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ABSTRACT

The local and distortional buckling behaviour of flange and web-stiffened compression members
was investigated. In particular, the behaviour of web-perforated sections was investigated both
numerically and experimentally. Perforation reduces the perpendicular flexural stiffness of the
web and thus particularly reduces the distortional buckling strength of the section. The main task
of the research was to develop a design method for estimating the compression capacity of a
perforated steel wall-stud under centric loading. The influence of the gypsum sheathing on the
distortional buckling strength is also taken into account.

It was shown that the method given in Eurocode 3 is quite rough and sometimes gives inaccurate
results for estimating the elastic distortional buckling stress of both C-sections and intermediate
stiffened plates. In the case of C-sections, the method developed by Lau and Hancock and the
method developed by Schafer and Pekoz correlate better with the results defined numerically.
The Finite Strip Method (FSM) and Generalized Beam Theory (GBT) provided particularly good
tools with which to analyze local and distortional buckling modes. It was also shown that
interaction between different distortional buckling modes should be taken into account when
analysing sections having both web and flange stiffeners.

Distortional buckling stress of the web-perforated C-section with or without web stiffeners can
be determined by replacing the perforated web part with an equivalent plain plate corresponding
to the same perpendicular bending stiffness. Distortional buckling stress may be determined by
some numerical method such as FSM or GBT. For the web-perforated C-section, an analytical
method for the distortional buckling is also presented.

Gypsum sheathing connections give rotational restraint to the wall-stud, thus improving
distortional buckling strength. Some practical guidelines are given for calculating the rotational
restraint. Buckling analysis showed that relatively small restraint may double the distortional
buckling stress of the web-perforated section. Buckling analysis and experimental research
showed that screw pitch also has a considerable effect on the distortional buckling stress. Using
restraint values given by the connection tests, the predicted values for the gypsum board braced
columns are in good accordance with the test results. In practical design, utilizing the gypsum
board in the determination of the distortional buckling stress requires that the sheathing retains
its capacity and stiffness for the expected service life of the structure. Furthermore, the
connection characteristics should be carefully examined.

Based on the results of the experimental and theoretical studies, design proposals were made for
the design of compressed web-perforated steel wall studs. Some practical guidelines were also
given for taking into account the gypsum sheathing. These design proposals are also valid for
solid steel wall studs, especially for slender sections, which are sensitive to distortional buckling.
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NOTATIONS

A cross-sectional area [mm?]

“B transverse bending stiffness applicable to mode k [N/mm?]
e generalized warping constant applicable to mode k [mm*]
Cp rotational spring stiffness [Nmm/rad]

Co rotational spring stiffness [Nmm/rad]

D generalized torsional constant applicable to mode k [mm?]
D plate flexural rigidity [Nmm]

E modulus of elasticity [N/mm?]

E, reduced modulus of elasticity [N/mm?]

G shear modulus [N/mm?]

1 second moment of area [mm"*]

I, warping constant [mm°]

K spring stiffness [N/mm]

L length [mm]

N, nominal compression member capacity [N]

Nrest ultimate compression capacity of tested section [N]

Np predicted compression capacity [N]

R4 distortional buckling stress reduction factor

Yy deformation resultant applicable to mode k [mm]

w stress resultant applicable to mode k [Nmm)]

b width of the element [mm]

Cscrew screw spacing [mm]

h height of the element [mm)]

Jod distortional buckling stress [N/mm®]

Ser critical buckling stress [N/mm?]

fu ultimate tensile stress [N/mm®]

b yield stress [N/mm?]

k local buckling coefficient, mode symbol in GBT

kg rotational stiffness [Nmm/rad]

ke ko k2 by spring stiffness [N/mm]

Kyed reduction factor

[ buckling length [mm]

m number of half-wavelengths, unit bending moment [Nmm/mm)]
*q uniformly distributed load applicable to mode k [N/mm]
t plate thickness [mm]

bty veb reduced plate thickness [mm]

u unit load

Wefr effective width [mm)]

o; nondimensional variable

Ber critical length [mm]

o deflection [mm]

0 nondimensional variable

Y nondimensional variable

ki second order coefficient in GBT [1/mm]

A buckling half-wave length [mm], slenderness



Ad

Ocr
Gcr,peiff.
Cycr, plain.
Ocr, perf.-C
Gcr,plain—C
Ow

Subscripts

w
f
S

slenderness related to distortional buckling

critical buckling stress [N/mm?]

elastic buckling stress of perforated plate [N/mm?]

elastic buckling stress of plain plate [N/mm?]

elastic local buckling stress of web-perforated C-section [N/mm?]
elastic local buckling stress of plain C-section [N/mm?]

buckling stress of the web [N/mm®]

web
flange
stiffener



1 INTRODUCTION

1.1  Background of Research

Cold-formed steel wall-studs are widely used in load-bearing walls, especially in housing. In the
Nordic countries, the use of web-perforated steel wall-studs, as shown in Fig. 1.1, has increased.
The slotted thermal stud offers a considerable improvement in thermal performance over the

solid steel stud.

Fig.1.1: Wall structure including perforated steel wall-studs.

Unfortunately, the perforation also has an effect on the structural behaviour of the steel wall-
stud, and it reduces, among other things, the compression capacity of the stud. The perforation
reduces the elastic local buckling stress of the web as well as the bending stiffness of the web,
which in turn results in decreased distortional buckling strength. There are no design guidelines
available in the codes or standards for these kinds of sections. Research on this topic is therefore
essential. The determination of elastic distortional buckling stress of even simple C-sections
varies in the design codes and standards, and the situation is far less clear if there are
intermediate web stiffeners. Especially the method given in Eurocode 3, Part 1.3 (1996) has been
shown to be inaccurate. Therefore, the basis for studying distortional buckling is seen as
necessary. Gypsum sheathing is usually considered only as a lateral support to the steel wall-
stud. In the case of perforated steel wall studs, the gypsum sheathing screws also offer
considerable resistance to distortional buckling, and therefore the influence of the sheathing on

the distortional buckling stress of the stud is also examined.

1.2 Objectives of Research

The primary objective of this research is to gain an improved understanding of local and

distortional buckling behaviour of the flange and web-stiffened compression members,
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particularly when the web part is perforated, and thus having small transverse bending stiffness.
The main task of the research is to create a design method for the compression capacity of the
perforated steel wall-stud under centric compression loading. Considerable emphasis is placed
on researching the distortional buckling of different kinds of stiffened and perforated sections.
The influence of gypsum sheathing on the distortional buckling strength is also taken into

account.

1.3 Scope of the Research

The scope of this research was limited to the compression members, thus the bending behaviour
of the perforated steel wall-studs is beyond the scope of this research. Furthermore, the research
concentrates on the local and distortional buckling, and thus the global buckling modes are
ignored in this study. Two types of web-perforated sections were chosen for investigation. Web-
stiffened and unstiffened C-sections were analyzed and former also tested. The thickness of the
analyzed sections varied between 1 to 2mm. The wall thickness of the tested sections varied
from 1.2mm to 1.5mm. Gypsum board was selected for the sheathing material, because it is

commonly used in housing.

14 Outline of the Thesis

In order to obtain a basic knowledge, a brief summary of the literature study with respect to the
analysis of compressed thin-walled members and the analysis and design of steel wall-studs is
given in Section 1.5. Chapters 2-3 include the background for the analytical and numerical
modelling of elastic distortional and local buckling, and the ultimate strength of the compressed
web and flange-stiffened members, including the web-perforated sections. A comparison
between the different methods is made. Modelling of the restraint provided by the gypsum
sheathing is described in Chapter 4. Chapter 5 describes the compression tests and provides the
test results for the web-perforated short columns and for the longer columns with gypsum
sheathing attached to the flanges. Chapter 6 describes numerical analysis for the tested sections,
including the buckling analysis and non-linear analysis. The influence of the gypsum sheathing
on the distortional buckling stress is shown. Test results and analytical predictions are compared

in chapter 7. The summaries and final conclusions are given in Chapter 8.
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1.5 State of the Art

1.5.1 Analysis of compressed thin-walled members

The generic buckling modes of compressed thin-walled members are local, distortional or global
buckling. Local buckling is particularly prevalent in cold-formed sections and it is characterized
by relatively short wavelength buckling of individual plate elements. Global buckling modes are
seen as flexural, torsional or flexural-torsional buckling. Global buckling modes are sometimes
called rigid-body buckling because any given cross-section moves as a rigid body without cross-
section distortion. The distortional mode repeats at wavelengths from short to long depending on
the geometry, which generally involves the rotation and translation of multiple elements, but not
the entire cross-section. Local and global buckling are quite well known and accounted for in
current codes of practice, while distortional buckling is not yet so well documented, and has thus

recently attracted the attention of a number of researchers.

Elastic local buckling stresses are typically treated by ignoring any interaction that exists
between the elements (e.g., the flange and the web). Each element is treated independently and
classic plate-buckling solutions based on isolated simply supported plates are generally
employed. Elastic global buckling stresses for flexural, torsional or flexural-torsional buckling
modes can easily be determined using analytical methods, which can be found in literature as
well as in major design codes. Distortional buckling of the thin-walled section is a more
complicated buckling mode than the local and global modes. Some manual calculation methods
for predicting the elastic distortional buckling stress of simple sections such as C- and rack-
sections have been presented, e.g. by Lau and Hancock (1987) and by Schafer and Pekoz (1999).

Manual calculation methods for distortional buckling are still relatively cumbersome.

Numerical methods, such as the finite element method (FEM), or finite strip method (FSM) may
be used to determine the elastic buckling stresses of an entire member. The finite strip method
has proved to be a useful approach, because it has a short solution time compared to the finite
element method. The limitation of the finite strip method is that it assumes only simply
supported end boundary conditions for the member. The Generalized Beam Theory (GBT)
provides a particularly good tool with which to analyze different buckling modes in isolation and

in combination with other modes.
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The design of thin-walled members is conventionally based on the procedure where the elastic
buckling stresses are determined first and the design values are then determined using the
effective width approach for local buckling and column curves such as the Ayrton Perry
formulas for global buckling. Distortional buckling is treated in different ways in various design

codes.

Geometric and material non-linear finite element analysis has recently been successfully used to
determine the load-bearing capacity of thin-walled members (e.g. Buhagiar et al. 1992, Teo
1998). The initial imperfections needed in the analysis are usually scaled from eigenvectors
given by linear eigenvalue analysis. However, the characterization of geometric imperfections
and residual stresses is largely unavailable. These fundamental quantities are necessary for
reliable completion of advanced analysis and parametric studies of cold-formed steel members.
Schafer and Pekoz (1998) have suggested a simple set of guidelines to include geometric
imperfections and residual stress patterns for the modelling. Based on the analysis of a simple
flange lip, they noticed that distortional failure modes are more sensitive to initial imperfections
than local failures, and that the final failure mechanism is consistent with the distortional mode

even in cases where distortional buckling stress is higher than local buckling stress.

Davies and Jiang (1996b) have found that the patterns of linear buckling and non-linear buckling
could be different, and they have developed a non-linear solution to the eigenvalue problem set
up by using the finite element method. The analysis for the uniformly compressed columns is
slightly more accurate for shorter wavelength local and distortional buckling modes than for the
longer wavelength flexural-torsional buckling modes, probably as a result of geometric
imperfections that would have a greater effect on the longer wavelength modes, and which were

not accounted for in the eigenvalue analysis.

Key and Hancock (1993) have used finite strip method for the non-linear analysis of thin-walled
and cold-formed steel sections. The analysis accounts for geometric non-linearity and material
plasticity in the behaviour of sections subjected to axial compression. With the appropriate
choice of displacement functions in the analysis, sections undergoing either inelastic local
deformations or overall buckling deformations may be analyzed. Kwon and Hancock (1991b)
have developed a non-linear elastic spline finite strip method to include the geometric non-linear
analysis of prismatic thin-walled structures under arbitrary loading and non-simple boundary
conditions. The method does not require an initial buckling analysis to determine the buckling

mode and half-wavelength for further analysis in the post-buckling range. Lau and Hancock
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(1989) and Lindner and Guo (1994) have also used the spline finite strip method for the analysis

of inelastic buckling of thin-walled members.

Rasmussen and Young have widely described the overall bifurcation analysis of locally buckled
columns ( Rasmussen 1997, Young and Rasmussen 1997 and Young and Rasmussen 1999). The
overall flexural and flexural-torsional bifurcation loads are calculated using the tangent rigidities
of the locally buckled cross-sections. An elastic non-linear finite strip local buckling analysis is
used to determine the tangent rigidities. The columns are assumed to be geometrically perfect in
the overall mode but they may include imperfections in the local mode. The important result of
their research was also that local buckling induces bending in a pin-ended column, but not in a
fixed-ended singly symmetric column. Consequently, only fixed-ended singly symmetric

columns exhibit bifurcation behaviour.

