the primary structure for flexural and 

compression load-bearing members such as bridges, roof trusses, transmission towers, and other 

multi-storied buildings due to varieties of advantages such as high strength to weight ratio, high 

corrosion resistance, and ease of fabrication. Dual-channel sections, built-up of CFS into new 

member such as back to back without gap, back to back with gap, laced, battened or perforated 

plates with higher strength can be produced efficiently by attaching the CFS to each other at few 

places along the lengths using connectors. Built-up cold-formed steel sections commonly used as 

compression members to carry heavier loads and over longer spans when a single individual 

section is insufficient. These built-up columns improve the lateral stiffness when two individual 

channels shapes connected together thus preventing the structural member from wobbling 

during lifting and installation. Un-lipped rectangular CFS channel sections with constant size 

has been used to produce built-up, back to back (BTB), and face to face box-up (BU) with 6(0.6 

to 3meter) varieties of length.  

The double built-up back to back connected on the web and face to face sections connected at 

flanges were built-up from two identical un-lipped rectangular channel-sections attached with 

surface to surface tie constraint.  The connector spacing is constant along the length of the 

column at 400 mm centre to centre with 5x5mm square surface area contact size. Concentrated 

centric unit load was applied at the centre of gravity in the reference point at the column top 

end. In total of 18 columns, 6 single, 6 back to back and 6 face to face built-up CFS un-lipped 

rectangular channel sections of size 200x80x4-section were modeled and analyzed on the axial 

capacity and mode of failures, and reported herein. The ultimate loads were compared to the 

experimental test results.  

FEA simulation was conducted in ABAQUS 6.13-1/ABAQUS CEA software for different values 

of slenderness ratios covering from short to long columns on the axial capacity of single and 

built-up CFS channel sections. Initial imperfections were not considered for both single and 

built-up CFS sections. Load-axial capacity, failure modes, and deformed shapes at failure were 

discussed for all CFS columns. Because of the low thickness to width ratio, the members buckled 

at stresses that are lower than the yield stress when compressive forces are applied. Analysis 

results show that all short columns failed through local buckling. However, for long columns 

global buckling was observed. The structural response of the built-up CFS columns composed of 

two identical un- lipped channels in this study was significantly affected by the member’s 

slenderness ratio and channels orientation. The orientation of the column also substantially 

impacts the ultimate load and buckling mode shapes of the dual built-up CFS columns. 

Keywords: ABAQUS, Cold formed steel (CFS), Built-up column, Back to back (BTB) column, 

face to face box-up (BU) column. 
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CHAPTER ONE 

INTRODUCTION 

1.1.Background of the Study 

In steel construction, basically there are two types of structural shapes: hot-rolled and cold-

formed steel shapes. Hot-rolled steel shapes are formed by rolling under significantly elevated 

temperatures (in essence above 900°c), while cold-formed steel shapes are formed at ambient or 

room temperature ( Abhishek Dangi., 2017). Cold-formed steel shapes are manufactured by 

means of folding, cold-rolling (roll forming), which consists in a continuous bending operation 

of a long strip coiled steel metal into the required cross-section, and CFS shapes can also be 

obtained by press-braking of plates, given the fact that the maximum length of the member to be 

manufactured cannot be larger than the length of the press-brake. Sheet steel used in cold-formed 

shapes is typically (0.9 to 8 mm) thick. Cold working of the steel increases its yield strength but 

also lowers its ductility. For example, a 20% reduction in thickness can increase yield strength 

by 50% but reduces elongation to as little as 7%, which probably represents the limit of 

formability for simple shapes (L.H. Martin.,J.A. Purkiss., To EN 1993 and EN 1994). Cold-

forming operations also increase the yield point and tensile strength by about 20% to 40%, 

depending on the type of manufacturing ( Abhishek Dangi., 2017). The main benefits of using a 

cold-formed section are such as, lightness in weight, high strength to weight ratio and stiffness, 

ease of prefabrication and fast installation, ability to be not shrink and not to creep at ambient 

temperatures , capability to be recyclable, economy in transportation and handling, erection and 

construction of foundation, and due to ease of manufacturing at ambient temperature, cold-

formed elements are available in a variety of complex structural shapes to fit the demands of 

optimized design.  

The prime difference between the behavior of cold-formed shapes and hot- rolled structural 

shapes is that cold-formed members involve thin plate elements which tend to buckle locally 

under compression. The concept of CFS elements is to use shape rather than the thickness to 

support the load. The secondary difference is that cold-formed members have low lateral 

stiffness and low torsional stiffness because of their open thin cross-sectional geometry, which 

gives great flexural rigidity about one axis at the expense of low torsional rigidity and low 

flexural rigidity about a perpendicular axis. Because of the open cross-section, channel shape 

components are susceptible to failure modes of local, distortional and global buckling under 

load. In the other hand, its high slenderness and low torsional stiffness brings a more complex 

analysis, due to the non-coincidence of the centre of gravity and the shear centre of the major 

part of these sections. One of the most common types of singly-symmetric section is channel 

(Ben young and Gregory J.Hancock., 2005).The mono symmetric sections have relatively small 

torsional rigidity that is weak in twisting compared to doubly symmetric sections. When 

distortional buckling occurs, the flange and lip will rotate around the intersection of the flange 
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and the web, which will reduce the bearing capacity of the component, so it needs to be 

prevented. This leads to cold-formed members to distortional buckling and flexural–torsional 

buckling (L.H. Martin.,J.A. Purkiss., To EN 1993 and EN 1994).  

When compared to a highly used structural steel member, hot-rolled steel for instance, CFS 

shapes prove to be a strong solution due to its accurate detailing, in which provides a 

considerable number of different types of cross-section that gives flexibility in design. CFS 

sections have been manufactured and used in construction for more than a century. The use of 

cold-formed steel sections in building construction began in 1980‟s, where United State and 

Great Britain were the first countries to use this technology. However, in recent years, higher 

strength materials and development in structural applications have led to a significant growth of 

CFS in industrial, residential, agricultural and commercial applications relative to the 

conventional hot-rolled steel. It can be used as individual structure framing member in shape of 

Channel section, Z-section, I-section (Bharat C.Halagalimath.and Kiran Koraddi., 2019). 

Improved production of complex shapes,since modern rolling lines are computer controlled,the 

highly accurate complex sections can be made  (Ranawaka Thanuja., 2006.). 

Cold-formed steel structures are used extensively in the building industry, either as complete 

structures in low to mid-rise construction, or in combinations with hot-rolled or fabricated steel 

framing. Also used for load-bearing members such as bridges, roof trusses, transmission towers, 

and other multi-storied buildings. The cold- formed steel (CFS) is higher strength resulting in the 

reduction in dead weight.  Due to the weight ratio and ease of construction, cold-formed light-

gauge steel structural members have been widely used in steel-frame residential homes, low-rise 

office buildings, and industrial warehouses and in load-bearing walls. When a building is no 

longer needed it can be disassembled, stored or moved to another location and re-erected because 

only simple connections are used. Cold-formed steel structural members may lead to a more 

economic design than hot-rolled steel members as a result of their superior strength to weight 

ratio and ease of construction. By using cold- formed system economy is achieved with 

completion of project in minimized time. In industrial building the material & cost of the 

building is minimized in case of cold formed steel while in case of conventional hot-rolled steel 

industrial building higher both in two cases (Roshan S Satpute.and Valsson Varghese., 2012).  

Dual-channel sections are frequently utilized as built-up columns, which are connected to each 

other at few places along the lengths by means of a connector such as back to back without and 

with gap, laced, battened or perforated plates. Cold-formed steel built-up sections are commonly 

used as compression members to carry heavier loads and over longer spans when a single 

individual section is insufficient. These built-up columns improve the lateral stiffness when two 

individual C-channels are connected together thus preventing the structural member from 

wobbling during lifting and installation. Built-up sections are now finding increasing use in 

Australia, North America and Europe, for example as primary structural members of mid-rise 

residential buildings and large-span portal frames. Built-up members are fast becoming the next 

generation of cold-formed steel structural elements and are producing innovative and efficient 
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new solutions in mid-range and mid-span construction. Yet, current specifications offer very 

limited guidance for the design of built-up cold formed steel members (K. J.R. Rasmussen., etal. 

2019). There are no specific guidelines and the only guidelines available are presented in most 

recent normative published for Europe was the European Standard Eurocode 3: Design of Steel 

Structures. Part 1-3: General Rules. Supplementary rules for cold formed thin gauges members 

and sheeting  (EN 1993-1-3:, 2004). 

Built-up CFS is usually a composition of different sizes and shapes of normal CFS - Channel, Z-

section , hat or sigma -sections to produce a new section. In modern construction, the usage of 

CFS columns in frame structure has been applied in residential construction for building up to 

double story. Built-up section can simply gain higher stability and capacity due to double of the 

sections produce greater cross-section properties, the symmetry of built-up section can eliminate 

the eccentricity between the shear centre and centre gravity of single section consequently 

eliminate certain buckling effects in essence, distortional buckling and out of plain movement.  

