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The main purpose of the thesis was to accumulate and analyze knowledge about the
distortional buckling of cold-formed steel member and to determine the behavior of
different dimensions of cross-sectional during distortional buckling. The purpose was
also to do some calculations of this phenomenon.

The first part of the thesis consists of general information about what distortional
buckling actually is, definite paragraphs from Eurocode and some words about other
types of buckling. The general part of the thesis contains calculations and analysis
about distortional buckling of cold-formed steel member, summarized in a tabular form.

The information was gathered mostly from Eurocode, literature and different titles. Also
some articles from the Internet were carried out.
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1 Introduction

Nowadays, all calculations of different parts of frame and other structural elements for
construction are necessary and always carried out. Essential calculations of them are
computation of strength, deflection and buckling. Therefore, it is very important to

consider these facts.

There is a lot of knowledge and analyses of those types of buckling like local and
overall. But distortional buckling is not very well researched. It can be found only in
Eurocode. There is no information about it in Russian norms. However, distortional
buckling is also quite important in calculation of construction elements. For many cold-

formed steel members distortional buckling may be the predominant buckling mode.

In determining the carrying capacity and stiffness of cold-formed and sheeting members
the impact of the local and distortional buckling of cross-sectional shapes should be

taken into account.

So the aim of this thesis work is to research what exactly distortional buckling is, how it
can affect during working and to do calculation of different dimensions of cross section

of cold-formed steel member.

2 Cold-formed steel structural members

2.1 Definition of cold-formed steel members

In steel construction, there are basically two types of structural members: hot-rolled
steel shapes and cold-formed steel shapes. Hot-rolled steel shapes are formed at
elevated temperatures while cold-formed steel shapes are formed at room temperature.
That why they are named cold-formed steel. Cold-formed steel members are made from
structural quality sheet steel and formed into shape, either through press-braking blanks
sheared from sheets or coils Figure 1, or more commonly, by roll forming the steel

through a series of dies Figure 2. [1]



Figure 1.Forming methods for cold-formed steel members - Press braking [1]

Figure 2.Forming methods for cold-formed steel members -Roll forming [1]



The idea of cold-formed steel members is to use shape rather than thickness to support
loads. It has quite an easy method of production, thus a large number of different
configurations can be produced. And it fits the requirement of optimized design for both

structural and economical purposes. Figure 3 shows typical cold-formed steel shapes.

LeL!
100

T A T

— —_— 3 J—r ]

Figure 3.Common cold-formed steel shapes



2.2 History of cold-formed steel structural members

Cold-formed steel structural members have a fairly long history. This type of
constructions was already known in the middle of the 19 century in the US and the UK.
I n 1849, adjalden rnugs ihtGhliornia, a roofer from New York, Peter Naylor,

pr omot e pontable isoa holsesffor Californiadfrom the corrugated elements.

In the 1920s - 1930s, the development of cold-formed steel structural members slowed
due to the lack of standards for these materials and construction standards for the

design of this type of structures.

However, different companies in the United States were developing in this direction.
Therefore, at the World Fair fiChicago Century of Progress Expositiong which was held
in 1933 in Chicago, architect Howard T. Fisher presented a joint development - the iron
house, which can be collected for the four days. During five months of the fair the iron

house was visited by about two million visitors.

The progress of cold-formed steel structures continued during the Second World War
and after it. Thus the company Lustron Homes developed frame houses (Figure 4). And
in the period from 1946 to 1948 the USA built for former soldiers 2498 such houses. In
these houses almost all structures were built from steel. Another company, Quonset

Huts, developed the projects of storage buildings and hangars with sheet structures.

Spans of such structures have reached 36.5 m. [2]

Figure 4.House of Lustron Company built in 1940, modern look [2]
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At the same time cold-formed steel structures were used in traditional construction. In
1925, in the city of Lynchburg, Virginia, Baptist Hospital was built. Load-bearing walls of
this building were made of bricks, and as floor beams were installed cold-formed steel
beams of the two C-section profiles connected by walls as an I-beam. A survey that
conducted 80 years after the construction showed that the beams are in a good

condition and can be used further.