1.5.2 Research and Design of Steel Wall-Studs

The diaphragm bracing of steel wall-studs using gypsum wallboards and other materials was
investigated by Simaan and Pekoz (1976). They used an energy approach including the shear
rigidity and rotational restraint of the diaphragm to develop a design procedure and an
approximate solution for the buckling of diaphragm-braced wall-studs. The AISI (1986)
Specification is based on Simaan's research. As far as the structural strength is concerned, the
maximum load that can be carried by wall-studs is governed by either (1) column buckling
between the fasteners in the wall plane, or (2) overall buckling of the studs taking into account
the shear rigidity of the wallboards. Furthermore, the shear strain in the wallboard should not
exceed the permissible value in order to prevent shear failure of the wallboard. Increased stud
spacing increases the overall shear rigidity and results in increased strength predictions for both

the overall diaphragm-braced buckling modes and for the shear failure of the sheathing itself.

Tests by Miller and Pekoz (1994) on gypsum-sheathed wall-studs showed that the results
contradict the shear diaphragm model. The strength of gypsum wallboard-braced studs was
observed to be rather insensitive to stud spacing. Moreover, the deformations of gypsum
wallboard panels (in tension) were observed to be localized at the fasteners, and not distributed
throughout the panel as in a shear diaphragm. Due to this research, some limitations (e.g.
maximum stud spacing) have been added to the AISI (1996) Specification. Miller and Pekd6z also
investigated the effect of the web perforation on the local buckling and thus on the effective area

of the section. The conclusion was that the effective area of the perforated web might be
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determined by assuming the web to consist of two unstiffened elements, one on each side of the

perforation.

Telue and Mahendran (1999) have reported results of 40 full-scale gypsum board lined wall
frame tests and stub column tests. The tests included unlined, side-lined, and one-side-lined
studs. The test results were compared with predictions from the Australian Standard AS 4600
(1996) and the American Specification AISI (1996). The investigated studs were made from
unlipped C-sections. Almost all of the frames with plasterboard lining failed by buckling
between the fasteners at the top of the stud, with the screws pulling through the plasterboard. The
failure loads from the wall frame tests were generally close to the predicted ones according to the
AS 4600, if the effective length factor of 0.75 for out-of-plane flexural buckling and the effective
length factor of 0.1 corresponding to the fastener spacing for in-plane flexural buckling and for
torsional buckling were used. Telue and Mahendran found that the shear diaphragm model
assumed by AISI is not applicable to wall frames lined with plasterboard if the effective length
factors given in the AISI specification were used. The experimental results were generally higher

than those predicted by AISI and the failure mode was independent of the stud spacing.

One of the first studies on thermal wall studs with web perforation was reported by Ife (1975).
The studied section is shown in Fig. 1.2. Two wall panels with thermal studs and one panel with
solid web studs were tested. The wall elements consisted of two studs both with side lining.
Plywood board was attached to one side of the studs and gypsum board to the other side. The
elements were loaded with both an axial load and a lateral load. Ife found that the capacity of the

element with the solid stud was only 10% higher than the element with the thermal stud.

yV
y

Y
™
A
St BB st

Fig. 1.2: Thermal Stud studied by Ife (1975).
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In the Nordic countries, the first light-gauge steel-framing system based on thermal studs was
designed by Engebretsen and Ramstad (1978) in Norway. In this system, both sides were lined
with gypsum board. The compression and bending moment capacities were determined
according to the 1968 AISI specification. The perforation was simply taken into account by

multiplying the capacities with the reduction factor of 0.8.

Frederiksen and Spange (1992) performed quite a large test series for wall elements with web-
perforated studs in Denmark. The section used in these tests is shown in Fig. 1.3. The test series
included compression and bending tests as well as combined compression and bending tests. The

failure was initiated in most cases by the stiffener buckling of the section.
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Fig. 1.3: Thermal Stud studied by Frederiksen and Spange (1992).

Hoglund (Hoglund 1998, Hoglund and Burstrand 1998)has created a calculation method for
slotted steel wall- studs. The calculation methods are mainly based in Swedish Code for Light-
Gauge Metal Structures 79 (StBK-N5 1979). The calculation method has been verified with the
test results of Frederiksen and Spange and with the test results obtained by the Royal Institute of
Technology, Sweden (Borglund and Jonsson 1997, Marques da Costa 1999). Several types of
failure modes are introduced depending on the loading and support conditions. In most cases, the
resistance is affected by the shear deformation of the slotted web and by the reduced transverse

bending stiffness of the web.

According to Hoglund, the failure mode under concentric compressive loading may be 1)
buckling in the plane of the web taking into account the shear deformations of the slotted web, or
2) lateral buckling of the flanges when the gypsum boards are assumed to act as elastic supports,

or 3) buckling of the flange stiffeners in the span or at the support. Furthermore the local
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buckling is taken into account using the effective area approach. When calculating the buckling
of the flange stiffeners, the restraint given by the web is taken as negligible. The screws in the
gypsum board mainly prevent buckling of the flange stiffener. The approximate effective
buckling length given by the tests has been found to be /. = 0.72¢c e, Where cyepe 18 the spacing

of the screws.

Under eccentric compressive loading or transverse loading, the stress distribution across the
section is determined by taking into account the effect of the shear deformations of the slotted

web. Hoglund also presented a calculation method for the shear strength of the slotted web.

Salmi (1998) also performed a large test series for web-perforated steel wall-studs and wall
elements. The test series included stub column tests, compression and bending tests, as well as
combined compression and bending tests for wall elements. Salmi followed Eurocode 3, Part 1.3
(1996) in determining the effective cross-section area of the section. Local buckling is taken into
account using effective widths, and stiffener buckling is taken into account using the effective
thickness for the stiffener. The perforation is taken into account using reduced thickness for the

perforated part of the section.
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2 ELASTIC LOCAL AND DISTORTIONAL BUCKLING OF COMP-
RESSED THIN-WALLED MEMBERS

2.1 General

Elastic local buckling stresses of the thin-walled compressed member are typically treated
independently by ignoring any interaction that exists between the elements. Classic plate-
buckling solutions are generally employed. Distortional buckling of the thin-walled section is a
more complicated buckling mode than the local and global modes. Distortional buckling of
compression member such as C-sections usually involves rotation of each flange and lip around
the flange-web junction. The whole section may translate in a direction normal to the web. The
wavelength of distortional buckling is generally intermediate between that of local and

distortional buckling. Typical distortional buckling mode of C-section is shown in Fig. 2.1.

Fig. 2.1: Distortional buckling mode of C-section.

Some manual calculation methods for predicting the elastic distortional buckling stress of simple
sections such as C- and rack-sections have been presented, e.g. by Lau and Hancock (1987) and
Schafer and Pekoz and Pekoz (1999). Manual calculation methods for distortional buckling are
still relatively cumbersome. Numerical methods, such as the finite element method (FEM), or the
finite strip method (FSM) have been found to be efficient methods for determining elastic
buckling stresses for both local and distortional buckling. The finite strip method has proved to
be a useful approach because it has a short solution time compared to the finite element method.
The finite strip method assumes simply supported end boundary conditions and it is applicable
for longer sections where multiple half-waves occur along the section length. The Generalized
Beam Theory (GBT) provides a particularly good tool with which to analyze distortional
buckling in isolation and in combination with other modes. It also has a short solution time and
the method is applicable for both pin-ended and fixed-ended members. The GBT is not so

familiar as other methods and thus a short description of the method is presented here.
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2.2 Generalized Beam Theory (GBT)

The Generalized Beam Theory has been presented in more detail by, e.g. Schardt (1989) and
Davies and Leach (1994a, 1994b), and only a short description of the solution is given here. A
unique feature is that GBT can separate and combine individual buckling modes and their
associated load components. In GBT, each mode has an equation and, in second-order format,

ignoring the shear deformation terms, the equation for mode 'k' is:

EXCV" -~ G'D V' + BV +S S k(W IV =g for k=12,.n @.1)

i=1 j=1

where the left superscript k denotes the mode £, “C is the generalized warping constant, “D is the
generalized torsional constant and “B is the transverse bending stiffness. These are the
generalized section properties that depend only on the cross-section geometry. In addition, %«
are the second-order section properties, which relate the cross-section deformations to the stress
distributions, and E and G are the modulus of elasticity and shear modulus, respectively. “V and
“W are the deformation resultant and stress resultant, *q is the uniformly distributed load and # is

the number of modes in the analysis.

The section properties and the ik values may be calculated manually, but in general, this task is

best carried out by computer.

If the right-hand side terms kq of the equation (2.1) are zero, the solution gives the critical stress
resultant ‘. In general, this requires the solution of an eigenvalue problem in which the analyst

is free to choose which modes to include in the analysis.

When a constant stress resultant is applied along the member, which is assumed to buckle in a
half sine wave of wavelength A, GBT allows some particularly simple results to be obtained.

Thus, the critical stress resultant for single-mode buckling is (Davies and Leach 1994b):

7 2

2 2
"”‘W,—L(” EkC+GkD+ikBJ 2.2)
T

As the wavelength is varied, the minimum critical stress resultant is:
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and the corresponding half-wavelength is

EkC 0.25
u:n[ . ) 4

This approach allows some particularly simple solutions to be obtained for distortional buckling

problems.
23 Analytical Methods for Determining Elastic Distortional Buckling Stress
2.3.1 General

Recently, a number of analytical methods have been developed for determining the elastic
distortional stress of singly symmetric cross-sections. Some analytical methods have been
presented, namely the Eurocode3 method (1996), which is based on flexural buckling of the
stiffener, and the model developed by Lau and Hancock (1987) based on the flexural-torsional
buckling of a simple flange including a stiffener. The latter method is used in the Australian and
New Zealand Standard for Cold-Formed Steel Structures AS/NZS 4600 (1996). Schafer and
Pekoz (1999, 1999b) have also developed an analytical method to solve minimum distortional
buckling stress of C-sections or longitudinally stiffened steel plates. Each method is briefly

described and a numerical comparison between the different methods is carried out.
2.3.2 The Method in Eurocode 3: Part 1.3 (EC3)

In EC3, the design of compression elements with either edge or intermediate stiffeners is based
on the assumption that the stiffener behaves as a compression member with continuous partial
restraint. This restraint has a spring stiffness that depends on the boundary conditions and the
flexural stiffness of the adjacent plane elements of the cross-section. The spring stiffness of the
stiffener may be determined by applying a unit load per unit length to the cross-section at the
location of the stiffener, as illustrated in Fig. 2.2. In Fig. 2.2, the rotational spring stiffness Cy
characterizes the bending stiffness of the web part of the section. The spring stiffness K per unit

length may be determined from:
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K=ul$ (2.5)

where 0 is the deflection of the stiffener due to the unit load u.

Fig. 2.2: Determination of the spring stiffness K according to Eurocode 3.

The elastic critical buckling stress for a long strut on an elastic foundation, in which the preferred

wavelength is free to develop, is given by Timoshenko & Gere (1961):

n’El, 1
o= +AE2KAZ (2.6)

s

where

A, and I, are the effective cross-sectional area and second moment of area of the stiffener
according to EC3, as illustrated in Fig. 2.3 for an edge stiffener.
A =L /m is the half-wavelength

m 1s the number of half-wavelengths.

Ny
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Fig. 2.3: Effective cross-sectional area of an edge stiffener.
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The preferred half-wavelength of buckling for a long strut can be derived from Equation (2.6) by

minimizing the critical stress:

A, =4|== 2.7)

For an infinitely long strut, the critical buckling stress can be derived, after substitution, as:

. _2JKEI, (2.8)

cr AS
Equation (2.8) is given in EC3; thus, the EC3 method does not consider the effect of column
length but assumes that it is sufficiently long for integer half-waves to occur in the section
length. In the case of intermediate stiffeners, the procedure is similar, but the rotational stiffness
due to adjacent plane elements is ignored and the stiffened plane element is assumed as simply

supported.
2.3.3 AS/NZS 4600 Method

Determination of the elastic distortional buckling stress is based on the flexural-torsional
buckling of a simple flange, as shown in Fig. 2.4. The rotational spring, k,, represents the
flexural restraint provided by the web, which is in pure compression, and the translational spring,
k, , represents the resistance to translational movement of the section in the buckling mode. The
model includes a reduction in the flexural restraint provided by the web as a result of the

compressive stress in the web.

h
k > Shear Centre

* Ko
o x h, ¥ (HX
y

Fig. 2.4: Lau and Hancock's model for distortional buckling.
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In Lau and Hancock's analysis (1987), it is shown that the translational spring stiffness &, does
not have much significance and it is assumed to be zero. The rotational spring stiffness can be

expressed as:

Ef’ [1_ 11f.,( b2

k =
5.46(bw+0.06i)[ EF b1+ 2

¢ (2.9)

where ', 1s the compressive stress in the web at distortional buckling, computed by assuming k
as zero. b,, is the web depth, ¢ is the thickness of the section, £ is Young's modulus and A is the

half-wavelength in buckling and is expressed for simple C-section as:

P 0.25
Eb;b,
A=4.80 t.3 (2.10)
where by is the flange width.
The elastic distortional buckling stress then has the form:
E 2
Sod :ﬂ[(‘xl‘H% )_\/(O‘l +O‘2) —4a, :| (2.11)

where A is the cross-sectional area of the flange and stiffener and o, o, and o are characteristic
values of some complexity, which are given in Appendices D1 and D2 of AS/NZS 4600 and
which are related to the k4, A and the geometry and dimensions of the flange and the lip. The
computation process is iterative due to the incorporation of f,; in ky, but only one iteration is

required.