Closed box sections allow spanning greater distances between supports and carrying heavier 

loads than single channel-sections (W. Reyes.and F. A. Guzman., 2010). Typical forms of cross-

sections for cold-formed members includes channel, lipped channel, lipped channel with double 

edge fold stiffeners, lipped channel with intermediate web stiffener, sigma-section, z-section and 

double profiles from above sections (back-to-back and)  as shown in Figure 1.1 

 

 
 
 
 

a) Single open sections b) Closed built-up sections 

  
 
 
 
 

  
  

 
c) Open built-up sections 
 

Figure1.1.Typical forms of cross-sections for cold-formed members (EN 1993-1-3:, 2004). 
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Inelastic buckling often occurs in stocky and intermediate columns because these columns have 

slenderness ratios that are in the small to moderate range. Among various buckling 

modes, distortional buckling is a recently been investigated (Whittle, J. and Chris Ramseyer., 

2009).It is a buckling of the compression flange acting as a group of plates rather than as 

individual plates. The distortional buckling was less understood than the other forms of 

instability, and was deemed more pertinent to thinner sections of high strength steel. The 

importance of distortional buckling should not be underestimated as it is just as likely to occur as 

local buckling. Local buckling is often seen as a rippling effect in the web, flange, or lip along 

the length of the member. The need for research of distortional buckling has increased as cold-

formed design has shifted towards increasingly stiffened and slender sections that demand a 

more thorough evaluation of local and distortional buckling. The objective of this study is to 

determine the ultimate load of single and built-up CFS channel columns with constant connector 

spacing along lengths with constant size using FEA in ABAQUS validated with test results. 

1.2.Statement of the Problem 

The use of CFS -columns has been observed in the construction industry, this has instigated the 

researcher to determine the ultimate capacity of CFS channel column sections. In recent years, 

higher strength materials and development in structural applications have led to a significant 

growth of CFS in industrial, residential, agricultural and commercial applications relative to the 

conventional hot-rolled steel. Improved production of complex shapes,since modern rolling lines 

are computer controlled,the highly accurate complex sections can be made of cold-formed steel 

structural members may lead to a more economic design than hot-rolled steel members as a 

result of their superior strength to weight ratio and ease of construction.  Dual channel cold-

formed steel sections built-up in back to back (BTB) and face to face box-up (BU) orientations 

were commonly used as compression members to carry heavier loads and over longer spans 

when a single individual section is insufficient. Built-up section can simply gain higher stability 

and capacity due to double of the sections produce greater cross-section properties, the symmetry 

of built-up section can eliminate the eccentricity between the shear centre and centre gravity of 

single section consequently eliminate certain buckling effects in essence, distortional buckling 

and out of plain movement. Thus, it is important to analyze the effect of different orientation on 

the dual system to the performance of the column. 

However, cold working of the steel increases its yield (yield point and tensile strength) but also 

lowers its ductility. The unique properties of thin-walled cold-formed C-section members 

originate from three factors: the fabrication process, the small thickness and high slenderness of 

the elements of the cross-section. Cold-formed sections are normally thin; consequently they 

have low torsional stiffness and the sections produced by cold-forming are mono-symmetric; 

their shear centre eccentric from their centre of gravity of sections. For columns axially loaded 

along their centroidal axis, the eccentricity of the load from the shear centre axis may cause 

buckling in the flexural-torsional mode at a lower load than the flexural buckling mode. Hence, 

checking for the flexural-torsional mode of buckling is necessary for such mono-symmetric 
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columns. Buckling analysis has become a critical aspect, especially in the safety engineering 

design since, at the time of failure; the actual stress at the point of failure is significantly lower 

than the material capability to withstand the imposed loads.  Because of cold-formed members 

involve thin plate elements were susceptible to failure modes of local buckling, distortional and 

global buckling under load. CFS open thin cross-sectional geometry gives great flexural rigidity 

about one axis at the expense of low torsional rigidity and low flexural rigidity about the 

perpendicular axes in which the flange will rotate around the intersection of the flange and web 

will reduce the bearing capacity of the component and leads to distortional and flexural-torsional 

buckling. In most cases cold-formed members exhibit complex behavior governed by interacting 

local and global stability phenomena. Due to the inherent presence of imperfection, buckling 

mode interaction always occurs in case of thin-walled members. It is a consequence of the 

increasing complexity of section shapes that local buckling calculation are becoming more 

complicated and that distortional buckling takes on increasing importance.  

 In this research CFS- single (C), and dual built-up connected on the web known as back to back 

(BTB) and  connected at the flange known as  face to face box-up (BU) rectangular un-lipped 

channel column sections were considered. Because of the low thickness to width ratio, the 

members will buckle at stresses lower than the yield stress when compressive force is applied. 

The concept of CFS elements is to use shape rather than the thickness to support the load. One of 

the biggest difficulties with cold-formed steel design is the prevention of member buckling, 

which is unlike the behavior of hot-rolled steel where steel yielding is the leading design 

consideration. In addition to the buckling modes present in hot-rolled steel members, CFS 

members can usually subjected to other buckling modes such as, local, distortional, and flexural-

torsional. In the other hand, its high slenderness and low torsional stiffness brings a more 

complex analysis, due to the non-coincidence of the centre of gravity and the shear centre on the 

major part of these sections.  

1.3.  Research Question 

i. What is the ultimate buckling capacity of single and dual built- up cold -formed steel 

channel column sections?   

ii. What is the effect of channel orientation in ultimate buckling capacity and mode of 

failure on build-up cold-formed steel column sections? 

iii. What is the improvement in ultimate buckling capacity and mode of failures after single 

channel(C) sections oriented to dual built-up back-to-back (BTB) and face-to-face box-up 

(BU) channel column sections? 

1.4.Objectives of the Study 

1.4.1. General Objective 

 The main objective of this research is assessing the buckling behavior of single and dual 

built-up cold-formed steel (CFS) channel column Sections (ultimate buckling capacity 

and mode of failures).  
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1.4.2. Specific Objectives 

i. To determine the ultimate buckling capacity of single and dual built-up cold-formed steel 

channel column Sections 

ii. To examine the effect of channel orientations in ultimate buckling capacity and mode of 

failure on build-up cold-formed steel column sections  

iii. To compare improvement in ultimate buckling capacity and mode of failures of single 

channel(C) with dual built- up back-to-back (BTB) and face-to-face, box-up (BU) 

channel column sections 

1.5.Significance of the Study 

Understanding the behavior and strength of dual built-up cold-formed steel channel column 

sections is important, as they used frequently in frames as higher load carrying capacity columns 

and shear wall chord studs, among other applications. The output of this research is expected to 

provide necessary data and information that motivate other researchers for further investigation 

on ultimate capacity and failure modes of cold-formed steel (CFS) channel column sections. It 

motivates other researchers to research on solutions for other more complex and innovative CFS 

shapes that will become a solution to complex behavior governed by interacting local and global 

stability phenomena of open sections. It will also increase the understanding of the significant 

impact of distortional buckling and its interaction with other mode of failures in CFS. 

After completion and approval of the research, the result will be utilized in different structures 

such as industrial, residential, agricultural and commercial building applications, may lead to a 

more economic design than hot-rolled steel members as a result of their superior strength to 

weight ratio and ease of construction. On the other hand, this research can be a reference for 

academic researchers or students to those who wants to carry out their study on cold-formed steel 

(CFS) columns. The members with complex cross-section are potential solutions for structural 

problems where enhanced load-bearing capacity is needed, for instance in situations where no 

lateral support can be provided to the member; members with a double built-up sections 

arrangement can be used as an effective solution in engineering structures. The results on the 

complex arrangements provide insight, how detailing affects the structural behavior. Improved 

understanding about the distortional buckling behavior of CFS shapes.  Enhancing knowledge 

and understanding on buckling behavior and ultimate capacity of un-lipped rectangular CFS 

channel sections subjected to concentric loading. This research also provides a solid framework 

allowing future researchers and practitioners to further investigate the behavior of built-up 

columns. 

1.6.Scope of the Research 

In this analytical investigation, ABAQUS 6.13-1(2013)/CEA simulation software is used in 

order to check the performance of the un-lipped rectangular CFS channel sections. Both single 

and built-up un-lipped rectangular channel columns were analyzed using the simulation software. 

In this software simulation single (C) and dual built-up CFS channels connected on the web 
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known as back to back (BTB) and  connected at the flange known as  face to face box-up (BU) 

columns simulated with pin-end conditions. Un-lipped rectangular CFS channel of size 200 x 80 

x4mm cross-section was used for the model creation of both single and build-up column. The 

lengths of the columns were 600mm to 3000mm. The center to centre fastener spacing was 

400mm along the length, one fourth of the wed width (50mm) for back to back and half width of 

the flange (45mm) for face to face box-up. All dimensions and cross-sectional properties were 

taken from un-lipped rectangular channel sections catalogue (IS:811-1987, 2011).This research 

examines the parameters that are associated with the structure performance which includes the 

fastener spacing, cross-section of the column, material non-linearity and column length involved 

in finite element modeling.  Furthermore, the research concentrates on the local, distortional and 

overall buckling.  In comparing FEA software result with the experimental test results, 

improvement in ultimate load and mode of failures due to the channel sections orientation was 

considered. The models serve to evaluate the test results and observations from the experimental 

investigation. These models were then be used to generate more data on back-to-back and face-

to-face box-up CFS channel columns without a gap. 

1.7. Limitation of the Research 

This thesis is limited to concentric loading character from short to long cold-formed steel (CFS) 

channel column sections. There is no experimental investigation (testing) of the section shapes 

and materials. Load eccentricities, maximum initial imperfections and residual stresses were not 

`taken in to consideration. In this paper, the safety factors were not included in calculating the 

buckling strength and mode of failures. This research was limited to the open un-lipped 

rectangular channel CFS-section compression members only.  The end boundary condition at the 

bottom and top is considered to be pinned connection only. The column was modeled applying 

an assumption that its cross section is subjected to axial force only. The load was applied on top 

of the column axially at the centre of gravity without loading eccentricity. 
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CHAPTER TWO 

REVIEW OF RELATED LITERATURE 

2.1. Material properties of cold-formed steel 

The introduction of structural steel, circa 1856, provided an additional building material to stone, 

brick, timber, wrought iron and cast iron (Bernard Godfrey., 2003). Steel is the most efficient 

material for slender columns due to its high strength, ductility, stiffness (modulus of elasticity), 

faster erection and resistance. In carrying out the analysis, the following material properties of 

structural steel coefficients were used. 