2.3 Standards of cold-formed steel members

Despite of advances in the development of cold-formed structures, the level of its use
was still significantly lower than the hot-formed. A considerable factor that corrected this
imbalance application was the absence of standards and norms. Therefore, the
American Iron and Steel Institute (AlSI) decides to develop a standard of design of cold-
formed structures. George Winter (Figure 5) led the work on the world's first normative
document of the structures of cold-formed steel members, wh i ¢ h thesfatheraof
cold-formed structures. dJnder his leadership in 1946 the first regulatory document was
issued - Specification for the Design of Light Gage Steel Structural Members. The
standard consists of six sections: general data, design methodology, method of
calculation for the allowable stress, connection, design of wall columns and test

structures. Subsequently, the standard developed by G. Winter had several editions.[2]

Figure 5. George Winter, thdifather of cold-f or med st[2Qluct ur eso
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In Europe, the development of standards for design of cold-formed structures initially
relied on studies in Cornell University. Further studies were carried out separately in
each country. This led to the fact that in the 1980s in almost all European countries
there were national standards. In 1955, the organization named European Convention
for Constructional Steelwork (ECCS) was established for coordination between
research institutes, manufacturers and consumers of structural steel. In ECCS was
created and operates tllnowa techni cal C 0 mHAkbrined €l kin-Waled

¢ C

Sheet St eel in Buildingse. TC7 Technical

normative documents, which allowed in 1993 to adopt uniform European standards for
the design of steel structures. Nowadays in the European Union works standard EN
1993-1-3: 2006 (Figure 6) for the calculation of cold-formed steel structural members.

[3]

The European Union
2% EDICT OF GOVERNMENT &%

In order to promote public education and public safety, equal justice for all,
a better informed citizenry, the rule of law, world trade and world peace,
this legal document is hereby made available on a noncommercial basis, as it
is the right of all humans to know and speak the laws that govern them.

EN 1993-1-3 (2006) (English): Eurocode 3: Design of steel
structures - Part 1-3: General rules - Supplementary rules
for cold-formed members and sheeting [Authority: The
European Union Per Regulation 305/2011, Directive 98/34/EC,
Directive 2004/18/EC]

Figure 6. EN 1993-1-3: 2006 [5]



3 Distortional buckling cold-formed steel member

3.1 Complex behavior of cold-formed steel member

With the rapidly increasing usage of cold-formed steel structures, research into their
applications and understanding of their structural behavior have increased significantly
since the first specification of cold-formed steel design was issued by the American Iron
and Steel Institute (AISI) in 1946. The light gauge cold-formed steel members encounter
some design problems not normally seen in the traditional thicker hot-rolled steel

members. For example, buckling is a serious issue leading to their failure modes. [9]

So, the behaviour 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, and their ultimate strength behaviour 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. [9]

Previously, most research was devoted to local and global buckling modes and in this
area a great amount of knowledge has been accumulated. This knowledge and
understanding is reflected in the various design rules in national or international design

standards or specifications required to achieve a safe and economical design.

There is one of important thing of structural design - withstand to fire effects. We need
to consider that structures can be deliberately set on fire or accidentally catch fire that
can cause loss of life and property, not only because of fire but also due to the structural
failure of buildings. Light cold-formed steel structures heat up quickly and reduce their
stiffness and strength under fire conditions due to the thinness of materials. That why
the fire safety design of building structures is very important and has received greater

attention in recent times.
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Figure 7. Buckling of Columns under Fire [9]

3.2 Definition of distortional buckling

Distortional buckling is a mode characterized by the rotation of the member's flange at

the flange / web junction, in members with edge stiffeners. [4]

Distortional buckling is associated with the presence of stiffeners. A channel member
(cross-section without stiffeners) shows, in general, only one buckling mode: local
(plate) mode. The presence of edge stiffeners improves the "performance" of the
structural element, but leads to the occurrence of this second mode of instability. Unlike
what happens in the local mode, in the distortional mode there is deformation along the

walls junctions (flange/lip), as shown on Figure 8. [4]

Figure 8. Distortional buckling mode configurations of C-section member subject to (a)

compression and (b) bending moment [4]

The study of distortional buckling is still relatively recent. The earliest studies, based on
analytical models were the basis to the first design codes that used distortional buckling

considerations on the design of thin-walled steel structures.
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3.2 Conception of distortional buckling

Basically, three types of buckling behaviour can be observed in cold-formed steel
members. They are called local, distortional and flexural torsional buckling. In addition
to these three main types, their interactions can also take place. For example,
distortional and flexural, distortional and local, local and flexural, and local distortional

and flexural.