This type of model proves to be sensitive to the value assumed for the rotational spring stiffness
ke . Davies and Jiang (1998) proposed an improvement to the above method if the rotational
spring stiffness k, is negative, i.e. the web buckles earlier than the flange. In this case, the

buckling stress can be obtained with &, as zero, whereas the buckling stress of the web plate is

(Timoshenko and Gere 1961):
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n’D(b>+ 2 ’
o =——1J 2.12
v tbj( A } 2.12)

The final distortional buckling stress can be calculated approximately as the mean value of the

buckling stresses of the web and flange:

_2fodAf+cwtbw

o 2.13
o y (2.13)

where Ay is area of the flange and stiffener and 4 is area of the whole cross-section.

2.3.4 Schafer-Pekoz Method

In the Schafer-Pek6z method, the elastic distortional buckling stress of a compression member
with one web and symmetric edge-stiffened flanges is also based upon an examination of the
rotational restraint at the web/flange juncture. According to Schafer and Pekoz, the rotational

stiffness may be expressed as a summation of the elastic and stress-dependent geometric stiffness

terms with contributions from both the flange and the web, and it can be expressed as:

ky = (k¢f +k,, )e - (k¢f +ky, )g (2.14)

where the subscript frefers to the flange and the subscript w refers to the web. Buckling ensues

when the elastic stiffness at the web/flange juncture is eroded by the geometric stiffness, i.e.,
=0. (2.15)

Using Equation (2.15) and writing the stress-dependent portion of the geometric stiffness

explicitly, the following equation can be written:
ky =kyo + Ko = S oa (k¢fg+k¢wg ):0. (2.16)

Therefore, the buckling stress, f,4 1S
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k, +k
fog =52 2.17)

k(l?fg + ktﬁwg

Analytical models are needed for determining the rotational stiffness contributions from the
flange and the web. For the flange, cross-section distortion is not important. The flange is thus
modelled as a column undergoing flexural-torsional buckling, as in Lau and Hancock's model
shown in Fig. 2.4. For the web, cross-section distortion must be considered. The web is modelled
as a single finite strip. Therefore, the transverse shape function is a cubic polynomial. The
longitudinal shape of the functions of the flange and the web are matched by using a single half-
wave for each. The final rotational stiffness terms for the flange and the web are presented in
Appendix A. The critical length can also be found and it is function of the geometric terms. The

solution for the critical length is also shown in Appendix A.

Schafer and Pek6z (1996) have also presented a method to predict the distortional buckling
stress of a stiffened element with single or multiple longitudinal stiffeners. Schafer and Pekoz
used a classical method for calculating the elastic buckling behaviour based on the use of the
Fourier series for the deflected shape of the plate/stiffener assembly. The elastic buckling
behaviour is described using energy methods. In the final solution, only one transverse sine term
is taken into account, which provides an adequate description of the deflected shape for the

overall buckling of the plate, as shown in Fig. 2.5.

i I T

y

Fig. 2.5: Simply supported plate with two stiffeners in pure compression and its deflected shape.

The distortional buckling stress for a stiffened element with single or multiple stiffeners can be

expressed as:

n’D
b’t

f. =k (2.18)
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where D is the plate flexural rigidity and b is the width of the plate, as shown in Fig. 2.5. The

minimum buckling factor £ may be expressed as:

‘e (1+ﬁj )2 +2Yy, sin’ (wot, )

= 2.19
B2 l1+236 sin’(ra,)] @1

where

ﬁcr :(2271‘ sin’ (ﬂai )+1)1/4 Yi=——— 51‘ =—= o, =—

where A, is the cross-section area of the stiffener, and I, is the second moment of area of the

stiffener about the axis of the plate. Terms b and ¢; are presented in Fig. 2.5.

2.3.5 Numerical Comparisons
2.3.5.1 C-Sections

Numerical calculations have been carried out for a variety of C-sections under concentric
compression in order to compare the minimum elastic distortional buckling values determined
using the different methods discussed above. The dimensions of the C-sections are given in
Table 2.1 for web height h, flange width b, stiffener width ¢ and thickness t. A value of E =210
000 N/mm” was used in the analysis for the elasticity modulus. The results of the analytical
methods were compared to the results given by GBT. GBT results were obtained using a
computer program written by Davies and Jiang (1995). In the GBT analysis, the pin-ended
conditions were used for distortional buckling. In all cases, the critical distortional buckling half-
wavelength was assumed, thus leading to minimum distortional buckling stress. The iterative

method was used in the EC3 method for calculating the effective stiffener properties.

The results are shown in Fig. 2.6 and in Table 2.1. The AS/NZS method gives, on average, 4%
lower values of buckling stress than GBT for both t = 1.5 mm and t = 2.0 mm. All of the values
are within 10% of the GBT values. The Schafer and Pekdz method gives, on average, 2-3%
lower values than GBT. Standard deviation is 0.09, which is higher than in the AS/NZS method.
When compared with the GBT results, the EC3 method gives 9% higher values for t = 1.5 mm

and 2% lower values for t = 2.0 mm. The variation in the EC3 method is, however, rather large.
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If the web buckles earlier than the flange (marked by * in Table 2.1), the EC3 method seems to
give very high values of buckling stress compared to GBT. This is because the EC3 model does
not include a reduction in the flexural restraint provided by the buckled web. In the case of wide
flanges or short stiffeners, the EC3 method gives rather low values. However, it should be noted
that sections with b =100 mm and t = 1.5 mm do not satisfy the b/t < 50 limit given in EC3 and

the section with h = 100 mm, b = 100 mm and ¢ = 15 mm does not satisfy the limit ¢/b > 0.2.

TABLE 2.1
COMPARISON OF ELASTIC DISTORTIONAL STRESSES FOR C-SECTION.
Section t=1.5mm t=2.0mm t=1.5mm t=2.0mm

h-b-c AS |EC3 |[SCH |GBT| AS | EC3 |SCH |GBT | AS/ [EC3/ |[SCH/| AS/ |[EC3/ |SCH/
GBT | GBT | GBT | GBT | GBT | GBT
200-75-20 | 165 | 179 | 160 | 168 | 230 | 234 | 221 | 234 | 0.98 | 1.07 | 0.95 | 0.98 | 1.00 | 0.94

200-75-15 | 129 | 129 | 124 | 136 | 183 | 172 | 173 | 192 | 0.95|0.95 | 0.91 | 0.95 | 0.90 | 0.90
200-50-20 | 167*| 331 | 171 | 179 |214* | 441 | 236 | 251 | 0.94 | 1.85|0.96 | 0.94 | 1.75 | 0.94
200-50-15 | 135%| 251 | 132 | 149 [136*| 335 | 185 | 214 | 091 | 1.68 | 0.89 | 0.91 | 1.57 | 0.87
200-50-10 | 101*| 163 | 90,1 | 113 | 74* | 218 | 130 | 167 | 0.90 | 1.45 | 0.80 | 0.91 | 1.30 | 0.78
150-75-20 | 217 | 203 | 227 | 225 | 303 | 262 | 311 | 312 | 0.96 | 0.90 | 1.01 | 0.97 | 0.84 | 1.00
150-75-15 | 176 | 144 | 179 | 183 | 248 | 192 | 248 | 257 [ 0.96 | 0.79 | 0.98 | 0.96 | 0.75 | 0.97
150-50-20 | 295 | 373 | 288 | 290 | 411 | 498 | 396 | 404 | 1.02 | 1.29|0.99 | 1.02 | 1.23 | 0.98
150-50-15 | 243 | 283 | 232 | 247 | 343 | 377 | 323 | 349 | 0.98 | 1.15]0.94 | 0.98 | 1.08 | 0.92
150-50-10 | 173 | 184 | 164 | 189 | 253 | 246 | 235 | 276 | 0.91 | 0.97 | 0.87 | 0.92 | 0.89 | 0.85
100-100-30| 234 | 209 | 297 | 258 | 325 | 289 | 402 | 351 {091 | 0.81 | 1.15|0.93 | 0.82 | 1.14
100-100-20| 182 | 151 | 217 | 193 | 254 | 188 | 296 | 265 [ 0.94 | 0.78 | 1.12 | 0.96 | 0.71 | 1.12
100-100-15| 146 | 103 | 168 | 152 | 205 | 131 | 232 | 210 [ 0.96 | 0.68 | 1.11 | 0.98 | 0.62 | 1.10
100-50-20 | 420 | 438 | 460 | 441 | 584 | 583 | 630 | 609 | 0.95|0.99 | 1.04 | 0.96 | 0.96 | 1.03
100-50-15 | 372 | 332 | 386 | 383 | 523 | 443 | 535 | 535 {0.97 | 0.87 | 1.01 | 0.98 | 0.83 | 1.00
100-50-10 | 287 | 216 | 285 | 296 | 411 | 288 | 404 | 423 | 0.97 | 0.73 | 0.96 | 0.97 | 0.68 | 0.95
100-30-15 | 503 | 725 | 494 | 493 | 707 | 967 | 689 | 699 | 1.02 | 1.47 | 1.00 | 1.01 | 1.38 | 0.99
100-30-10 | 401 | 501 | 380 | 417 | 583 | 668 | 541 | 607 [ 0.96 | 1.20 | 0.91 | 0.96 | 1.10 | 0.89
Mean 0.96 | 1.09 | 0.98 | 0.96 | 1.02 | 0.97

St.dev. | 0.04 | 0.34 | 0.09 | 0.03 | 0.32 | 0.09

Max 1.02 | 1.85| 1.15 [ 1.02 | 1.75 | 1.14

Min 0.90 | 0.73 | 0.80 | 0.91 | 0.68 | 0.78

*Values have been calculated according to proposed method
by Davies and Jiang (1998) when k; is negative.
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Fig. 2.5: Comparison of elastic distortional stresses for C-section.

2.3.5.2 Simply Supported Plate with Stiffeners

In cold-formed steel design, a member is idealized as a summation of elements. For instance, the
flange and the web are treated independently as simply supported plates and examined
accordingly. Elements supported along both longitudinal edges are defined as stiffened elements.
The flange and the web are therefore defined as stiffened elements if they are supported by other
adjacent plane elements such as a web, a flange or a stiffener. The following cases illustrate the
differences between the various methods for determining the minimum distortional buckling
stress of simply supported plates with one or two stiffeners. In these cases, the plate with
stiffener could be, for instance, the web part of a C-section or the flange part of a hat-section.
Two analytical methods have been used, namely the EC3 method and the Schafer-Pekdz method.
The numerical results have been determined using the Finite Strip Method (FSM). The THIN-
WALL program (1996) was used in this case.