Table2. 1.Input material property data for cold-formed steel (EBCS EN 1993-1-1:, 2013) 

S.No Name of property Value 
210 000 N/mm2 1 Modulus of Elasticity, E 

2 shear modulus, � =
�

�(���)
 81000 N/mm2 

3 Poisson’s ratio in elastic stage, v 0.3 
4 Density, ƿ 7850 kg/m3 

Table 2.2.Input values for plastic behavior of cold-formed steel (calculated in appendix)  

 

 

All steels used for cold-formed members and profiled sheets should be suitable for cold-forming 

and welding, if needed. Steels used for members and sheets to be galvanized should also be 

suitable for galvanizing. Because material properties play an important role in the performance 

of structural members, it is important to be familiar with the mechanical properties of the steel 

sheets, strip, plates, or flat bars generally used in cold formed steel construction before designing 

this type of steel structural member ( Wei-wen Yu., 2000). 

Mechanical properties of cold-formed steel sections differ from the commonly used hot- rolled 

steel sections, because of cold-formed steel sections are influenced by its manufacturing process 

as described earlier and need to be inspected accurately to study the behavior of cold-formed 

sections. The stress-strain curve is one of the important properties used to describe the behavior 

of hot- rolled and cold-formed steel. The stress-strain curves for hot-rolled and cold-formed 

steels are different, and the reason lies in the manufacturing process.  .For hot-rolled steels, the 

yielding point is well defined by the stress-strain curve becomes horizontal; in the case of cold-

formed steels the yielding point is not so clear, as the stress-strain curve is gradually growing 

reaching the yielding stage without a visible peak as indicated in Figure 2.1.below. 

 

True Stress(MPa) Plastic strain 
355.6 0 

0.181 564.0 
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Figure 2.1.Stress-strain curves of a) Hot-rolled steels: Sharp-yielding and b) cold-formed steels: 
Gradual-yielding (Siti Nur Rahmah Anwar.etal.2020) 

Stress-strain curves are usually presented as:  

a) Engineering stress-strain curves, in which the original dimensions of the specimens are used 

in most calculations. 

b) True stress-strain curves, where the instantaneous dimensions of the specimen at each point 

during the test are used in the calculations. This results in the "true" curves being above the 

engineering curves, notably in the higher strain portion of the curves. 

 

 

 

 

 

 

 

 

Figure 2.2.Comparison of engineering and true-stress/true-strain curves (Moosbrugger Charles., 
2002)  

2.2. Buckling behavior of cold-formed steel (CFS) compression members 

The behavior of cold-formed steel structures is more complex than that of traditional hot-rolled 

steel structures. Research between 1940 and 1950 has highlighted that cold-formed steel 

members are subjected to various buckling modes including local, distortional and global modes, 
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and their ultimate strength behavior is governed by these buckling modes. As an example, a short 

concentrically loaded C-section almost always fails because of a combination of local buckling 

of thin plate elements and distortional buckling of the edge stiffeners while the failure mode of 

longer columns is often governed by a combination of global buckling and local or distortional 

buckling. Although cold-formed steel members have been researched for a long time, the 

stability problem is not fully understood (Chernova Anna., 2019).  Mainly, three types of 

buckling behavior can be observed in cold-formed steel compression members. They are called, 

local, distortional and flexural or flexural torsional buckling. In addition to these three main 

types their interactions can also occur as local and distortional, local and flexural and distortional 

and flexural (Ranawaka Thanuja., 2006.). 

1. Local buckling:  Cold-formed members are usually very thin, and thus the thin plate elements 

tend to buckle locally under compression. When an element buckles locally it does not 

necessarily mean that this element will collapse or loss its ability of carrying loads. In fact, a 

plate can be allowed to take a considerably increased load beyond initial buckling before any 

danger of collapse occurs. This is because the deflections due to buckling are accompanied 

by stretching of the middle surface of the plate. The interaction effect of the local and overall 

column buckling may result in a reduction of the overall column strength, which depends on; the 

shape of the cross section, the slenderness ratio of the column, the type of governing overall 

column buckling (flexural buckling, torsional buckling, or torsional–flexural buckling), the 

type of steel used and its mechanical properties, influence of cold work, effect of 

imperfection and welding, effect of residual stress, interaction between plane components 

,and effect of perforations. The yield point and tensile strength of the material vary from 

place to place in the cross section due to the cold forming and affects the local buckling 

behavior of cold-formed steel column ( Wei-wen Yu., 2000). 

2. Distortional buckling: Distortional buckling involves both rotation and translation at the 

corners of the cross-section (L.H. Martin.,J.A. Purkiss., To EN 1993 and EN 

1994).Distortional buckling mode is a relatively new and less researched buckling mode 

compared to the other buckling modes. In cold-formed sections, it is characterized by relative 

movement of the fold-lines. It is a consequence of the increasing complexity of section 

shapes that local buckling calculation are becoming more complicated and that distortional 

buckling takes on increasing importance (EN 1993-1-3:, 2004). The interaction effect of the 

local and overall column buckling may result in a reduction of the overall column strength. 

3. Overall column buckling: For open thin-walled sections three modes of failure are considered in 

the analysis of overall instability (flexural buckling, torsional buckling, and torsional–flexural 

buckling). It is sometimes termed “rigid-body” buckling because any given cross section 

moves as a rigid body without any distortion of the cross section. Flexural column buckling 

(bending about a minor principal axis): A slender axially loaded column may fail by overall 

flexural buckling if the cross section of the column is a doubly symmetric shape (I-section), 

closed shape (square or rectangular tube), cylindrical shape, or point-symmetric shape (Z-

shape or cruciform). For singly symmetric shapes, flexural buckling is one of the possible 
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failure modes. Torsional buckling (twisting about shear center): Usually, closed sections will 

not buckle by torsional because of their large torsional rigidity. This type of buckling may occur 

when the torsional rigidity of member significantly smaller than its flexural rigidity.  The 

mono symmetric sections have relatively small torsional rigidity that is weak in twisting 

compared to doubly symmetric sections. Thin walled members with open cross sections are 

particularly susceptible to torsional buckling. Flexural-torsional buckling (bending and 

twisting simultaneously): is a mode of buckling in which compression members can bend and 

twist simultaneously without change in cross-sectional shape. This type of buckling mode is 

critical, in particular when the shear center of the section does not coincide with the 

centroidal axes for angles, channels, hat sections, T-sections, and I-sections with unequal flange 

singly symmetric shapes ( Wei-wen Yu., 2000). In these cases, the shear center is outside the 

web and the applied load initiates rotation. In most cases cold-formed members exhibit 

complex behavior governed by interacting local and global stability phenomena. The 

possibility of occurrence of the complex buckling can be significantly reduced by providing 

sufficient end supports and intermediate lateral restraints (John L. Dawe.and Geoffrey 

L.Kulak., 1984). For members with point-symmetric open cross-sections (example Z-purlin 

with equal flanges), account should be taken of the possibility that the resistance of the 

member to torsional buckling might be less than its resistance to flexural buckling. For 

members with mono-symmetric open cross-sections, account should be taken of the 

possibility that the resistance of the member to torsional-flexural buckling might be less than 

its resistance to flexural buckling. For members with non-symmetric open cross-sections, 

account should be taken of the possibility that the resistance of the member to either torsional 

or torsional-flexural buckling might be less than its resistance to flexural buckling (EN 1993-

1-3:, 2004). 

2.3. Theoretical review/Conceptual Framework 

Over the past few decades there was been major improvement in cold-formed steel members, 

and it’s due to many factors, namely corrosion protection and improved technology of 

manufacture. As consequence to a better structural solution, its demand in the market of building 

construction increased leading on to the development of a great number of studies on this 

subject. The researchers have been focused on the behavior of cold-formed steel members, 

testing different cross-sections, different support conditions as well as different lengths. 

Following the experimental research numerical models have also been developed using the finite 

element method (FEM) in order to validate additional parametric studies. Some of them are 

briefly described within this section. Literature to date has investigated the structural behavior of 

the cold-formed steel (CFS)-sections and derived formulae of estimating local, distortional, 

flexural buckling and flexural-torsional buckling loads.  

(Krishanu Roy.et al, 2019) conducted experimental investigation on the axial capacity of CFS 

built-up box sections fabricated by two identical lipped channel-sections connected at their 

flanges with self-drilling screws in which material properties and initial imperfections were 
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measured for both single channel and CFS built-up box sections. Test results show that all short 

columns failed through local buckling. However, for slender columns global buckling was 

observed. The experimental test results were also compared against the designed strength 

calculated in accordance with the AISI and AS/NZS. From the comparison, it was found that the 

AISI and AS/NZS are conservative by around 15-19% on average, while predicting the axial 

capacity of such CFS built-up slender columns 

The effect of screw spacing on axial strength of cold-formed steel sections-numerical 

investigation and parametric study carried on built-up box columns subdivided into short 

columns of 0.5 m height and slender columns of 1.5 m height with pin-ended boundary 

conditions were applied for all single channel and built-up columns .Both the finite element and 

laboratory test results were compared against the design strengths calculated in accordance with 

the American Iron and Steel Institute (AISI) and Australian and New Zealand Standards 

(AS/NZS). From the comparison, it was observed that the AISI and AS/NZS are conservative by 

around 17% while determining the axial capacity of such built-up CFS box columns (Krishanu 

Roy.et al, 2019). 