The effects of local and distortional buckling should be taken into account in determining

the resistance and stiffness of cold-formed members and sheeting. [5]

Local buckling occurs in the slender plate elements without changing the position of
longitudinal edges of compression members. On the other hand, it occurs due to the
buckling of individual plate elements. Local buckling is a common buckling failure in
compression members, which are made of slender plate elements. The half-wave-
length of the local buckling mode is the shortest one among the other failure modes.
Since local buckling has a higher post buckling range, it is not considered as failure of
the whole column when columns buckle locally. [9]

Longitudinal
edges have not
moved

&N
&6

(a) Analytical result (b) Experimental result

Figure 9. Local Buckling Mode of Compression Members [9]

Most commonly flexural buckling mode is known as global buckling. Since the behavior
is similar to the behavior of beams this is known as flexural or flexural torsional buckling.
In flexural buckling, the cross sectional shape remains unchanged and it has only lateral
or lateral torsional movements. This buckling mode is sometimes called rigid-body

buckling since the cross section remains the same at any given section after global
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buckling occurs. The half-wave-length of the flexural mode is the largest among the

buckling modes. [9]

(a) Flexural (b) Flexural
buckling torsional buckling

(c) Flexural failure of
column

Figure 10. Flexural Buckling Mode of Compression Members [9]

Distortional buckling mode is a relatively new and less researched buckling mode

compared to the other buckling modes.

Distortional buckling, also known as "stiffener buckling” or "local-torsional buckling", is a
mode characterized by rotation of the flange at the flange/web junction in members with
edge stiffened elements. In members with intermediately stiffened elements, distortional
buckling is characterized by displacement of the intermediate stiffener normal to the
plane of the element. It exists at an intermediate half-wave-length between local

buckling and flexural or flexural torsional buckling. [6]
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(a) Analytical result (b) Experimental result
Figure 11. Distortional Buckling Mode of Compression Members [9]

This thesis was focused on investigating the relatively new and less researched
distortional buckling mode of cold-formed steel compression members. Thus, the

following section describes the previous research on distortional buckling.

However, the distortional buckling can be safely ignored if members are designed to
achieve significantly lower local buckling stress than the distortional buckling stress.
Most probably, members with narrow flanges fail by local buckling mode since, the web
is much slender and buckles locally first, while members with wide flanges buckle
distortionally. However, by introducing the stiffeners to the web, narrow flange members

can buckle distortionally. [9]
So that this research was focused on members with edge or intermediate stiffeners.

Distortional buckling for elements with edge or intermediate stiffeners is indicated in
Figure 12. The effects of distortional buckling should be allowed for in cases such as
those indicated in Figure 8a, b and c. In these cases, the effects of distortional buckling
should be determined performing linear or non-linear buckling analysis using numerical

methods or column stub tests. [5]

As shown on Figure 13 on vertical there is buckling stress. On horizontal - half sine
waves (half-wavelengths). Distortional buckling exists at an intermediate half-
wavelength, between local buckling and long half-wavelength flexural or flexural-

torsional buckling.
14



Figure 12. Examples of distortional buckling modes

So pure compression local buckling often occurs at a lower buckling stress than
distortional buckling. If the local buckling stress is lower than the distortional buckling
stress then it is possible that distortional buckling may be safely ignored. However,
many situations exist in which distortional buckling must still be considered, even in

routine design. [6]

c¢) Overall
buckling

Buckling stress

b) Distorsional
buckling

a) Local
buckling

Halve-wave length

Figure 13. Examples of elastic critical stress for various buckling modes as function of

halve-wavelength and examples of buckling modes
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3.3 Distortional buckling behavior

Intuition for local buckling behavior is a quite simple i widthtothickness ratios increase
local buckling stress declines. This fact serves the engineer well in designing for local

buckling. Similar intuition for distortional buckling is difficult to arrive at.