Simply Supported Plate with One Stiffener

The stiffened plate with a width of 200 mm and plate thickness of t = 1 mm and t = 2 mm was
studied. The V-shaped stiffener is positioned in the middle of the plate and its height varies from
2 mm to 14 mm. Figure 2.7 presents the buckling analysis results for the plate thickness of 1 mm
and Fig. 2.8 for the plate thickness of 2 mm. Figures 2.7 and 2.8 present the minimum
distortional buckling stress versus stiffener height. The analytically determined local buckling
stress values of the sub-elements are also included in the figures. As Fig. 2.7 shows, the

distortional buckling mode is dominant if the stiffener height is less than 10 mm in the case of



the plate thickness of 1 mm. For the plate thickness of 2 mm, the distortional buckling is
more dominant in the whole studied interval of stiffener height. Figure 2.7 shows that
both analytical methods give reasonable results for the slender plate (h/t=200) compared
to the values given by the finite strip method. For the stockier plate (h/t=100, Fig. 2.8),
the EC3 overestimates the distortional buckling stress, especially in the case of high
stiffener heights. The Schafer-Pek6z method provides a good correlation with the FSM

results in this case as well.
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Fig. 2.7: Minimum distortional and local buckling stresses for simply supported plate
with single stiffener by varying stiffener height. Plate thickness is 1 mm.
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Fig. 2.8: Minimum distortional and local buckling stresses for simply supported plate
with single stiffener by varying stiffener height. Plate thickness is 2 mm.
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Simply Supported Plate with Two Stiffeners

In this case, the plate width is the same as previously, but two symmetrically located stiffeners
are used. The stiffener size is presented in Figs 2.9 and 2.10. Figures 2.9 and 2.10 present the
minimum distortional buckling stresses versus stiffener location for plate thicknesses of 1 mm
and 2 mm, respectively. As Figs. 2.9 and 2.10 show, the EC3 method very firmly overestimates
the distortional buckling stress if the stiffeners are positioned near the edges. In the EC3 method,
the distortional buckling stress increases when the location of the stiffener moves towards the
edge of the plate. This behaviour is opposite to the results of the FSM or Schafer and Pekdéz
method. In EC3, the buckling of the stiffener is based on the assumption that the stiffener
behaves as a compression member with continuous partial restraint. This restraint, which is
described as spring stiffness, is higher near the support due to the fact that under point loading,
the deflection of the beam is smaller there. EC3 results are reasonable when the stiffener location
is near one-third of plate width, but the results clearly show that some limitations on stiffener
location should be made. The Schafer and Pekéz method predicts the distortional buckling stress
with adequate accuracy for both the studied plate thicknesses. The results are slightly

conservative compared to the FSM results.
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Fig. 2.9: Minimum distortional and local buckling stresses for a simply supported plate with two
stiffeners having different stiffener locations. Plate thickness is 1 mm.
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Fig. 2.10: Minimum distortional and local buckling stresses for a simply supported plate with
two stiffeners having different stiffener locations. Plate thickness is 2 mm.

Due to above mentioned inaccuracies, the EC3 method is proposed to replace with the more

simple and accurate Schafer-Pekéz method in Eurocode 3.

2.4  Influence of End Boundary Conditions on Distortional Buckling Stress

It should be noted that all the manual calculation methods mentioned above assume pin-ended
conditions for distortional buckling. In practice, this means that the column should be long
enough so that several distortional buckling half-waves may occur along the column length. Of
course, from the design point of view of, it is not critical if the column is short and the end
boundary conditions have an effect on the distortional buckling stress, but this should be
considered, e.g. if test results of the short columns are compared to the predictions from the
design codes. Figure 2.11 illustrates the effect of the end boundary conditions on the distortional
buckling stress for a typical C-section. The graph has been determined by GBT. The higher
curve gives the distortional buckling stress for the fixed-ended column and the lower curve for
the pin-ended column. It can be seen that the influence of the end boundary conditions is
considerable and the distortional buckling stress of the fixed-ended column reaches that of the
pin-ended column only with multiple distortional buckling half-waves. The distortional buckling,
like local buckling, is usually taken into account using the effective cross-section area. If the
effective area is determined using conventional stub column tests, the influence of the end

boundary conditions should be considered.
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Fig. 2.11: Influence of the end boundary conditions on distortional buckling stress.
2.5  Local and Distortional Buckling of C- and Web-Stiffened C-Sections

The additional stiffeners in the web of the compressed C-section increase the local buckling
stress of the section. Nevertheless, due to the stiffeners, more distortional buckling modes occur
in the section. Depending on the section dimensions, each distortional buckling mode may reach
the minimum value independently, or the minimum value may be the result of interaction of the
different modes. In the design, the web is usually treated independently and considered as simply
supported. The purpose of this chapter is to study buckling behaviour of the C- and web-

stiffened C-section as a whole section.

There may be significant interaction between the local and distortional buckling modes for
slender C-sections without the web stiffener. Figure 2.12 and 2.13 show examples of the
buckling analysis for a pin-ended C-section with dimensions shown in corresponding figure.
Local and distortional buckling stresses were calculated separately for each buckling half-sine
wavelength using GBT. Local and distortional buckling modes were allowed to buckle

interactively in a single half-sine wave when the critical stress resultant is (Davies et al 1998):

- B 4 -
WL =W —(l+o) 1~ [1-———— |=y YW (2.20)
2 B(l+w)’

where
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The index j corresponds to the buckling mode that gives the lowest critical stress in each half-
wavelength. As Fig. 2.13 shows, there is significant mode interaction between the local and
distortional buckling for the C-section with a height of 200 mm, if they were allowed to buckle
interactively in a single half-sine wave. The interaction curve has no clear minimum point for
distortional buckling contrary to such as shown in Fig. 2.12 for the C-section with a height of
100 mm. Thus, using a method, such as FSM, where only the lowest buckling stress (i.e. the
interaction curve based on sine half waves) is determined, the minimum distortional buckling
stress may be impossible to be determined in some cases. However, in actual structures the local
buckling of the studied cross-section occurs first at a lower stress level than distortional
buckling, forming multiple buckling half-waves, as can be seen in Fig. 2.14 where a free
buckling mode is assumed in GBT analysis. Distortional buckling occurs at a higher stress level,
and interaction with local buckling at the same buckling half-wavelengths is not obvious. It can
be seen from Fig. 2.14 that the interaction mode follows the local buckling mode. In design, it is
reasonable to use minimum local buckling stress for the design of the web and the minimum

distortional buckling stress for the design of the flange and the edge stiffeners.
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Fig. 2.12: Local and distortional buckling of a C-section with height of 100 mm
assuming sine half wavelength.
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Fig. 2.13: Local and distortional buckling of a C-section with height of 200 mm
assuming sine half wavelength.

250 : 50
: ‘ 15 - Distortional
—_— ! ‘ —— Local,web
200 - 1 200 —— All modes
€ ‘ ‘
E
£ 150 -
(7]
(7]
o
b7 |
> 100
£
x
S 50 -
m
0 : ‘
0 500 1000 1500

Column Length [mm]

Fig. 2.14: Local and distortional buckling of a C-section with height of 200 mm
assuming free buckling mode.

50

s

200( o

Fig. 2.15: Studied web-stiffened C-section
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Local buckling of the web may be increased using web stiffeners such as shown in Fig. 2.15.
Figures 2.16 and 2.17 show the GBT analysis results for the section described in Fig. 2.15, when
the height of the web stiffener is 3 mm or 6 mm. Each figure shows the individual distortional
buckling mode for the edge stiffener (Flange) and for the web stiffener (Web) and the interaction
mode, which includes all the distortional buckling modes. In these analyses, the buckling mode
is free to develop and there can be several buckling half-waves along the column length. In
order to see the contribution of the flanges to the distortional buckling stresses of the web, each
figure shows also buckling analysis for an isolated, simply supported web without flanges.
Figure 2.17 shows two minimums for that graph. The first minimum corresponds to the local
buckling of the sub-elements and the second minimum corresponds to the distortional buckling
mode of the web. These graphs are based on FSM and they show the lowest buckling stress at
each buckling sine half-wavelength. It should be noted that the curves for whole sections are
based on GBT analysis, where the buckling mode is free to develop and there can be several

buckling half-waves along the column length.

Figures 2.16 clearly shows that the interaction between different buckling modes is weak for
sections with small web stiffener. In that case the interaction mode mainly consists of web
buckling. On the other hand, Fig. 2.17 shows quite a significant interaction between web and
flange-mode distortional buckling for a section with a web stiffener height of 6 mm. The
combined distortional buckling mode gives a minimum buckling stress value over 20% lower

than the lowest individual mode.

Figs 2.16 and 2.17 also show that the web-buckling stresses are conservative if they have been

determined assuming the web as simply supported and ignoring the contribution of the flanges.
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Fig. 2.16: Buckling stresses for C-section Fig. 2.17: Buckling stresses for C-section

web stiffener height of hy=3 mm. with web stiffener height of h=6 mm.
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Furthermore, finite strip analysis was performed to study the elastic buckling behaviour of a C-
section with a lower web height of 100 mm, flange width of 50 mm and thickness of 1 mm. The
width of the intermediate stiffener of the web was 10 mm while its height varied between 0-12
mm. The width of the edge stiffener was either 10 mm or 20 mm. Figures 2.18 and 2.19 show the
results for the buckling analysis. In both figures, the first graphical minimum for the section
without web stiffener (hs=0) represents the local buckling mode of the web. When the height of
the stiffener is 3 mm, the first minimum is the buckling mode where the web stiffener deflects
with the web plate. This buckling mode should be considered now as the distortional buckling
mode, though the buckling mode and critical half-wave length does not differ considerably from

the local buckling mode.

When the web stiffener height is 6 mm, the buckling behaviour is different depending on the
edge stiffener height. In the case of the smaller edge stiffener, the first minimum represents the
local buckling mode of the sub—element, while the second minimum corresponds to the
distortional buckling, which is the interaction mode of the edge and web stiffener buckling. In
this case there is, however, quite a small interaction between different distortional modes. In the
case of wider edge stiffeners, three graphical minimums can be seen in Fig. 2.19. The second
minimum mainly corresponds to the web stiffener buckling and the third minimum mainly
corresponds to the edge stiffener buckling. Figure 2.20 more clearly shows the distortional
buckling behaviour for this particular section as a result of using GBT. It should be noted that
only the distortional buckling modes have been considered in Fig. 2.20, where buckling modes
for the edge and web stiffener are displayed separately and the interaction mode of all the

distortional buckling modes is displayed as a single curve.

Figures 2.18 and 2.19 show that for other web stiffener heights there are only two graphical
minimums. The first one corresponds to the local buckling of the sub-element and the other one
corresponds to the combined distortional buckling mode. Figure 2.19 shows that the interaction
of the distortional buckling modes is more important for sections with wider edge stiffeners. The
graphs show that the distortional buckling stress decreases although the web stiffener height

Increases.
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Fig. 2.18: Elastic buckling stress for web-stiffened C-section. Lip width is 10 mm.
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Fig. 2.19: Elastic buckling stress for web-stiffened C-section. Lip width is 20 mm.
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Fig. 2.20: GBT analysis for C-section with web stiffener height of 6 mm.
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The previous examples showed that some interaction might occur between different distortional
buckling modes. The interaction is usually more considerable if the distortional buckling stress

of the web mode is much higher than that of the flange mode.

Each buckling mode can be separately analyzed using GBT. However, Fig. 2.17 showed that the
interaction of different distortional buckling modes can be considerable and give lower values
than independent buckling modes. For web-stiffened sections, it may be difficult to decide when
the design should be conducted independently for the web and the flange and when the
interaction of different distortional buckling modes should be considered. Usually, when the
distortional buckling of the web is lower than the flange distortional buckling mode, or it has
clear minimum point, the web and flange may be designed independently. The web may be
considered as a simply supported (stiffened) plate without contribution of the flanges or the web

distortional buckling stress may be determined taking into account the whole section.

2.6  Comparison of different web-stiffening systems

The web stiffeners are usually V-shaped grooves, as shown in Fig. 2.21. One possibility for the
web stiffening is to form the section into a sigma-shape. In general, the sigma-section has higher
distortional buckling stress than the groove-stiffened C-section. On the other hand, the
distortional buckling of the sigma-section is more complicated and there is often an interaction
between the different distortional buckling modes and between the distortional and global

buckling modes as well.