The buckling behavior of back-to-back gapped built-up cold-formed steel channel sections under 

compression, because of the complex and non-uniform cross section of the back-to-back gapped 

built- up columns; it is difficult to calculate the strength of these sections accurately. Axial 

capacity of the columns, load-axial shortening, load-axial strain, failure modes and deformed 

shapes were observed and reported in this paper. The column strengths are compared against the 

design strengths calculated using the AISI and AS/NZS, direct strength method and modified 

direct strength method. From the experimental results, it concluded that the axial strength 

calculated in accordance with the current design guidelines for back-to-back gapped built-up 

CFS columns, can be conservative by as much as 53% when λc was used to calculate the design 

capacity. However, the design standards were conservative by only 5% on average to the 

experimental results, when λc, GAP was used. Hence it is recommended to use λc, GAP while 

calculating the axial strength of back-to-back gapped built-up CFS columns (Krishanu Roy.et al, 

2019). 

Also investigation on the buckling behavior of CFS built-up un-lipped channel section that 

joined back to back with the help of intermediate web fasteners under the effect of axial load and 

comparison of test results with FEA in ABAQUS shows good agreement. FE models can be used 

for predicting buckling behavior of the un-lipped channels that are built up. Material non-

linearity and initial imperfections were included in the FEA model and strengths obtained were 

compared against the AISI and AS/NZS design strengths; obtained comparisons showed that the 

AISI and AS/NZS standards were un-conservative for stub and short columns which failed by 

local buckling whereas the standards were over-conservative for columns failed through overall 

buckling (Krishanu Roy.et al, 2019). 
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Investigation by (Thomas H.etal, 2013) on buckling behavior of built-up cold-formed steel 

channel column sections determined the buckling mode and maximum buckling capacity. The 

columns were tested in axial compression with pinned end connections and in two different 

orientations, one with the C-channels facing each other to produce a closed shape (rectangular), 

and the other orientation had the members facing away (referred to as an I-shaped hereafter). The 

closed rectangular-section provides exceptional torsional resistance, which could lead to an 

increased buckling capacity. One test for each member type was used to determine each of the 

buckling values. All members were created from two, lipped C-channels which were connected 

by 102 mm long welds at the top and bottom, and intermediate weld locations throughout the 

member which had a weld length of 25 mm. When the buckling load of the 1.8 m long 

rectangular columns is compared to that of the I-shaped columns, it can be seen that the I-shaped 

columns have a lower buckling capacity than that of the rectangular columns. The rectangular 

1.8 m specimens normally failed in a form of global buckling. However, this was not always the 

case and the intermediate weld attachments did have a factor in the final failure pattern of the 

column. No flexural buckling occurred on the column; instead it was these distortional buckling 

modes that failed the column. I-shaped 1.8 m long columns were much more susceptible to 

distortional buckling of the flange and web than the rectangular columns. The majority of I- 

shaped columns failed in a form of distortional buckling in the flange and web, along with some 

failing by crushing at the end. The orientation of the column substantially impacts the maximum 

load of the column (as much as 20%). 

(M. Anbarasu.etal.2014) studied the capacity of built-up battened cold-formed steel columns 

under axial compression on the theoretical and numerical investigation results of pin end. The 

battened columns were made from cold-formed steel lipped channel sections. The finite element 

model was developed using the finite element software ABAQUS. The comparison of finite 

element analysis results match with the test results available in the literature shows that the 

analysis model can simulate the buckling behavior and ultimate capacity of built-up cold-formed 

steel columns. Spacing between the chords is chosen such that the moment of inertia about major 

axis equals the moment of inertia about minor axis. After the verification of the finite element 

model, parametric study has been carried out by varying the slenderness ratio and number of 

battens. The FEM results are about 7% higher than the test results. The difference in the 

numerical model was more likely due to assumed imperfections and simplified modeling of 

fastener of the sections. For the slenderness ratio less than 70 all the specimens failed by 

combined local (L), distortional (D) and flexural (F) mode. For slenderness ratio greater than 70, 

the specimens failed by combined distortional (D) and flexural (F) mode. But the predominant 

mode is distortional buckling and it governs the strength. A total of 30 axially loaded built up 

battened columns were numerically and theoretically studied in the paper. The ultimate strength 

of the member decreased with the increase of overall slenderness ratio for irrespective of 

individual sections. For slenderness ratio between 70 and 120, the predominant failure mode was 

distortional buckling. 
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Research by (M. Rathipraba., etal .2020) shows the strength and behavior of the built-up cold-

formed steel column sections comprising of two channels linked back to back with the batten 

plates. The sections were modeled in ABAQUS software. The material properties such as yield 

stress, modulus of elasticity and imperfection factors also were included in the developed 

sections. The boundary conditions were provided as pin-ended by allocating the appropriate 

displacement and rotation at both ends of the built-up column. The ultimate load-carrying 

capacity deformed shapes of the sections were obtained. The test results have been validated 

with numerical analysis using the ABAQUS software. Comparison of the mean and standard 

deviation of the finite element modeling and effective width method of built-up battened 

columns are quite conservative according to the given section. Available results show the design 

strength of the column is increased when the overall slenderness decreased. Finally, it has been 

concluded that the given models are fairly conservative for the built-up battened columns failed 

due to local buckling and it is unconservative for the built-up columns failed due to elastic 

flexural buckling. 

(Bharat C.Halagalimath.and Kiran Koraddi., 2019) studied mainly the behavior of cold-formed 

steel sections under flexure by assuming three model sections C-10, C-20 and C-30 by increasing 

their lip depth such that specimen C- 10 has lip depth of 10mm, C-20 has 20mm and C-30 has 

30mm also all the rest of dimensions and sectional properties are kept the same. Then the effect 

of variation in lip depth is studied, the nature of buckling and the different modes of buckling are 

studied using constrained and unconstrained finite strip method (CUFSM) software. The lips are 

observed to add up the overall stiffness of the sections. The effect of lip depth is seen on the 

moment carrying capacities as evaluated by IS801-1975 and AISI-S100-07. Mode of failure was 

due to local buckling in all the three sections as observed from CUFSM analysis and the lip 

depth of the sections doesn’t affect the deflections much. 

Experimental investigation Carried by (Maura Leece.and Kim J. R. Rasmussen., 2004) on 

distortional buckling behavior of cold formed stainless steel sections. The paper described the 

experimental procedures used for testing distortional buckling of simple lipped channels and 

lipped channels with intermediate stiffeners for austenitic 304, ferritic 430 and ferritic-like 3Cr12 

(chromium weldable steel) stainless steel alloys. Material properties vary with each alloy and 

they depend on the direction of loading. The strength enhancement due to work hardening in the 

brake-pressed corners is particularly pronounced for the austenitic 304 alloy, with a proof stress 

2.33 times larger than the flat sheet material. Non-linear stress strain behavior with a markedly 

low proportionality stress leads to a significant loss of stiffness at low loads and this is reflected 

in the test results.  

Experimental investigation on the effect of screw fastener spacing on the local and distortional 

buckling behavior of built-up cold-formed steel columns by (David C. F. Etal. 2016) addressed 

specifically, deep lipped channel sections in a back-to-back, screw connected form and were 

chosen for their local and distortional slenderness to study the effect of fastener spacing and 

layout on local and distortional buckling and collapse behavior. The screw spacing is varied from 
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L to L/6, where L is the column length, with and without varying lengths of end fastener groups 

(EFG), which were a prescriptive layout of fasteners at the ends of built-up columns that is 

required by AISI S100-12 and is intended to insure end rigidity and increase composite action. 

Results yield two general types of deformation modes: compatible (where the connected webs 

conform to the same buckling shape) and isolated stud buckling. Buckling loads and deformation 

are shown to be affected by the tighter screw spacing. The test result showed that the stiffness 

and strength of two studied built-up CFS columns, with stiff end bearing conditions, that buckle 

and fail in either local and/or distortional modes are not highly dependent on the layout of 

fasteners that connect the two members. In particular, a costly end fastener grouping consisting 

of a large series of fasteners at the member ends is not shown to appreciably improve the local 

and distortional buckling behavior or capacity of the built-up CFS column.  

(Anbarasu., 2019) Conducted experimental and numerical simulation on the behavior and 

strength of CFS built-up battened box column composed of lipped angles under axial 

compression. Tests on 10 built-up battened columns were undertaken in the scope of this 

investigation for two different types of built-up sections by varying the member slenderness, 

plate slenderness (width-to-thickness ratio of chord), chord slenderness and batten plate 

slenderness with measured initial geometric imperfections. It was found that the chord 

slenderness significantly affects the compressive strength of the built-up columns. When the 

chord slenderness is altered by increasing the depth of batten plate from 50 to 100 mm for the 

same column cross-section and overall member slenderness (length), the axial compression 

resistance was increased by 5.8%, 7.7% and 9.2% for nominal overall member slenderness of 20, 

30 and 40, respectively. Increase in axial compression resistance by 5.5% and 6.7% when 

doubling the batten plate depth from 60 to 120 mm for the overall member slenderness of 20 and 

30, respectively. The test strengths were compared with the design strengths predicted using the 

North American Specifications (AISI-S100:2016) and Eurocode (EN1993-1-3:2006). Observing 

the obtained results, the chord slenderness significantly influences the axial compression 

capacity of CFS built-up battened columns. The FE models of the built-up battened columns 

were developed by including the geometry, material nonlinearities, fastener modeling and 

geometric imperfections. The test results were compared with the design strength predictions 

calculated using the North American Standards and European Standards for CFS sections. By 

comparing the axial compression resistance of the built-up battened column which have the same 

nominal cross-section and overall slenderness but different in chord slenderness, it was found 

that the built-up section with low chord slenderness gives higher result than section with higher 

chord slenderness, which shows that the chord slenderness significantly affects the axial load 

compression resistance of the CFS built-up battened columns. The predicted axial compression 

resistances of the FE models were also in good agreement with the test results.  