A series of examples examining the distortional buckling stress of C-section columns
with edge stiffened elements are summarized in Figure 14. The distortional buckling
stress was calculated using closed-form expressions derived in Schafer (1997). Figure
14 provides facilities to develop a modest amount of intuition with respect to distortional
buckling. [6]
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Lets consider Figure 14.

In this example all dimension is in inch. b = flange width, h = web height and d = length

of edge stiffened elements

Too little or too much flange is not good.

Figure 14 (a) and (b) show results of different flange width. As the width is longer, as the
distortional buckling stress is lower. In this example, the highest distortional buckling
stresses are achieved around a b/h ratio of 1/3. This conclusion is not general though,
as different stiffener lengths give a different optimum b/h ratio. If the flange is too narrow
local buckling of the web is at wavelengths near distortional buckling of the flange and
the distortional mode easily forms at low stresses. If the flange is very wide local
buckling is not the concern, but the problem is to keep the flange in place because of
the big size of the stiffener. For practical stiffener lengths, wide flanges also lead to low

distortional stresses. [6]

Longer lips are usually better.

Figure 14 (c) and (d) show results of various length of edges. The highest distortional
buckling stresses are achieved when the edge length is nearly equal to the flange width
(d/b ~ 1). Edges longer than this reduce the distortional buckling stress. From the
viewpoint of distortional buckling the edge stiffener lengths should be longer than used

in practice now.

Deep webs lead to low stresses.

Comparing the results from the 6 in. deep web to the 12 in., the distortional buckling
stress decreases nearly by a factor of 2 when the web depth is doubled. The actual
redution in the distortional buckling stress depends on d and b. Distortional buckling is
determined by the rotational stiffness at the web/flange joint. Deeper webs are more
flexible and thus provide less rotational stiffness to the web/flange joint. This results in
earlier distortional buckling for deep webs. However, the trend appears approximately
linear, as opposed to local buckling which changes as (t/h)?. And thus local buckling

stresses decrease at a faster rate with deeper webs. [6]

As Figure 14 shows, the interaction of the flange, web, and edge in determining the
distortional buckling stress is complex. Development of simple general criteria to

incorporate this behavior has not proven successful to date.
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Ultimate strength of member failing in the distortional mode is worthy of attention
because distortional failures have lower post-buckling capacity than local modes of
failure. Distortional failure modes have higher imperfection sensitivity. And it may control
failure even when the elastic distortional buckling stress is higher than the elastic local

buckling stress.

4 Distortional buckling calculation

4.1 Calculation of cross-section ™ 1

The aim of the calculation is to determine the geometric characteristics of the effective

cross-section of cold-formed C-shaped profile working in compression.
Calculations are made in program MathCad.

As an example of calculation, we should take the following dimensions of cross-section.

Other calculations are located in Appendix.

£5

h: 200mn
b: H5mn

@ £y
c: 25mn N ‘
t: 2mn Li
r: 3mn
i o B¢

200

A

Figure 15.Cross-section dimensions = 1
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The calculation of compressed elements with edge or intermediate stiffeners is based
on the assumption that the stiffener works as compressed with continuous fastening by
elastic connections, the stiffness of which depends on the edge conditions and the

flexural rigidity of the adjacent flat elements.

1. First of all, we should check element size ratios to determine whether this profile
can be applied to the calculation of EN 1993-1-3 (in accordance with par. 5.2 (1)
and table 5.1 [5]).

The provisions for design by calculation should not be applied to cross-sections

outside the range of width-to-thickness ratios, given in Table 1.

Figure 16. Edge stiffeners [5]

So that determination of the effective geometric characteristics of the edge stiffener

elements is possible under the following conditions:
A the angle between the | imb and the flat e
A 1limb width with not | ess than 0.2b, where

A b |/ t ratio does not exceed 60 Joo90fotthee e d

edge bend from two elements (double).

20





























































