Figure 2.21 shows an example of a C-section with a relatively slender web with height of 200
mm and thickness of 1 mm. Figure 2.21 also shows sigma-shaped and V-grooved sections as
modifications of the plain C-section. Both stiffening methods considerably increase the local
buckling stress by dividing the whole web into the three sub-elements. Figure 2.22 shows the
elastic distortional buckling stresses for all three sections given by GBT. As the graphs show, the
sigma-section has much higher critical stress than the plain and the groove-stiffened C-section.
In Fig. 2.22, the distortional buckling stresses have been determined including all the distortional
buckling modes but not the global buckling modes. This means that the distortional buckling
modes of the edge and web stiffeners may interact in the case of the web-stiffened sections.
Figure 2.23 shows elastic buckling stresses when all modes are considered. By comparing the

stresses in Fig. 2.22 and Fig. 2.23, the interaction between the distortional buckling mode and
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global buckling mode for the sigma-section can clearly be seen. In a practical application such as

wall structures, the global buckling is often prevented such that this interaction is not important.
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Fig. 2.21: Stiffening of C-section.
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Fig. 2.22: Distortional buckling stress for C-, Sigma- and Web-stiffened C-section.
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2.7 Treatment of perforations

2.7.1 Properties of the perforated web part

The web perforation has a considerable effect on the compression behaviour of the section.
Mainly, the perforation reduces the local and distortional buckling stress of the section. The
perforation changes the web part into very anisotropic material. The axial stiffness in the
longitudinal direction is quite high and it is reduced in proportion to the perforated area. On the
other hand, the axial stiffness of the perforated web is very low in the perpendicular direction.
The bending stiffness of the perforated web is also dependent on the direction. The geometry of
the studied perforation-type is illustrated in Fig. 2.24. The reduced stiffness values were
achieved by linear FE analysis. Table 2.2 shows the reduction for axial and bending stiffness for
the perforated plate in longitudinal and perpendicular direction. The reduction factor indicates
the ratio between the stiffness of the perforated part of the web and that of the plain plate with

the same dimensions.
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Fig. 2.24: Perforation dimensions.
TABLE 2.2
REDUCTION FACTORS FOR STIFFNESS DUE TO PERFORATION
Reduction
Axial stiffness = 0.77
Axial stiffness L 0.002
Bending stiffness = 0.77
Bending Stiffness L 0.06

For analysis purposes, it is convenient to replace the perforated part of the web by the plain plate,

which has the same stiffness properties as the perforated web part.

The buckling behaviour of different buckling modes, such as local and distortional buckling

modes, is dependent on the different properties of the section. For example, the local buckling of
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the web-perforated C-section is mainly dependent on the longitudinal axial stiffness of the plates
and the longitudinal and perpendicular bending stiffness of the plates. The distortional buckling
of the perforated sections is mainly dependent on the perpendicular bending stiffness of the web.
These facts lead to the situation where only one equivalent plate thickness is not necessarily
adequate for the different buckling analyses. FE analyses were carried out to study the local and

distortional buckling behaviour of the perforated sections.

2.7.2  Analysis of the Web-Perforated C-Sections

2.7.2.1 Local Buckling

Local buckling is the most dominant buckling mode for the web-perforated C-sections such as
those shown in Fig. 2.25. Local buckling of the perforated sections was studied using the elastic
buckling analysis in the NISA finite element application (1996). The analyses were carried out
for the isolated web part, which was assumed simply supported, and for the whole section
including edge-stiffened flanges. The width of the flanges was 50 mm, and the width of the
stiffeners was 15 mm. The plates and sections with a length of 800 mm were modelled including
perforations. The length was chosen in order that minimum local buckling stress could be
achieved. Parabolic, 8-node shell elements were used in the analysis. The maximum aspect ratio
of the element was eight. The buckling analyses were carried out for the plates and sections
whose width varied between 150 mm —and 225 mm, and plate thicknesses of 1 mm and 2 mm

were included in the analysis.

Fig. 2.25: Web perforated C-section.

Local Buckling Analysis of Simply Supported Plate

The results of the buckling analysis for the uniformly compressed and simply supported
perforated plates are shown in Table 2.3. Perforation dimensions were same as shown in Fig.

2.24. Table 2.3 also includes analytically determined local buckling stresses for the plates with
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the same dimensions but without the perforations. The reduction factor for thickness, as
presented by Salmi (1998), is shown in the last column of Table 2.3. The reduction factor is

determined from the following equation:

(o}
Kpog = | —2 2.21)

o

cr. plain

where 0, ,.r 1s the elastic buckling stress of the perforated plate, and o, puin is the elastic
buckling stress of the plain plate. The elastic buckling stress of the equivalent plate with reduced
thickness #.,.e» = kred t, 1s thus the same as that of the plate with a perforated part. The o, s has
been determined by dividing the buckling load by the gross cross-section area ignoring
perforations. This assumption gives a lower bound value for the buckling stress. Figure 2.26

shows the buckling mode of the perforated plate with a thickness of 2 mm and a width of 150

mm.
TABLE 2.3
DETERMINATION OF FACTOR Kieq
Plate thickness | Plate width Oerplain Ovrperf krea
[mm] [mm] [N/mm?®] | [N/mm?]
1 150 33.7 17.3 0.72
175 24.8 13.4 0.74
200 19.0 10.7 0.75
225 15.0 8.6 0.76
2 150 135.0 67.3 0.71
175 99.2 52.3 0.73
200 75.9 41.9 0.74
225 60.0 33.5 0.75

Fig. 2.26: Local buckling mode for the perforated plate.
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Local Buckling Analysis of Whole Section

In the design, the local buckling of the web of the C-section is usually analyzed separately
assuming simple support along the edges. For slender webs with relatively stocky flanges, this
assumption may be conservative. FE analyses were also carried out for whole sections to study
this behaviour. Figure 2.27 shows the buckling mode for the plain and perforated section with a
web width of 150 mm and a thickness of 2 mm. It can be seen that the buckling half-wave length
is shorter in this case than when assuming the web as a simply supported plate in Fig. 2.26. Table
2.4 shows the buckling analysis results (O piain-c) for the plain section including edge-stiffened
flanges and Table 2.5 for similar but perforated sections (Ocpe.c). To obtain the minimum
value, the results of the plain sections were verified by calculating several buckling half-wave
lengths using the finite strip method. Tables 2.4 and 2.5 also show the difference between the
local buckling stress of the simply supported plate (such as shown in Table 2.3) and that of the
whole section. The results show that the local buckling stresses of the whole section are over
40% higher than that of the simply supported plate for plain sections. Due to the slender web, the
difference is about 75% for the perforated sections. This observation indicates that the restraint
given by the flanges is rather more rigid than the simply supported and local buckling coefficient
value k£ = 6.97 that could be used for the web. It should be noted that some of the ratios O pe,r-c
/Ocrperg 1n Table 2.5 are greater than theoretical value 1.7425 (6.97/4). This is because the

buckling stresses were determined from buckling loads using gross cross-section.

In general, it is evident that local buckling analysis for the whole sections with numerical
methods such as FEM, FSM or GBT lead to more economical design than with the use of

analytical methods for isolated simply supported elements.

TABLE 2.4
LOCAL BUCKLING STRESS FOR PLAIN C-SECTION

Plate thickness | Plate width Ocr plain-C Ocr plain-c/
[mm] [mm] [N/ mmZ] O¢r. plain
1 150 48.2 1.43
175 35.7 1.44
200 27.7 1.46
225 22.0 1.47
2 150 187.2 1.39
175 141.0 1.42
200 108.9 1.43
225 86.5 1.44
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TABLE 2.5
LOCAL BUCKLING STRESS FOR PERFORATED C-SECTION
Plate thickness | Plate width Ocr perf-C Ocr perf-c/

[mm] [mm] [N/ mmz] Ocr. perf

1 150 28.5 1.65

175 23.5 1.75

200 19.2 1.79

225 15.8 1.84

2 150 110.9 1.65

175 91.1 1.74

200 73.9 1.76

225 60.0 1.79
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Fig. 2.27: Local buckling modes for perforated and plain C-section.

Conclusions of Local Buckling Analysis

Using the manual calculation method, the local buckling of the web-perforated C-section can be
determined by replacing the whole web with a plate of equivalent thickness of 0.72t for studied
section dimensions. The local buckling coefficient value of k = 6.97 can be used, which
corresponds to the rigid support along the longitudinal edges. A conservative value of £ = 4.00
for the local buckling coefficient may be used if the section dimensions significantly differ from

the studied sections.
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If some numerical analysis such as FEM, FSM or GBT is used, it is reasonable to analyze the
whole section. The following study will compare different ways of modelling the perforated web
in numerical analysis. In the first method, the whole web was replaced with the plate of
equivalent thickness as described earlier. On the other method, only the perforated part of the
web was replaced with the plain plate with reduced thickness corresponding to the same
perpendicular bending stiffness of the perforated web part. The perpendicular bending stiffness
of the perforated web part is 6% of that of the plain plate, i.e. the reduced thickness can be

expressed as follows:
t. =30.06t=0.39¢. (2.22)
| | | |

e

‘ ‘ ‘ ‘ |

—

tr.web tr

Fig. 2.28: Two ways to model the perforated web.

The local buckling stresses were determined again by FEM for the sections with the same
dimensions as above. Table 2.6 shows the comparison of the local buckling stress of the C-
section with equivalent thickness (#.,.» or #,) and local buckling stress of a C-section modeled
including perforations. Table 2.6 shows that the first method, where the whole web is replaced, is

quite conservative while the latter method only slightly overestimates the local buckling stresses.

TABLE 2.6
COMPARISON OF LOCAL BUCKLING STRESSES OF C-SECTION WITH EQUIVALENT
THICKNESS AND C-SECTION MODELLED INCLUDING PERFORATIONS

Plate thickness | Plate width | Gt wep) | Oer(te)/
[mm] [mm] Ocr.perf-C. Ocr.perf-C.

1 150 0.85 1.17

175 0.78 1.09

200 0.75 1.04

225 0.73 1.02

2 150 0.82 1.12

175 0.77 1.07

200 0.74 1.06

225 0.74 1.05
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2.7.2.2 Distortional Buckling

As the analytical expressions for distortional buckling showed, the distortional buckling of the
C-section is mainly affected by the rotational restraint at the web/flange juncture. Another factor,
which is omitted, e.g. in Eurocode 3, is the compression stress in the web, which reduces the
flexural restraint. Schafer and Pekéz (1999) take into account the latter factor by using a so-
called geometric stiffness term that is stress-dependent. Because the perforated part of the web
has low perpendicular bending stiffness, the rotational restraint is considerably reduced
compared to the plain section. The distortional buckling behaviour of the perforated section is
best described by replacing the perforated part of the web with an equivalent plain plate

corresponding to the same perpendicular bending stiffness.

An analytical model for distortional buckling of the web-perforated C-section was developed by
the author by modifying the expressions for a plain section given by Schafer and Pekoz. In the
modified model, the elastic rotational stiffness, kg,., is modified taking into account the reduced
bending stiffness of the perforated part of the section. The web of the C-section in compression
is treated as a simply supported beam in flexure, as shown in Fig. 2.29. The reduced rotational
stiffness at the end of the beam with thicknesses t and t. subjected to equal and opposite end

moments may be expressed as:

i
ko= (2.23)

dwe
6(1—v2)[bw+2bfv b, ]+ 12(1—02)( b’ +bwbr]

Et’ h Et: \2h, h

w w r

w

where £, is the height of the whole web and b,, and b, as shown in the Fig. 2.29.
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Fig. 2.29: Notations for perforated C-section.

The critical half-wave length in distortional buckling may be expressed now as:

0.25

E : I :
L,=n|—|1,(x,, ~h, ) +1,-"L(x,, ~h,) (2.24)
k¢we ny

where the terms in inner brackets are the cross-sectional values of the flange part, and are shown
in Fig. 2.29 and Appendix A. The elastic and geometric stiffness terms of the flange are the same

as those in the original Schafer and Pek6z method, which is shown in Appendix A.

The geometric stiffness l;wg of the web is determined using full plate thickness. This

approximation gives results that are on the "safe side."
Comparison of Analytical Predictions and GBT Solution

The analytical expressions were verified by comparing analytically determined -elastic
distortional buckling stresses to the results given by GBT. The comparison was performed for
the series of C-sections whose height varied between 150 mm and 225 mm with thicknesses
varying between 1 mm and 2 mm. The flange width was again 50 mm and the width of stiffener
was 15 mm. The reduced thickness value of 0.39t for the perforated web part with a height of 58
mm was used in both the analytical method and GBT analysis. Figure 2.30 shows the difference

of the critical buckling length determined using the above-mentioned methods. As Fig. 2.30
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shows, the analytical method gives similar values for critical length as GBT. Fig. 2.31 shows
that analytical method also predicts distortional buckling stress with adequate accuracy for all of
the sections studied despite quite a rough estimation for the geometric stiffness of the web.
Figure 2.31 also shows that the ratio between the analytical and GBT values decreases with the
wall thickness and increases with height of the section. These factors indicate the effect of the

web slenderness on local buckling and thus on the geometric stiffness terms.
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Fig. 2.30: Comparison of critical buckling length in distortional buckling
given by analytical expression and GBT.
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Fig. 2.31: Comparison of elastic distortional stresses
given by analytical expression and GBT.
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2.7.6 Distortional Buckling of Perforated, Web-Stiffened C- Sections

Distortional buckling stress for the web-stiffened perforated C-section, as shown in Fig. 2.32,
should be determined in a similar way as for the plain web-stiffened C-section, but using the
reduced thickness for the perforated web part. The analysis is best carried out by a numerical
method such as GBT, FSM or FEM. The buckling stress, which corresponds to the interaction of
all the distortional buckling modes, is again the safest solution for the elastic distortional
buckling stress. Nevertheless, if the distortional buckling stress of the web is much lower than
that of the flange and the interaction between different distortional buckling modes is weak, it

may be reasonable to use a different distortional buckling stress for the web and the flange.