 (Ziqi H.etal, 2020) studied the structural performance of cold-formed steel columns reinforced 

by channel sleeve under axial and eccentric compression due to the weak torsional stiffness of 

cold-formed thin-walled channel members, distortional buckling behavior maybe controlled the 
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ultimate load-capacity under certain conditions. Therefore, a new section reinforced by channel 

sleeve is proposed in order to improve the structural capacity of channel columns in this paper 

and is performed on the axial and eccentric compression tests. The influence of channel sleeve 

spacing on the bearing capacity and failure mode is studied, and the beneficial effect of the 

channel sleeve on the bearing capacity is verified. In addition, the numerical model is used to 

analyze the parameters such as the slenderness ratio of the specimen, the magnitude and 

direction of eccentricity. The influence of these parameter changes on the structural performance 

of the members under the action of axial and beam-column compression members is obtained. 

ABAQUS finite element software was used to analyze the bearing capacity and buckling mode 

of the compression column with channel sleeves. The analysis results show that the setting of 

channel sleeves can increase the bearing capacity of the compression column with distortional 

buckling, and the improvement of the bearing capacity increases as the distance between the 

channel sleeves decrease. However, the effect of improving the bearing capacity of the column 

with local buckling and flexural buckling is not significant. 

(Ahmed Shamel Fahmy.etal.2018) Estimated the Ultimate Load of Cold-Formed Steel Double 

Lipped Channel Columns Using a Simplified Method. Numerical investigations of buckling 

behavior are accomplished by using FE software ANSYS 16. The comparison between results 

obtained from the numerical method (FEM) and the proposed simplified method was achieved to 

validate the precision of the simple prediction method. An extensive parametric study is 

performed to analyze the performance of 215 lipped channel columns under axial pure 

compression. The specimens were classified into three zones depending on the values of their 

slenderness ratio. Each zone is divided into sub-zones based on their web to depth ratio. Ultimate 

loads obtained from the proposed method were compared to the ones obtained from FEM and 

they achieve a good match in all zones varying between ±15percent. Also the proposed method 

is applicable for columns that consist of 2-channels back to back. It achieved ultimate load 

values about 90% of those obtained from FEM. The positions of connections between the two 

channels have a great influence on the column’s ultimate load value.  

(Busanaboyina Jagadish Chakravarti., Bhamidipati Sai Krishna., 2019) Conducted experimental 

study on buckling behavior of cold formed light gauge steel angle columns subjected to eccentric 

loading and validating the results in the finite element model by using the finite element software 

ABAQUS/CAE 6.14. Finite element nonlinear analysis of cold-formed steel angular columns 

were done by the static risk procedure available in the finite element package ABAQUS/CAE 

6.14 which followed by eigen value buckling analysis done by linear perturbation step available 

in ABAQUS. From Eigen value buckling analysis buckling modes and loads are obtained. The 

ultimate load carrying capacity of the column decreases with increase in width to thickness ratio 

and, decrease in thickness of the column. The decrease in the load carrying ability with rise in 

width to thickness ratio is mainly due to plate buckling, predominantly due to local buckling of 

the member. Test results obtained from non-linear analysis in ABAQUS were compared with 

experimental results for lesser width to thickness ratio; the column ability predicted by 
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ABAQUS was in good concurrence with the experimental results. It can be seen that the local 

buckling starts in the sections with a larger flange width than the flange width lower width. The 

final load predicted by the ABAQUS / CAE 6.14 finite element analysis software is consistent 

with the experimental results. It should therefore be considered as an alternative method to the 

experiments. 

Experimental Investigation by (David C.Fratamico.etal.2017) on buckling and collapse behavior 

of screw fastened, built-up cold-formed steel columns of varying cross-section size. 

Understanding the behavior and strength of screw-fastened built-up cold-formed steel (CFS) 

columns was important, as they were used with increasing frequency in CFS framing. The test 

series presented herein was developed to analyze a range of section types, fastened in a common 

back to-back built-up section; fastener layouts were studied and cross-compared with section 

types and steel plate thicknesses. A costly end fastener grouping consisting of a large series of 

fasteners at the member ends is shown to boost the capacity of columns only when buckling in 

minor-axis flexure, but even then, only a limited boost. As most columns in CFS structures were 

sheathed and/or braced, local and distortional buckling dominates the failure mode and column 

capacity, and therefore the EFGs (prescriptive end fastener groups) were not important. Ongoing 

work developed better design methods that incorporate more accurate estimations of column end 

conditions and explicit modeling of web fasteners. In doing so, the feasibility of partially-

composite column curves can then be fully assessed. 

(K.Thiyagu.etal.2019) investigated the behavior of Built -Up cold formed steel compression 

member. Cold formed built – up octagonal shaped closed box sections were tested under axial 

compression and the ends of columns were simulated as hinged ends with varying lengths and 

the test strengths were compared with strength values obtained from theoretical analysis and 

concluded that: Even though the failure modes of the columns involved local buckling, 

distortional buckling of the webs and flexural buckling, the significant mode of failure is 

controlled by distortional buckling. Ultimate load carrying capacity is inversely proportional to 

slenderness ratio (L/Ri ratio). When the slenderness ratio (L/Ri ratio) decreases the ultimate load 

carrying capacity of the specimens has been increased. 

( Francisco Javier Meza Ortiz., 2018) carried out experimental and numerical investigation of 

built-up cold-formed steel stub column at the University of Sheffield. An experimental and 

numerical programmed of 20 built-up CFS stub columns with four different cross-sectional 

geometries and assembled using two different types of connectors is presented. All parameters 

that were thought to affect the buckling response of the built-up specimens, in particular the 

material properties, geometric imperfections and connector behavior, were measured and 

incorporated into detailed FE models. The stub column tests showed that reducing the connector 

spacing results in an increase in ultimate capacity which ranges from modes (up to 11%) to 

negligible for the range of geometries and connector spacing’s considered in the program. In 

some cases geometry a slight reduction in ultimate capacity was observed with reduced 

connector spacing. A good agreement was achieved between the predictions of the FE models 
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and the test results, with differences in the ultimate load of less than 6 % for all geometries 

tested. Different approaches to modeling the connector behavior were investigated in the FE 

models. However, it was concluded that the modeling approach by extension the actual 

connector behavior does not have a significant effect on the ultimate capacity of built-up CFS 

stub columns. 

(Yao Xingyou., 2021) Carried out experimental investigation and numerical analysis using direct 

strength method of built-up cold-formed steel (I-section) columns under axial compression force. 

Built-up I-section connected together with two lipped channel sections by screws through the 

webs is the most common built-up members used in CFS building. A total of 56 CFS built-up I-

sectional columns were tested. Based on the experimental investigation, numerical simulation, 

and theoretical analysis, conclusions were drawn as follows. Interaction of local and distortional 

buckling and interaction of local, distortional, and overall buckling were observed in this test 

study. Interaction buckling had a significantly affect on the buckling behavior of CFS built-up I-

sectional columns under axial compression. Built-up columns showed great composite action 

through the web screws. Spacing of screws and the end fastener group had a certain effect on 

ultimate strength of built-up columns, especially for columns failed with global buckling. 

Numerical simulations for buckling modes and ultimate capacities of built-up I-sectional 

members were reliable and accurate. Finite element parametric analysis indicated that the 

slenderness ratio had great influence on ultimate strength and stiffness for the built-up I-sectional 

members failed with local-distortional-overall buckling interaction and a few effect for the built-

up I-sectional members failed with local distortional buckling interaction. Spacing of screws and 

the end fastener group had a certain influence on ultimate strength of CFS built-up I-sectional 

columns when the built-up members had large spacing of screws. Ultimate strength predicted 

using the proposed direct strength method in this paper can agree well with the test results and 

finite element results when the elastic distortional buckling and the elastic global buckling stress 

of the CFS built-up I-sectional columns were predicted by keeping the built-up cross section as a 

whole I-section, and a single C-section is used to determine the elastic local buckling stress. 

Comparison indicated that the proposed DSM design method is reliable for the common CFS 

built-up I-sectional columns in this paper. It needs to further verify for other CFS built-up I-

sectional columns. 

Analysis and design of hot-rolled and cold-formed steel industrial building was done by (Roshan 

S Satpute.and Valsson Varghese., 2012)for multi-storey building by considering various 

sectional properties. The total weight of cold- formed steel industrial building having area 

15×50m and  eave height 5 m, was found to be 15.92 Ton and  cost of building is estimated 

11.14 Lakh. The cost of cold formed steel is 70Rupees/Kg. The total weight of conventional 

industrial building having area of 15×50m and eave height 5m was, found to be 25.159 Ton and  

cost of building is estimated 15.09 Lakh. Cost of hot -rolled steel is 60 Rs/Kg. With the analysis 

and design of section, it has been observed that by using cold formed steel building instead of hot 

rolled steel building the material is saved was 9.239 T and cost saved to 5.54 lakh  with spacing 
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of centre to centre main frame is 7.14m. By using cold formed steel building instead of hot rolled 

steel building the material saved was 13.92 T and cost saved to 8.35 lakh with spacing of centre 

to centre main frame is 6.67m. In industrial building the material & cost of the building is 

minimized in case of cold formed steel while in case of conventional building it was be higher 

both in two cases. The saving in material and cost is about 25 %. 