The main purpose of the web stiffeners is to divide local buckling to the separate fields. Because
the plain part of the web, d, between the web stiffener and the perforation is quite short, the
influence of the middle web part on the whole effective area is quite small. Thus, it may be

assumed as an outstanding element with an unsupported edge towards the perforation.
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Fig. 2.32: Web-stiffened, web-perforated C-section.
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3 LOCAL AND DISTORTIONAL BUCKLING OF COMPRESSED
THIN-WALLED MEMBERS IN DESIGN CODES

The current approach for the capacity of the member in the cold-formed steel structure codes and
specifications, such as in Eurocode 3: Part 1.3, the American AISI Specification or the Standard
of Australia and New Zealand AS/NZS 4600, involve determining an effective width of plane
elements to account for local buckling. The reduction is based on an empirical correction to the
work of von Karman et al. (1932) completed by Winter (1947). In design, local buckling is
generally treated by ignoring any interaction that exists between the elements. Each element is
treated independently and classic plate-buckling solutions based on isolated simply supported

plates are generally employed.

In the AISI Specification and AS/NZS4600, the inability of an edge stiffener to prevent
distortional buckling is taken into account by reducing the local buckling coefficient for the plate
element supported by the stiffener to a value below the basic value of 4.0. If the stiffness of the
stiffener is adequate to prevent its deformation in a plane normal to the plane of the element, the
adjacent element is assumed as stiffened. This design method does not account for the restraint

to distortional buckling provided by the web.

The design against the pure distortional mode of buckling is provided in AS/NZS4600, which
includes separate design curves for distortional buckling. These design curves are based on
research including testing for rack and C-sections by Lau and Hancock (1988), and by Kwon and
Hancock (1991). Nominal member capacity of the section subject to distortional buckling may

be expressed as:

/,

od

N, :Afy[l }when foa > J;—y

(3.1)

2
N, =Af,0.055 /£—3.6 +0.237 | when 12 < fa<
£ 13 2

where 4 is the area of the full cross-section and f,, is the elastic distortional buckling stress and f;
is the yield stress. These formulas allow some post-buckling reserve when the elastic distortional

buckling stress is less than half of the yield stress.
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In EC3, the distortional buckling is taken into account by reducing the thickness of the stiffener.
Thus, the distortional buckling is involved in the effective area approach and the interaction of
local and distortional buckling modes with global buckling modes may be accounted for. The
cross-section of the stiffener should be taken as comprising the effective portions of the stiffener
itself plus the adjacent effective portion of the plane element. The reduction factor for the
stiffener thickness is based on the "column curve" a, with o = 0.13. Since the thickness
reduction is only applied to the stiffeners, not to the whole cross-section, this method also allows

post-buckling reserve.

Schafer and Pekoz (1999) proposed a new method for determining the effective cross-section
area. They found that if distortional buckling is considered, then the critical buckling stress of an
element (flange, web or stiffener) is no longer solely dependent on local buckling. In order to
properly integrate distortional buckling, reduced post-buckling capacity in the distortional mode
and the ability of the distortional mode to control the failure mechanism even when at a higher
buckling stress than the local buckling mode must be incorporated. They proposed the method

where the critical buckling stress is defined for each plane element as:
fcr = mln cr,local ? Rd cr,dist . J (32)

where R; is the distortional buckling stress reduction factor to account for reduced post-buckling
capacity in this mode. Further, the method also allows distortional mode control even when the
distortional buckling stress is greater than the local buckling stress. The selected form for R,
based on numerical analysis by Schafer and Pek6z and the experimental results of Hancock et al.

(1994) is:

, 1.17
R, =min| I, +0.3 (3.3)
A, +1
where
A’d = fy /fcr,dist. (3'4)

The reduction factor for effective cross-section area is finally defined using Winter’s approach:

p :i(z_%] (3.5)
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where

A =777 (3.6)

If local and distortional buckling stress is determined by manual calculation methods, the local
buckling may be derived by treating each element independently, or using local buckling
solutions to account for the interaction between the two elements, as given by Schafer and Pekoz

(1999).

The above method has been examined for the strength capacity of laterally braced flexural
members using the experimental data of 190 experiments of several researchers. The same
approach may be possibly used for compressed members. If the local and distortional buckling
stress is determined numerically, e.g. using the finite strip method or generalized beam theory,
the design formulas could be used for the entire member instead of for an element-by-element

approach.

Each of the above-mentioned methods has advantages and disadvantages. In the current AISI
Specification, the distortional buckling is included in the effective area approach, then the
interaction with local, distortional and global buckling modes is possible. Nevertheless, AISI
does not explicitly cover the distortional mode and thus it may be unconservative for members
subject to distortional buckling. The Australian Standard is broadly similar to AISI, but it
provides design formulas for pure distortional buckling of compression or flexural members.
This method requires that the capacity of the members, which may fail in the distortional
buckling mode, should be checked for pure distortional buckling and furthermore for interaction
of local, distortional and global buckling using a similar expression as in AISI. The sections that
are sensitive to distortional buckling usually buckle in pure distortional buckling mode in
intermediate column lengths. In these cases the distortional buckling approach usually gives
better predictions than the AISI method. The weak link of the Australian Standard is short
columns, where distortional buckling can interact with local buckling, or long columns where
interaction of all these three buckling modes can occur. On the other hand, the tests have shown
(Kwon and Hancock 1991) that the pure distortional buckling approach is applicable for the
mixed local and distortional modes, including the case where local buckling occurs before

distortional buckling, when sections mainly fail in the distortional buckling mode.

In EC3, the effective area approach accounts for both local and distortional buckling. Local

buckling is taken into account by using effective widths for plane elements, and distortional
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buckling is taken into account using the effective thickness for stiffeners. The cross-section area
reduction is thus carried out independently for these buckling modes, which allows interaction
between local and distortional buckling. The effective area approach for local and distortional
buckling also allows interaction with global buckling modes. Kesti and Davies (1999a)
compared available test results of short columns with different cross-sections with the
predictions of EC3, and they showed that the EC3 method gives reasonable results if the elastic
distortional buckling stress is determined taking into account the actual column length and end
boundary conditions by using, e.g. the generalized beam theory. The original EC3 calculation
method for the elastic distortional buckling stress was not appropriate for comparison, because it
assumes free buckling of the stiffener giving minimum distortional buckling stress, and it is thus
appropriate for longer columns where several distortional buckling half-waves may occur. Table
2.1 in Section 2.3.5.1 showed, however, that the EC3 method for calculating minimum elastic
distortional buckling stress is not accurate in all cases. Thus, it is suggested that the elastic
distortional buckling stress should be determined using a more accurate method such as
presented in AS/NZS4600, or that proposed by Schafer and Pekoz, or by using some numerical
method. The original EC3 method and the modified method, where the distortional buckling
stress was determined using GBT, were used in the study by Kesti and Davies (1999b). The
comparison of predicted and test results for short to long columns of different cross-sections
showed that both methods are slightly conservative for long columns when global buckling is
dominant. This indicates that column curve b used in the analysis may be too conservative, or

that the interaction between distortional and global buckling does not occur in practice.

Local buckling and distortional buckling are treated as competitive buckling modes in the
method proposed by Schafer and Pekdz. Either one of them is chosen to represent the buckling
mode for each plane element. Since local and distortional buckling are taken into account by the
effective width approach, their interaction with global buckling modes is also considered. The
proposal, that the local or distortional buckling mode is chosen as the critical buckling mode for
the entire section instead of sub element when using, e.g. finite strip method, may be
conservative in some cases. For example, the web of C-sections with a very slender web and
stocky flanges buckles considerably earlier than the flange, and the reduction of the whole

section due to the web buckling seems to be conservative.
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4 PERFORATED STEEL WALL-STUD RESTRAINED BY GYPSUM
SHEATHING

Gypsum sheathing has an important role on the compression capacity of the perforated steel
wall-stud. The perforation reduces the flexural stiffness of the web and thus the section is very
sensitive to distortional buckling. The gypsum sheathing connections give rotational stiffness to
the section, thus improving the distortional buckling strength. Another important function of the
sheathing is to give lateral support to the stud and thus eliminate or improve flexural buckling of

the stud in the plane of the wall.

The lateral and rotational restraint given by the sheathing may be modelled as a lateral spring k,
and rotational spring Cp, acting at the corner of the flange and the web, as shown in Fig. 4.1. The
rotational restraint mainly consists of the flexural stiffness of the sheathing and rotational
stiffness of the connection between the sheathing and the stud. The restraint is slightly different
for opposite distortional buckling modes such as illustrated in Fig. 4.1. In the case when the lips
buckle inwards, the screw tends to penetrate the sheathing. The lateral spring stiffness k,
represents the shear stiffness of the shear fasteners. The value of the stiffness may be derived

using wallboard fastener connection tests, as described, e.g. by Miller and Pekoz (1994).

Fig. 4.1: Rotational and lateral restraint given by the sheathing.

The rotational stiffness Cp can be determined as:

1

C, =
1/C,.+1/Cp ,

4.1)

where
Cpc is the rotational stiffness corresponding to the flexural stiffness of the sheathing;

Cp ais the rotational stiffness of the connection between the sheathing and the stud.
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The value of the Cp ¢ may be taken as the minimum value obtained from a calculation model of
the type shown in Fig. 4.2, taking account of the rotations of the adjacent studs and the degree of

continuity of the sheathing, using the following formulas:

Cpo=m/0 (4.2)

Fig. 4.2: Model for calculating Cp c.

When calculating the flexural stiffness of the sheathing, the effective width of the sheathing
should be considered. If the screw pitch is under 300 mm, the whole width may be used. If the

screw pitch is longer, the effective width should be determined, e.g. by testing.

The value of Cp 4 1s mainly determined by the spring stiffness ks between the gypsum board and
the screw, and it is affected by the penetration of the screw into the gypsum board. The value of
ka may be determined by the penetration test where the screw is pulled through the sheathing.

Using the model shown in Fig. 4.3, the value of the Cp o may be then obtained from:

C,,=k,(b/2) (4.3)

where b is the width of the flange and &, is determined per unit length and the screw is assumed

to locate in the middle of the flange.

Fig. 4.3: Model for calculation Cp a.

The elastic distortional buckling stress of the stud may be then determined using the above-
mentioned additional rotational stiffness Cp in the intersection of the web and the flange.

However, the connection between the stud and the gypsum board is not uniformly continuous in
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reality. Thus, e.g. the FE model should be created by using linear springs k, and ky, as shown in
Fig. 4.4. The springs should be located in the same locations as the screws and correspond to the
lateral and perpendicular stiffness of the screw connection. The k, is now a linear spring
corresponding to the flexural stiffness of the sheathing and rotational stiffness of the connection
between the sheathing and the stud. Where the screw is located in the middle of the flange, the k,

can be determined as:

P — (4.4)

where £k, is the spring stiffness of one connection, Cp ¢ is the rotational stiffness corresponding to
the flexural stiffness of the sheathing, and w.y is the effective width of sheathing between

SCrews.

Fig. 4.4: Calculation model for the gypsum sheathed stud in FE analysis.

In practical situation, the influence of the penetration stiffness of the screw and the bending

stiffness of the gypsum board are in the same magnitude when determining the value £..
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5.1

5.1.1 Test Specimens

The tests were performed on sigma-sections and web-stiffened C-sections, whose webs were

arrangement was used to investigate the influence of the perforated web on the compression

C-sections with a thickness of 1.2 mm and 1.5 mm, respectively. For the code, #, W was used for

in Fig. 5.1 are shown in Tables 5.1. The mid-line dimensions are the averages of the measured
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Short Column Tests

perforated. Two test series were performed for each section-type. In the first series, the section

was tested as a whole, and in the other test series the perforated area was cut away. The latter

resistance of the section. The sections were labelled as CC-1.2-# and CC-1.5-# for web-stiffened

whole sections and F for sections with only flange parts. The ordinal 1 or 2 was also added if

there were two identical tests. The dimensions of the specimens using the nomenclature defined

values at both ends. The dimensions and position of the perforations are described in Fig. 5.2.

The measured core thickness for the C-sections was 1.15 mm and 1.47 mm, respectively.

TABLE 5.1
MEASURED SPECIMEN DIMENSIONS FOR WEB-STIFFENED C-SECTIONS
h b]/bz Cl/Cz 61/62 31/32 fl/fz d]/dz Area A
[mm)] [mm)] [mm)] [mm)] [mm)] [mm] [mm)] [mmz]
CC-1.2-W-1 173.7 | 49.8/48.9 | 16.2/16.4 | 22.8/24.8 9.3/9.2 22.4/22.4 | 13.1/10.7 301.3
CC-1.2-W-2 173.7 | 49.7/49.8 | 16.2/16.1 | 22.8/24.7 9.3/9.3 22.4/22.4 | 13.1/10.7 300.8
CC-1.2-F 173.6 | 49.7/49.4 | 16.3/16.0 | 23.0/23.1 9.3/8.5 22.8/22.4 | 11.7/12.6 299.3
CC-1.5-W-1 174.1 | 49.9/50.2 | 16.2/16.8 | 23.6/22.9 8.8/8.3 23.3/22.5 | 10.0/10.9 377.2
CC-1.5-W-2 174.2 | 49.5/49.8 | 16.3/16.7 | 23.0/23.1 8.9/7.9 22.6/22.5 | 11.3/10.6 377.1
CC-1.5-F 173.5 | 49.9/49.6 | 16.6/14.6 | 22.3/22.2 8.4/8.2 22.6/22.8 | 10.0/12.5 373.2
b
\‘—7%
i EC
(§
f
ay d
A
h

L]

Fig. 5.1: Definition of symbols for web-stiffened C-sections.
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Fig. 5.2: The perforation of web-stiffened C-section.
5.1.2 Material Properties

The material of the test specimens was S350GD+Z250 (EN 10147) with a nominal yield strength
of 350N/mm®. The material properties of each series were determined by tensile coupon tests.
Four longitudinal coupons were tested for each series. The coupons were cut out from the centre
of the flange plates of the finished specimens. The coupons were prepared and tested according

to the EN-10002-1 standard. The mean values of the test results are shown in Table 5.2.

TABLE 5.2
MEASURED MATERIAL PROPERTIES

E3 E3

Core Yield stress Tensile Modulus of | A, A
Thickness f, [N/mm’] strength £, elasticity E [%] [%]
[mm] [N/mm®] [N/mm’]
CC-1.2 1.15 386 490 200455 15.1 234
CC-1.5 1.47 380 492 204167 14.3 23.1

A, : Percentage total elongation at maximum force minus elastic elongation
A : Percentage total elongation at fracture minus elastic elongation

The stress-strain curves obtained from the coupon test are shown in Figs. 5.3 and 5.4 for CC-1.2
series, and in Figs. 5.5 and 5.6 for CC-1.5 series. The left Figs. 5.3 and 5.5 show the initial part
of the curves including determination of yield stress. The right Figs. 5.4 and 5.6 show the

complete stress-strain curve.

500 ;
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¢ [%] e [%]

18 20 22 24

Fig. 5.3: Initial Stress-Strain
Curve for Series CC-1.2.

Fig. 5.4: Complete Stress-Strain
Curve for Series CC-1.2.
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Fig. 5.5: Initial Stress-Strain Fig. 5.6: Complete Stress-Strain
Curve for Series CC-1.5. Curve for Series CC-1.5.

5.1.3 Test Arrangement

All the test specimens were tested in a fixed-end condition. The fixed-end conditions were
arranged by casting each end of the specimen in concrete. This kind of arrangement was used to
ensure explicit end conditions for the sections. If the section is placed between end plates
without fixing, warping is not necessarily completely prevented and comparison to analytical
results is difficult. Warping is problematic especially for perforated sections, whose web areas
have low bending and shear stiffness. For the plain C-section, the end plates without fixing may
give sufficient restraint against warping if the flanges and stiffeners are wide enough. On the
other hand, the pin-ended conditions for distortional buckling mode are impossible to arrange for
short test specimens. The free length of each specimen between the concrete blocks was 800 mm
when minor axis flexural buckling was not critical. The columns with concrete blocks were
centred in a S00kN hydraulic testing machine equipped with a lockable plate at one end. The
lockable plate allowed the ends of the specimen and the loading plates to bed-in, thus ensuring
full contact between the end bearing and test specimen. The loading rate used was 4 kN/min,
corresponding to about 10.5 — 13.5N/mm” stress increase per minute. The set-up for the column
tests is shown in Fig. 5.7. The displacements of the specimens were measured using linear
displacement transducers around the sections, as shown in Fig. 5.8. One displacement transducer

measured the axial shortening of the specimen.
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Fig. 5.7: Test set-up for column tests

The initial geometric imperfections along the test specimens were measured before testing. The
imperfections were measured in the tip of the flange and in the groove of the web (marked as dz5
and dy3 in Fig. 5.8). The measurements were made at five different locations (at x=0, L/4, L/2,
3L/4, L) along the specimens. The magnitudes of the imperfections were found to be about 0.0-
0.6 mm. The imperfection magnitudes at the locations x=L/4, L/2 and 3L/4 and each end of the
cross-section (a and b) are presented in Table 5.3. The values shown in Table 5.3 indicate
divergences from the straight line between the specimen ends. Positive values indicate

imperfections outwards, as shown in Fig. 5.8.

TABLE 5.3
MEASURED INITIAL IMPERFECTION MAGNITUDES ALONG THE SPECIMEN
Tip of the flange Web stiffener
x=0.25L | x=0.50L | x=0.75L | x=0.25L | x=0.50L | x=0.75L
CC-1.2-W-1a -0.3 0.6 0.3 0.2 0.0 0.2
CC-1.2-W-1b -0.0 0.1 0.1 0.3 0.2 0.8
CC-1.2-W-2a -0.2 -0.2 -0.1 0.4 0.2 -0.2
CC-1.2-W-2b 0.1 0.1 -0.0 0.5 0.4 -0.0
CC-1.5-W-1a -0.3 0.6 0.3 0.2 0.2 0.2
CC-1.5-W-1b 0.0 0.1 0.1 0.3 0.2 0.8
CC-1.5-W-2a 0.2 0.3 0.2 0.1 0.1 0.2
CC-1.5-W-2b -0.1 -0.0 -0.0 0.2 0.3 0.2
CC-1.2-Fa -0.1 -0.2 -0.3 0.2 0.3 0.2
CC-1.2-Fb -0.2 -0.1 0.1 0.4 0.4 0.2
CC-1.5-Fa -0.2 -0.3 -0.3 0.3 0.4 0.4
CC-1.5-Fb -0.2 -0.3 -0.4 0.3 0.3 0.3
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Fig. 5.8: Locations of transducers around section.

5.1.4 Test Results

Both flange parts of the test specimens, whose perforated parts were removed, independently
failed in the flexural-torsional buckling mode. The failure loads of these specimens are shown in
Table 5.4. The failure loads for whole specimens are shown in Table 5.5. These sections failed in
the distortional buckling mode, which was naturally almost similar to the buckling mode failure
of the specimens whose perforated parts were removed. In both test series, CC-1.2-W and CC-
1.5-W, one specimen failed such that the lips buckled inwards and the other identical specimen
such that the lips buckled outwards, as can be seen in Appendix C. In the latter case, the capacity
was considerably lower. The restraint of the perforated web with respect to distortional buckling
mode was found to have some importance. The failure loads of the whole sections were
approximately 10% higher than those of the sections without the web part, when the lips of the
whole section failing outwards, and 27% when the lips failing inwards. The load-displacement
curves are shown in Appendix B and figures for failed specimens are shown in Appendix C for

all tests.

TABLE 5.4
TEST RESULTS FOR "FLANGE PART" SECTIONS
Test Failure Lips failure
specimen load [kKN] | mode direction
CC-1.2-F 58.0 inw.+outw.
CC-1.5-F 76.2 inward
TABLE 5.5
TEST RESULTS FOR WHOLE SECTIONS
Test specimen Failure Lips failure
load [kN] | mode direction
CC-1.2-W-1 64.4 outward
CC-1.2-W-2 73.5 inward
CC-1.5-W-1 96.2 inward
CC-1.5-W-2 83.1 outward
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5.2 Gypsum Board Braced Column Tests

5.2.1 General

The aim of the gypsum board braced column tests was to define the influence of the gypsum
board screw connection on the distortional buckling strength of the section. In this test series, the
pitch of the screws connecting the flanges to the boards was varied from 200 mm to 600 mm.
The length of the specimen was chosen to be as high as 1800 mm to reduce the effect of the end

boundary conditions. Reference tests without gypsum boards were also performed.

5.2.2 Test Specimens

The tests were performed on web-stiffened perforated C-sections, similar to those used in the
short column compression tests. The sections were labelled CB-1.2-# and CB-1.5-# with section
wall thicknesses of 1.2 mm and 1.5 mm. For the code, #, defines the gypsum board screw pitch
used in the tests. CC-1.2-1800 and CC-1.5-1800 specimens are without gypsum boards. The
dimensions of the specimens using the nomenclature defined in Fig. 5.9 are shown in Table 5.6.
The mid-line dimensions are the averages of the measured values at both ends. The tested
sections were taken from same production batch as the short columns, except for specimen CC-
1.2-1800. Therefore, the material data shown in Table 5.3 is valid for other specimens. The
measured core thicknesses of the sections were 1.15 mm and 1.47 mm. The measured column

lengths were within 10 mm of 1800 mm.

TABLE 5.6
MEASURED SPECIMEN DIMENSIONS FOR WEB-STIFFENED C-SECTIONS
h b,/b, ci/cy e|/e, a,/a, fi/f, d,/d, Area A
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm’]

CB-1.2-200 173.4 | 49.8/50.4 | 14.2/16.1 | 22.7/23.6 | 9.6/9.7 | 22.5/22.6 | 13.8/10.6 | 299.6
CB-1.2-300 173.6 | 49.8/50.2 | 15.0/16.7 | 22.8/23.9 | 9.6/9.5 | 22.5/22.5 | 13.7/10.4 300.5
CB-1.2-450 173.2 | 49.6/50.5 | 13.9/16.5 | 22.5/23.8 | 9.7/9.4 | 22.7/22.6 | 13.9/10.0 | 298.8
CB-1.2-600 173.5 | 49.7/50.3 | 15.4/16.4 | 23.0/24.4 | 9.6/9.5 | 22.7/22.6 | 12.8/10.2 300.6
CC-1.2-1800* | 173.4 | 44.4/46.0 | 13.1/16.6 | 31.3/25.3 | 5.8/5.9 | 18.1/18.2 | 10.7/13.0 | 279.9
CB-1.5-200 173.4 | 49.5/49.4 | 16.0/15.8 | 22.5/22.3 | 9.6/9.9 | 22.6/22.6 | 11.5/11.3 379.0
CB-1.5-300 173.7 | 49.7/50.1 | 14.8/16.8 | 22.1/23.0 | 9.6/9.6 | 23.0/22.4 | 11.7/10.3 379.0
CB-1.5-450 173.4 | 49.6/49.9 | 15.0/16.3 | 22.3/22.4 | 9.7/9.8 | 22.5/22.6 | 12.6/10.3 379.1
CB-1.5-600 173.6 | 49.6/49.6 | 15.2/16.4 | 22.5/22.0 | 9.7/9.8 | 22.8/23.2 | 11.7/10.5 378.8
CC-1.5-1800 173.5 | 49.5/50.0 | 14.8/16.4 | 22.7/22.6 | 9.5/9.5 | 22.5/22.3 | 11.7/10.7 378.0
*specimen from different production lot (t.=1.13 mm, fy:390N/mm2 and E=196000N/mm?).
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Fig. 5.9: Definition of symbols for web-stiffened C-sections.

The test specimen with gypsum boards is illustrated in Fig. 5.10. Each end of the specimen was
cast in concrete to ensure the fixed-end condition. Gypsum boards (Gyproc GN13) with a
thickness of 13 mm were screwed to the flanges of the section. Self-drilling gypsum board
screws of 25x3.5 mm were used. Four different screw pitches were used: 200 mm, 300 mm, 450
mm and 600 mm. A 600-mm screw pitch was used only in the middle, and the distance to the
next screw was 300 mm. In the tests, the board width was 1200 mm and the board was supported
at the edges by three wooden struts. Thus, the flexural stiffness of the board was quite the same

as that in real structures, with a stud spacing of 600 mm.

The initial geometric imperfections along the test specimens were measured before testing. The
imperfections were measured only in the tip of the flange (dz5 or dz6 in Fig. 5.8). The magnitude
of the imperfections was found to be about 0.0-1.0 mm except in the case of specimens CB-1.2-
600 and CC-1.2-1800, where the maximum initial imperfection was 1.5 mm (=L/1200) and 1.3

mm, respectively.
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Fig 5.10: Test specimen in gypsum board braced column tests.