2.4. Critique of the existing literature relevant to the study 

Cold-formed steel structural elements and its applications have extensively increased. Despite 

the advances in the development of cold-formed structures, the level of its use was still 

significantly lower than the hot-rolled steels. A considerable factor that caused this imbalance 

application was the absence of standards and norms.  Much of the current understanding of built-

up members is based on hot-rolled built-up sections. Only a handful of experiments of cold-

formed built-up sections were conducted. Experimental, analytical and theoretical investigations 

carried out on cold-formed steel channel sections with the comparison of strengths from the 

experimental results with finite element analysis and design strengths compared with different 

national and international codes. From the available literature, it is observed that behavior of 

cold- formed steel channel sections under compression and eccentric compression with and 

without lips have been carried out by various authors. Tests on perforated cold-formed angles 

subjected to axial compressive loading show that the presence of perforations results in reduction 

of the ultimate capacity of the specimens. Although cold-formed steel members have been 

researched for a long time, the stability problem is not fully understood. Different countries 

national and international codes of standard did not have a means (equations) of calculating 

imperfections. In reality, basically the two types of imperfections: geometrical and material 

(mechanical) imperfections are always present.  

2.5. Summary 

A literature review of the previous researches, which broadly investigated the elastic buckling 

behavior, is conducted and it reveals that there is no enough information about the buckling 

behavior of cold-formed steel shapes with different slenderness range. Most of the previous 

researchers findings limited in experimental investigation of cold-formed double symmetric 

sections. Yet, current specifications offer very limited guidance for analysis of built-up cold 

formed steel members. Mechanical properties of cold-formed steel sections differ from the 

commonly used hot- rolled steel sections, because of cold-formed steel sections are influenced 

by its manufacturing process as described earlier and need to be inspected accurately to study the 

behavior of cold-formed sections. The geometric properties of the cold formed steel channels 

were taken from the table catalogue (IS:811-1987, 2011). For hot-rolled steels, the yielding point 

is well defined by the time as the stress-strain curve becomes horizontal; in the case of cold-

formed steels the yielding point is not so clear, as the stress-strain curve is gradually growing 

reaching the yielding stage without a visible peak and not considered accurately by the limitation 

of standards and norms. Distortional buckling mode is a relatively new and less researched 

buckling mode compared to the other buckling modes and the reduction of the overall column 



Jimma University                                                                           Jimma Institute of Technology 

Civil and Environmental Engineering, School of graduate study Page | 21 
  

strength due to interaction effect of the local and overall column buckling is less researched 

buckling behavior.  

The demand of the construction industry call for innovation in the design of cold-formed steel 

structures and built-up sections is one of such innovation. There are insufficient guidelines in the 

current codes and design standards to better estimate the load bearing capacities of built-up 

sections. More design rules needed to provide guidelines for the design of built-up sections such 

as back-to-back without gap, back-to-back with gap, face to face without gap, face to face with 

gap, battened, and laced columns. The load bearing capacities of built-up sections is governed by 

the gap in between the chords, spacing and stiffness of connectors. Rules for modification of the 

design of cold-formed steel needs to be developed to better reflect the behavior of cold-formed 

built-up sections. 
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CHAPTER THREE 

RESEARCH METHODOLOGY 

3.1. Research Design 

The research is exploratory type and it begins by taking samples and it follows the procedures 

including: taking a sample of CFS-channel section from specification for cold-formed light 

gauge structural steel sections, Soft ware modeling, analysis and interpretation. Finally, the FEA 

software result was compared with the test results taken from the available literature.  The steel 

material properties adopted in FEA software for the structural CFS-sections was done based on 

the rules specified in (EBCS EN 1993-1-1:, 2013)code, which is the reference standard. This 

research design is carried out on the numerical buckling analysis of the sections with pin- end 

condition. The simulation and analysis was carried out by FEA software in ABAQUS 6.13-1 to 

obtain the maximum buckling load and failure mode of the CFS column sections. For this 

analysis an axial compressive load of 1Newton is applied over the top node of the CFS column 

sections.  

3.2.Research process  

  

Figure 3.1.Research process 

Literature review and  
concept development

Statement of the problem

Formulation of research 
questions

Taking sample

Software modeling, analysis 
and interpretation

Comparison of FEA result in 
ABAQUS with test  results

Draw of conclusion 
and 

recommendations
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3.3.Study Variables 

3.3.1. Dependent Variable 

 Buckling behavior of built-up cold-formed steel un-lipped rectangular channel column 

sections (ultimate load and failure modes) 

3.3.2. Independent Variables 

 Cross-section geometry (shape, rectangular CFS-channel without lip and cross-section size 

of 200x80x4mm)  

 Column length(short to long ) 

 The end conditions of the column (Pinned-end) 

 Rectangular CFS-channel section orientations(C-channel,BU and BTB) without lips 

 Slenderness ratio of the columns(λc )and  

 Connectors spacing along the column length(constant 400mm center to centre) 

3.4.Population and Sampling Method  

3.4.1. Population  

The populations under this research were single and dual- built-up rectangular cold-formed steel 

channels without lips of size 200x80x4mm column section at lengths of 0.6, 1, 1.4,2, 2.5, and 3 

meters. The dimensions and section properties were taken from rectangular channel-section 

without lips catalogue for the results of the finding. These populations enable the researcher, to 

obtain the necessary data for this research. 

3.4.2. Sample Size  

200x80x4mm cross-section size single and dual- built-up rectangular cold-formed steel channel 

columns without lips at 6 different lengths and boundary conditions of pin- end were considered 

with a total of 18 modeling.  

3.5. Sampling Procedure 

The non-probability sampling method of purposive sampling technique was implemented in 

order to pick out the rectangular channel sections without lips from the specification for cold- 

formed light gauge structural steel sections for the requirement of the section to be in line with 

the section investigated experimentally to its validation, which is important variable considered 

for this particular research.  

3.6.Sources of Data 

To evaluate the buckling behavior of the columns in adequate and reliable manner secondary 

sources of data such as text books and relevant journals published by competent authorities was 

used. These literatures show the buckling behavior of different CFS steel column sections and 

their associated usage for practical implementations. Data can also found from code 

specifications and FEA of ABAQUS 6.13-1 software package.  
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3.7.Data Collection Procedure 

The method engaged in this research involves qualitative and quantitative data. A literature 

search involved a thorough review of recently published journals and previous research in the 

area of buckling behavior of CFS-channel column sections and the steel materials mechanical 

behavior. 

3.8.Data Presentation and Analysis 

3.8.1. Data Analysis 

In evaluating the buckling behavior of CFS-channel column sections, data collected through 

review of recently published journals and previous research in the area was used as an input for 

FEA in ABAQUS software and compared with the test results taken from the available literature 

for pin-end boundary conditions. The FEA in ABAQUS is validated with the test results.  

3.8.2. Data Presentation 

Finally, the analysis output of this thesis is presented using tables, graphs and charts.  These 

tables, graphs and charts states in detail the maximum buckling load and mode of failure at 

different column heights with pinned-pinned end conditions were presented.  

3.9.Finite Element Modeling  

For this study ABAQUS 6.13-1(2013)/ ABAQUS CEA.link version which is suitable for 

analysis and visualization was used to develop a non-linear elasto-plastic FE models for both, 

single and dual built-up CFS rectangular channel cross-sections without lip. A solution sequence 

in ABAQUS consists of modeling, analysis and finally visualization. ABAQUS is built on 

modules (in essence part module, property module, assembly module, step module, interaction 

module, load module, mesh module, job module and visualization module) following a logical 

order of the modeling process. After modeling, the analysis was performed and the output 

database generated. Lastly, the visualization module allows reading the output database results. 

Rectangular channel and dual built-up cross-sections without lip was modeled by providing 

appropriate co-ordinates along with the length of the channel with the two pin ended condition. 

Deeper knowledge about the software has been received by reading the user manual SIMULIA 

(2013). The manual was essential for the contents of this chapter. CFS-channel section of 

200x80x4mm size was investigated in this research. The detailed descriptions of the sections 

used in this FE (ABAQUS) analysis shown below. 
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Table 3.1.Cross section properties of rectangular CFS-channel section without lips used in FE 
analysis (IS:811-1987, 2011) 

3.9.1. Modeling procedure 

The model database in ABAQUS was a standard/explicit. Since ABAQUS is unit less, in order 

to be consistent to get the correct magnitude of the results, the models were chosen to follow SI 

units’ in terms of N, mm and MPa.  

3.9.2. Geometric modeling of CFS-sections 

 Each column was modeled in 3D- modeling space of deformable extruded solid base feature 

with approximate size of 1000. The 3D solids elements were with 6 degrees of freedom per node. 

The degrees of freedom were translation and rotational in the x, y, z directions. Figure3.2. were 

the section analyzed which is a rectangular single and dual built-up CFS-section with two 

different orientations, whose characteristics dimensions are: web depth of 200 mm, web width 80 

mm, thickness 4mm and  6mm root radius at the four corners. The column is 600 mm to 3000 

mm lengths. The following CFS-channel cross-section shapes were sketched using the create line 

connected option by entering x, y coordinate dimension option, entering the depth of the column 

that needed to extrude in edit base extrusion and the required sketch is shown below. 

  

 

a) CFS- section sketch b)  CFS- Extruded 3D solid section 
  

 

Figure 3.2.CFS- section and dual built-up columns 

Designation 
(hxbxt), 

mm 

Root radius 
Ri, 

mm 

Mass per 
unit meter 

Kg/m 
 

Area of section 
A 

cm2 

Centre of gravity 
cy 

cm 
 

Shear Centre 
x0, 

cm 

 

200×80×4 6 10.8 13.7 1.98 4.48 
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3.9.3. Material modeling 

An elastic-plastic model was used for modeling the overall geometry of single and built-up 

channel sections. In order to define the isotropic yielding and plastic hardening of the steel, the 

material nonlinearity was included in the FE model by specifying the true values of stresses and 

strains were converted to true stress (strue) and plastic strain (vplastic) using the following 

equations as stated in the appendix; strue = fyb (1+veng, el) and vtrue, pl = vtotal - strue/E 

(Moosbrugger Charles., 2002). Steel mass density of 7850 kg/m3 (general), Young’s modulus of 

210Gpa and Poisson’s ratio was set to 0.3, to access solid homogeneous section.  

3.9.4. Assembly and step modeling  

Single rectangular CFS- channel section without lip instance were translated in linear pattern and 

rotated by the intended angle to produce the dual back to back and face to face built-up columns.  

All the instances were assembled as independent (mesh on instance). The type of FE analysis 

done to account for buckling of both single and built-up sections was linear elastic analysis 

performed using linear perturbation (buckle) procedure available in the ABAQUS library. Ten 

(10) numbers of eigenvalue have been provided and 500 maximum numbers of interactions was 

entered. The linear perturbation analysis step is created such that the response can only be linear. 

3.9.5. Contact modeling (interaction) 

Surface to surface tie contact was used for modeling the interaction between the webs of back-to 

back and flanges of face to face un-lipped rectangular CFS-channels. Master-slave surface 

contact pair option, available in ABAQUS library (2013) was used between the channels. The 

web or flange of one un-lipped channel was modeled as slave surface, while the web or flange of 

other un-lipped channel section was considered as the master surface respectively. Constraint 

conditions between un-lipped channels joined by the two orientations were modeled using 

surface to surface tie connector elements provided in ABAQUS library (2013). Constraint 

conditions between the webs of back-to back and flanges of facet-to-face channels were modeled 

adequately, so there is no slip between the channels to act as a rigid body. There was no 

penetration between the two contact surfaces.  
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a) BTB, CFS- column 
 

b) BU, CFS- column 

Figure 3.3.Surface to surface tie contact modeling 

3.9.6. Modeling of boundaries and loading procedure 

Pin-end boundaries were applied for all FE models of both single and dual built-up channel CFS 

columns. Pin-end boundary condition is modeled by applying translations and rotations free to 

top and bottom end of the CFS un-lipped channels at the reference points. The reference point 

was considered as center of gravity (CG) of the cross section of un-lipped single and built-up 

channel-sections. The Pin-end boundary conditions for both single and built-up CFS rectangular 

un-lipped channel sections were modeled by providing translations fixed in x, y, translation free 

in z and rotations free in all x, y, z axis’s at the top loaded end, and bottom end translations fixed 

in all x, y, z and rotations free in all x, y, z axis’s that modeled at the centroidal axes of the 

column section. 

These boundary conditions were applied to the independent node of the rigid fixed MPC (Multi 

Point Constraint) located at the geometric centroidal axes of the section at top and bottom end of 

the model in the initial step. Dependent nodes were connected to the independent node using 

rigid beams and all six structural degrees of freedoms are rigidly attached to each other. This 

MPC acted as a rigid surface that was rigidly connected to the upper and lower end of the 

columns. The axial load is applied by specifying an axial compressive unit load of 1 Newton at 

the top end MPC node of the column, which is identical to the pin-ended column tests in analysis 

specific buckle step.  
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 a)Single CFS- channel section b)BTB, CFS- channel section c) BU, CFS- channel section 
   

Figure 3.4.MPC (multi point constraint) beam rigid region boundary conditions 

   

 a)Single CFS- column b)BTB, CFS- column c) BU, CFS- column 
Figure 3.5.Reference points and applied loading in the FE model for typical 600mm CFS-column 
length 

3.9.7. Element Type and Finite Element Mesh  

In the analysis presented in this document, the element type C3D20R in ABAQUS 6.13-1 

element library was used to mesh a 20-node quadratic brick, reduced integration solid three-

dimensional geometry using hexahedral element shape un-lipped rectangular CFS-channel 

columns. To decide on the appropriate mesh, various mesh configurations were examined in an 

attempt to settle on the appropriate mesh that grants the most accurate results and ensures 
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utilization of the minimum computational time. A high mesh density increases the accuracy of 

the results obtained at the expense of computation time, while low mesh density can lead to 

unacceptable errors. 10 mm × 10 mm (length × width) mesh was used for convergence of model used 

in the present FE analysis since it gives an acceptable combination of accuracy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 a)Single CFS- column b)BTB, CFS- column c) BU, CFS- column 
Figure 3.6.Finite element mesh 

Load versus slenderness analysis was conducted on the cold formed single and built up sections 

under axial compression on un-lipped rectangular channel shapes at lengths of 0.6, 1, 1.4, 2, 2.5 

and 3meters with pin-end support conditions. Elastic buckling analysis has been performed; 

results displayed with the deformed shape of the columns and results viewed by clicking the plot 

contours available on the ABAQUS library (2013). Output has been taken by using the ODB file 

output on viewport data which includes lateral deflections and deformed shapes have to be 

determined for predicting the ultimate load-carrying capacity of the column.  
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3.9.8. Validation of the Model 

The analytical model was validated in comparison to an experimental research on ultimate load 

of lipped rectangular built-up cold formed steel channel column section known as KS20020C 

done by (Fadhluhartini Muftah.etal, 2014). From the experiment, it was found that the ratio of 

single to built-up column are greater than 2 were observed for all columns except for 2 m length 

of BTB and 2.5 m length of BU . The short column fails due to yielding of cross section; hence it 

can achieve full effective cross-sectional strength and effective to act as built-up column. 

Meanwhile, long column, fails due to varieties of buckling cause the built-up column difficult to 

attain its full cross-sectional strength. From the finite element model, it was found that the ratio 

of single to built-up column are greater than 2 were observed for all columns except for  2.5 and 

3 meter length for both BTB and BU built-up columns with is greater than 3 were observed. The 

comparison results include ultimate capacity and mode of failures. In these comparisons, the 

length increments were selected such that column is from short to long assuming elastic 

buckling. In this study, eighteen numbers of channel sections were analyzed. 
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CHAPTER FOUR 

RESULT AND DISCUSSION 

4.1. Results  

The ultimate load determined when a concentrated compressive unit load of 1 Newton was 

applied at the column top end. The simulation was divided into three types, single, dual back-to-

back (BTB) I-section, and dual face-to-face, box-up (BU) sections of un-lipped rectangular 

channel. The slenderness ratio accounts the geometric property of column according to its 

effective length and its cross-section properties. The aim of the FE analysis was to investigate the 

improvement in capacity of the built-up column sections due to the effect channel orientations. 

The various buckling strengths determined were; local, distortional and global buckling modes. 

The elastic buckling load was selected based on lowest values among 10 numbers of eigenvalue 

requested in ABAQUS FEA buckling results. Significant strength reduction occurred for both 

single and built-up CFS channel columns as the length increases. Various failure modes and 

associated failure shapes presented as below.  

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

a)Single CFS- column b)BU CFS- column c) BTB CFS- column 
Figure 4.1.Ultimate load and buckling modes of single and built-up 600mm CFS-columns 
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a)Single CFS- column b)BU CFS- column c) BTB CFS- column 
Figure 4.2.Ultimate load and buckling modes of single and built-up 1000mm CFS-columns 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a)Single CFS- column b)BU CFS- column c) BTB CFS- column 
Figure 4.3.Ultimate load and buckling modes of single and built-up 1400mm CFS-columns 
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a)Single CFS- column b)BU CFS- column c) BTB CFS- column 
Figure 4.4.Ultimate load and buckling modes of single and built-up 2000mm CFS-columns 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a)Single CFS- column b)BU CFS- column c) BTB CFS- column 
Figure 4.5.Ultimate load and buckling modes of single and built-up 2500mm CFS-columns 
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a)Single CFS- column b)BU CFS- column c) BTB CFS- column 
Figure 4.6.Ultimate load and buckling modes of single and built-up 3000mm CFS-columns 

4.2. Discussion 

In this study two results have been discussed: the ultimate load and failure modes of single and 

built-up CFS channel columns. Calculation shows that the back-to-back I-section and face-to-

face box-up sections yield higher value compared to double of single channel value in term of its 

buckling capacity. As the column lengths were increased the ultimate load was decreasing as 

expected. However the reality column did not fail in linear relation to its slenderness. Various 

factors could affect the column strength, such as imperfection in length and imperfection in 

cross-section of the CFS column. The short column fails due to yielding of cross section; hence it 

can achieve full effective cross-sectional strength and effective to act as built-up column. Two 

considerations are used in calculating the BTB and BU capacity. First, the CFS is analyzed as I-

section of BTB and box section for BU. Second, both BTB and BU is analyzed as double of 

single channel capacity. The length of the column was determining the slenderness ratio of the 

column. The tables tabulated below shows the FEA results in terms of buckling strength for both 

single and dual built-up CFS columns predicted in ABAQUS 
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Table 4.1.Single channel FEA column load in ABAQUS 

Designation 
(mm) 

Length  
(mm) 

Slenderness 

λ(Leff/i) 

maximum buckling load(KN) 

Single channel 
(C) 

2*Single channel 
(2C) 

 
 
 

200X80X4 

600 25 465.862 931.724 

1000 42 441.712 883.424 

1400 59 435.572 871.144 

2000 84 426.793 853.586 

2500 105 278.621 557.242 

3000 126 193.08 386.16 

 

Table 4.2.Back-to-back (BTB) FEA column load in ABAQUS 

Designation Length Slenderness maximum buckling load(KN) Ratio 
BTB/2C 

 

(mm)  
(mm) 

 

λ(Leff/i) 

Back-to-back  
(BTB) 

2*Single channel 
(2C) 

 
 
 

200X80X4 

600 25 977.84 931.724 1.05 

1000 42 919.468 883.424 1.04 

1400 59 899.547 871.144 1.03 

2000 84 888.837 853.586 1.04 

2500 105 842.272 557.242 1.51 

3000 126 590.833 386.16 1.53 

 

Table 4.3.Face-to-Face, Box-up (BU) FEA column load in ABAQUS 

Designation 
(mm) 

Length 
(mm) 

Slenderness 

λ(Leff/i) 

maximum buckling load(KN) Ratio 
BTB/2C Face to face box-up 

(BU) 
2*Single channel 
(2C) 

 
 
 

200X80X4 

600 25 993.315 931.724 1.07 

1000 42 919.006 883.424 1.04 

1400 59 898.236 871.144 1.03 

2000 84 887.592 853.586 1.04 

2500 105 882.883 557.242 1.58 

3000 126 766.539 386.16 1.99 
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Table 4.4.the ratio of single to built-up column (Experimental) 

 

Table 4.5.the ratio of single to built-up column (FEA in ABAQUS) 

Designation 
(mm) 

Length 
(mm) 

Slenderness 
λ(Leff/i) 

Single C 
ultimate 

load 
(KN) 

BU 
ultimate 

load 
(KN) 

ratio 
BU/C 

BTB 
ultimate 

load 
(KN) 

Ratio 
BTB/C 

 
 
 

200X80X4 

600 25 465.862 993.315 2.099 977.84 2.132 

1000 42 441.712 919.006 2.082 919.468 2.081 

1400 59 435.572 898.236 2.065 899.547 2.062 

2000 84 426.793 887.592 2.083 888.837 2.080 

2500 105 278.621 882.883 3.023 842.272 3.169 

3000 126 193.08 766.539 3.060 590.833 3.970 

 

The short column capacity can be predicted as doubling of single capacity; however, it was 

slightly differed. Meanwhile, long columns fail due to varieties of buckling cause the built-up 

columns difficult to attain its full cross-sectional strength.  

The higher differences were found at the slenderness ratios for length of 2500 mm and 3000 mm. 

2500mm and 3000mm length of both BU and BTB results in higher ultimate load compared to 

buckling load when designated as dual built-up-section and considered unsafe. The BU and BTB 

columns observed were fails due to elastic local and distortional buckling of cross-section at a 

certain point along the column; the FEA load of BU and BTB column was higher as it has 

approached to its compression capacity. The differences in results may be due to element 

slenderness, the effect lips to add up the overall stiffness of the sections and the failure of column 

is not governed by this two buckling mode, there may be interacting buckling modes especially 

for intermediate and high slenderness ratio for all column types. The ratio of single to built-up 

columns greater than 2 were observed for all columns except for 2500mm and 3000 mm length 

of built-up BU and BTB CFS columns as tabulated in tables above. 
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Figure 4.7.Ultimate capacity of single (C), face to face box-up (BU) and Back-to-back (BTB) 
cold formed steel (CFS) columns from test result (Experimental). 

 

 

Figure 4.8.Ultimate capacity of single (C), face to face box-up (BU) and back-to-back (BTB) 
cold formed steel (CFS) columns from FEA in ABAQUS 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

5.1. Conclusions 

Elastic buckling analysis of single and built-up cold-formed steel column was performed with 

numerical analysis. ABAQUS finite element software was used to analyze the ultimate capacity 

and buckling mode of single and built-up CFS un-lipped rectangular channel columns from short 

to long lengths and pin-end boundary conditions. The analysis results show that the dual-channel 

with different orientation can increase the ultimate capacity of the compression column. In each 

case, the elastic buckling loads was determined using the FEA in ABAQUS taking into account 

the actual column length, material non-linearity and end boundary conditions. 

According to the results obtained from the findings of performed numerical, finite element 

analysis and literature review; the following conclusions were drawn:  

 Ultimate buckling loads of both single and dual built-up CFS channel columns decrease as 

the length increases. 

 Non-linear stress strain behavior with a markedly low proportionality stress leads to a 

significant loss of stiffness at low loads and this is reflected in the analysis results. 

 Mainly three types of interaction buckling failures were identified for CFS: (i) Local flange 

and global, (ii) local web and global and (iii) local web/flange and global interaction 

buckling. The reduction in ultimate load capacities of CFS subject to interaction buckling 

was greater with local web and local flange buckling than with over all buckling. 

 The dual built-up channel has significant influence on the columns failure mode. The column 

buckling was postponed effectively or even prevented from happening due the presence of 

built-up dual channel. The dual built-up channels had significant contribution on the columns 

ultimate load under the axial centric loading. The ultimate capacity of the column with dual 

built-up channel was greater by more than 51% of the column without dual built-up channel.  

 The structural response of the built-up CFS columns composed of two un- lipped channels in 

this study was significantly affected by the local and distortional buckling than overall 

buckling behavior.  

 For the intermediate column distortional buckling is the dominant failure. The failures 

pattern of local buckling was observed from 600 mm to 1400mm length of members. The 

failures pattern of local and distortional buckling was observed for 2000 mm and 2500 mm 

length of columns. Distortional and flexural buckling was observed when the length of 

column increases to 3000mm.  

 The study and review helped better understanding of the buckling modes and the effect of 

channel orientations on the buckling behavior. The orientation of the column substantially 

impacts the ultimate load and buckling mode shapes of the built-up dual columns. 
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 Comparison of test results with FEA shows good agreement and that FE models can be used 

for predicting buckling behavior of the un-lipped channels that were built up. 

5.2. Recommendation 

The following recommendations should be considered for future researchers and practitioners to 

further investigate the behavior of built-up column sections considering different CFS shape and 

orientations.  

 Study on the effect of varying plate slenderness ratios in terms of web-flange ratio and 

flange-thickness ratio on the behavior of back-to-back and face to face built-up CFS column 

shapes with and without a gap by more finite element modeling. 

 Further in depth study on buckling behavior of slender built-up CFS columns.   

 Additional work is needed to provide experimental data on different built-up cross-section 

types, orientation details and layouts, and continue to explore interacting buckling modes of 

built-up columns.  

 Particular attention should be given to the interaction of global and local buckling which can 

result in excessive sensitivity to imperfections and in unstable behavior.  

 Experiments on selected CFS sections subjected to local and global interaction buckling 

modes. 

 The interaction of local and distortional buckling, especially for slender plain and lipped 

sections, should be investigated more precisely. 

 The overall behavior of cold-formed steel dual assemblies under lateral and axial loads 

should also be studied.  

 To ensure safety and prove the reliability of built-up CFS channel sections, it is necessary 

that member should be analyzed nonlinearly considering other sources of nonlinearities, 

cold-forming effect on material property, residual stresses, effect of buckling interaction and 

initial imperfections as literature states that these have an influence on the performance of 

CFS members, before the cross-section is adopted in the industry. 

 Further investigations using finite element analysis is required to examine the influence of 

CFS steel material characteristics, imperfections, cross section slenderness and column 

length on the distortional buckling behavior. 

 Evaluation of efficiency of single verses double channel with different other section shapes 

and orientations.  

 The material properties and initial imperfections should measured for all CFS sections 

 The lack of researches conducted on CFS members especially regarding its behavior when 

subjected to compression with different loading types is still an important issue to be 

addressed, namely in columns with various restraint condition. 
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APPENDICESS 
Non-linear material data for Steel grade S355, Basic yield strength (fyb =355 N/mm2) and 

Ultimate tensile strength (fu=470 N/mm2) calculated as follow (Moosbrugger Charles., 2002). 

1. Engineering elastic strain: elastic strain, v eng,el =  
fyb

E�   =
 355Mpa

210Gpa�   = 0.0016 

2. True elastic strain: to determine the true strain, the instantaneous change in length (dl) is 

divided by the length (l): v true, el =  ∫ dl
�

��
/l =ln (l/lo) = ln (1+ v eng, el) = ln (1+0.0016)  ≈ 0 

3. Engineering plastic strain: maximum residual strain after failure taken to be (v eng, pl= 0.2) 

(Yonas T.Y., etal. 2018).  

4. True yield stress, σtrue is expressed in terms of engineering stress, by:  

σtrue = fyb (1+ v eng, el) = 355Mpa (1+0.0016) =355.6 MPa 

5. True ultimate stress, plastic:  

σtrue, pl = fu (1+eeng, pl) = 470Mpa (1+0.2) =564 MPa 

6. True plastic strain(Atlas, 2002).: v true, pl = v total - σtrue/E =  0.2 –  
 355.6Mpa

210Gpa�   = 0.181 
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