5.2.3 Test Arrangement

The columns with concrete blocks were centred in a S00kN hydraulic testing machine equipped
with a lockable plate at each end. The upper and lower head are presented in Figs. 5.11 and 5.12.
The lockable plates allowed the ends of the specimen and the loading plates to bed-in, thus
ensuring full contact between the end bearing and test specimen. The loading rate used was
4kN/min, corresponding to about 10.5 — 13.5 N/mm?® stress increase per minute. The specimen
was loaded until failure. The displacements of the specimens were measured using linear
displacement transducers around the sections, as shown in Fig. 5.8. The temperature was around

23 °C, and the relative air humidity was 33% during the test.
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Fig 5.11: Upper loading head. Fig. 5.12: Lower loading head.

5.2.4 Test Results

All the specimens with gypsum board failed in distortional buckling mode. At the final stage, the
screws pulled through the gypsum board where the stiffeners buckled inwards, as can be seen in
Fig. 5.13. Three buckling half-waves were observed along the specimen. Buckling half-waves
did not form between the screws, but the buckling mode was quite similar for each specimen and
the buckling mode was independent of screw pitch. However, two opposite buckling modes were
observed in the tests. The buckle in the middle formed inwards and the buckles at the ends
formed outwards or opposite. The CC-1.2-1800 specimen without gypsum board also failed in a
distortional buckling mode forming one buckling half-wave along the section. During the test,
two buckling half-waves were observed along the CC-1.5-1800 section. All the failed specimens

are shown in Appendix C.
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Fig. 5.13: Failure of specimen SB-1.5-600.

The failure loads and the direction of the buckling mode in the middle of the column are
summarized in Table 5.7. It can be seen that the screw pitch influences the failure load. Using a
screw pitch of 200 mm, the failure load is about 20% higher (t=1.2 mm) and 12% higher (1.5
mm) than using a screw pitch of 600 mm. The test results are in accordance with the
observations in the wall panel tests (Kesti & Maékeldinen 1998), which showed that the thinner
the wall thickness of the section, the bigger is the influence of the gypsum board on the failure
load of the wall-stud. For a section thickness of 1.5 mm, the failure load of the section with the
densest screw pitch (cc200) was 33% higher than that of the section without gypsum board. The
difference in the case of 1.2 mm is over 50%, but it should be noted that the cross-section of the

CC-1.2-1800 specimen differs from other specimens to some degree.
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TABLE 5.7
TEST RESULTS FOR GYPSUM BOARD BRACED COLUMNS
Test Failure load Buckling mode
specimen [kN] direction in the
middle of the
specimen
CB-1.2-200 74.6 outw.
CB-1.2-300 69.3 inw.
CB-1.2-450 65.4 outw.
CB-1.2-600 62.2 inw.
CC-1.2-1800 48.7 inw.
CB-1.5-200 95.3 outw.
CB-1.5-300 92.5 inw.
CB-1.5-450 90.5 inw.
CB-1.5-600 85.4 outw.
CC-1.5-1800 71.6 outw.

The load-lateral displacement curves for all the specimens are given in Appendix B. One
example of the curves is shown in Fig. 5.14 for the SB-1.2-600 specimen. As Fig. 5.14 shows,
the behaviour of this specimen is quite near to the behaviour of a perfect column. There is no
lateral displacement until the load reaches the critical value of about 52kN. In the bifurcation
point, the lateral displacements increase and the initial post-buckling curves are of a parabolic
form. Figure 5.14 clearly shows the post-buckling reserve of the column after distortional
buckling has occurred. The load-displacement curves in Fig. 5.14 also show that the buckling of
the edge stiffener and the web stiffener occur simultaneously and the displacements are of about
the same order. The lateral displacements of the section in the intersection of the flange and the
web (dyl and dy4) can also be seen clearly. The maximum value of these displacements is about
7 mm at the stage of the failure. When the screw pitch is denser, the lateral displacement is

usually 1-2 mm, as can be seen in Figs. B12 - B20 in Appendix B.

70
LAY

[ g - - - 60 -

e 50"
i

I 40
T i

o i 30
- :

20

10 26y
T T T 0 ol T T T
-20 -15 -10 -5 0 5 10 15 20

Displacement [mm)]
Fig. 5.14: Load-displacement curves for specimen SB-1.2-600.
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The influence of the gypsum sheathing on the lateral displacement (dz5) of the flange stiffener of
the sections with a wall thickness of 1.5 mm can be seen in Fig. 5.15. Figure 5.15 clearly shows
that the gypsum sheathing efficiently prevents the lateral displacement. At the stage of failure,
the lateral displacement of the gypsum-sheathed studs is usually under 5 mm, while the lateral
displacement of the unsupported stud is over 10 mm. The behaviour is quite similar for sections

with a wall thickness of 1.2 mm.

3
e R} Ry A S B EE R
3 ~~-CB-1.5-200
----- CB-1.5-300
| ——CB-1.5-450
"| ——CB-1.5-600
——CC-1.5-1800

15 20

Displacement dz5 [mm]

Fig. 5.15: Lateral displacements dz5 for sections with a thickness of 1.5 mm.

5.3 Gypsum Board Connection Tests

Gypsum board connection tests were performed in order to get a stiffness value of the connection
which is needed when calculating the restraint stiffness given by the gypsum board. The test set-
up is shown in Fig. 5.16. The rectangular piece of gypsum board (100 mm x 100 mm) where
fixed between two steel plates having a hole of 45 mm diameter. The steel plates were then
anchored to the underframe. The gypsum board screw was drilled through the board into the
wooden tension bar. The tension bar was then attached to the testing machine and the tension
force and the displacement of the screw-head were registered. The temperature was around 21 °C

and the relative air humidity was 45% during the test.
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A-A

Wooden tension bar

Steel plates, t=20 mm
Gypsum board

Displacement transducer

Fig. 5.16: Gypsum board penetration test set-up.

Test results are shown in Table 5.8 and Fig. 5.17. The mean value of the failure load was 0.57

kN. The fastener secant stiffness value was determined at 0.8 times the failure load to provide a

more consistent measure of this non-linear quantity. Mean value of the secant stiffness value

was 3120 N/mm.
TABLE 5.8
TEST RESULTS FOR GYPSUM BOARD PENETRATION TESTS
Failure load Secant stiffness
[kN] [N/mm]
Specimen 1 0.55 3017
Specimen 2 0.61 2754
Specimen 3 0.55 3590
Mean 0.57 3120
St.dev. 0.03 427
0.8 | |
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Fig. 5.17: Load-displacement curves for gypsum board penetration tests.
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6 NUMERICAL ANALYSIS FOR TESTED SECTIONS

6.1  Elastic Buckling Analysis

6.1.1 GBT Analysis

The generalized beam theory was used to determine the elastic buckling stresses for the tested
sections. All buckling modes apart from local buckling were included in the analysis. Each
section was analyzed as pin-ended and as fixed-ended for column lengths of 100...2500 mm.
The mid-line dimensions of the specimens using the nomenclature defined in Fig. 6.1 are shown
in Table 6.1. The width of the perforated web was 58 mm for web-stiffened C-sections. A
Young's modulus value of E=200 000 N/mm” was used in the analysis for the sections with

thickness of 1.2 mm and a value of E=204 000 N/mm? for the sections with thickness of 1.5 mm.

TABLE 6.1
SPECIMEN DIMENSIONS FOR WEB-STIFFENED C-SECTIONS
h b c e a f d Area A
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mmz]
CC-1.2 173.6 49.3 16.2 234 9.1 22.4 12.0 301.0
CC-1.5 173.6 49.3 16.2 234 9.1 22.4 12.0 381.4
CC-1.5- 173.5 49.8 15.6 22.2 8.3 22.6 11.3 373.2
Flange
b
\<—7’f
ei LLe
f
a v 4
A
h
|

Fig. 6.1: Definition of symbols for sigma-sections and web-stiffened C-sections.

Figures 6.2 and 6.3 show the analysis results for section type CC-1.2, and Figs. 6.4 and 6.5 for
section-type CC-1.5, respectively. Each figure contains three curves. The "t-red."-curve is for the
section whose perforated web part was modelled as a plain plate with a reduced thickness
corresponding to the same bending stiffness of the perforated web. The "Flange"-curve is for the
pure flange part without a perforated web part, and the "Full Section"-curve is for comparison of
the entire section without perforation. The bending stiffness of the perforated part is 6% for the

stiffness of the plain plate. These values were determined by linear FE analysis.



70

The buckling mode for the pure flange is torsional. For the full and t-reduced section, the
buckling mode is mainly distortional buckling in the studied column lengths. However, the
critical buckling mode for the pin-ended full sections is flexural in long column lengths, as can

be seen from the slopes in the buckling graphs.

~— 500 ~
E —* Full section £ 500 . | ™ Full section
'
s 400 | : e tred. a0t % et
2 301 § | | ~Flange 8 300 1
¢ o \ :
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m 0 @ 0
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Column length [mm] Column length [mm]

Fig. 6.2: Elastic buckling stress for Fig. 6.3: Elastic buckling stress for

section CC-1.2, pin-ended conditions. section CC-1.2, fix-ended conditions.
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E .| ——Full section e 500 Y ——Full section
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Fig. 6.4: Elastic buckling stress for Fig. 6.5: Elastic buckling stress for
section CC-1.5, pin-ended conditions. section CC-1.5, fix-ended conditions.

Figures 6.2-6.5 clearly show the influence of the end boundary conditions on the buckling
stresses. The flange sections simply follow the rule that the buckling length of the fixed-end
column is half that of the pin-ended column. The distortional buckling does not indicate so clear
a relationship, but the distortional buckling of the fixed-end column reaches that of the pin-ended

column only with multiple distortional buckling half-waves.

The length of the fixed-ended test specimens was 800 mm. Figures 6.3 and 6.5 show that the
difference between the elastic buckling stress of the flange part and the t-reduced section is quite

small for the web-stiffened section-types at that column length.



71

6.1.2 FE Analysis for Short Columns

Elastic FE analyses were carried out for the CC-1.2 sections with a length of 800 mm to compare
the elastic buckling stresses with those given by GBT. The buckling loads were determined using
the buckling analysis in the NISA application. Four cases were modelled: 1° The section was
modelled perfectly including perforations; 2° The perforated area was modelled using a plain
element with reduced thickness or Young's modulus; 3° Only the flange part was modelled; 4°
The entire section was modelled without perforations. Figure 6.6 shows the FE models for these
cases. Eight node parabolic shell elements were used for modelling the sections. A typical
element mesh is shown in Fig. 6.6. An attempt was made to limit the number of element aspect
ratios to less than eight. The perfectly modelled sections had higher aspect ratios in the

perforation region.

Fig. 6.6: FE models for CC-1.2-section; Perforated model (with zooming),
entire section and flange-model.

One end of the section was fixed-end and the other end was fixed but the longitudinal
displacement was free in the FE model. Loading was placed for one node and longitudinal
displacements of other nodes in the end of the section were coupled to the loaded node.

Conventional sub-space acceleration was used in the eigenvalue extraction.
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The elastic buckling stresses given by FEM and GBT are shown in Table 6.2. GBT gives slightly
(4-6%) higher values than FEM for entire and t-reduced models. The difference may be
explained by the interaction with local and distortional buckling, which was allowed in the FE
model. Both methods give the same result for the flange model. The lowest eigenmodes of the
model, which included perforations, had many variations of different local buckling modes in the
perforated area. Some of them also included buckling of the edge stiffeners, but the actual
distortional buckling stress level was impossible to determine. The t-reduced model also had
some eigenmodes characterized by local buckling, but the lowest distortional buckling mode was
quite clear. To avoid these local buckling modes of the web, the perforated web was also
modelled using the reduced Young's modulus instead of reduced thickness. In this case the axial
stiffness of the equivalent plate is lower than in the t-reduced case, thus leading to lower acted
stress under compression force compared to the plain part of the section. For this reason, the E-
reduced equivalent plate buckles locally at higher load levels than the t-reduced equivalent plate.
The elastic (distortional) buckling stress of the E-reduced model is 14% higher than that of the t-

reduced model.

TABLE 6.2
ELASTIC BUCKLING STRESSES FOR CC-1.2 SECTION
FEM GBT
[N/mm’] [N/mm’]

Entire section 222 236
Flange section 203 203
t-reduced model 210 219
E-reduced model 239 -

6.1.3 FE Analysis for Gypsum-Sheathed Columns

A support given by the gypsum sheathings was modelled using lateral and perpendicular linear
springs at the point of the gypsum board screw, as described in Chapter 4 and shown in Fig. 6.7.
A comparative analysis was carried out for the sections with a thickness of 1.2 mm and with a
length of 1800 mm. The spring stiffness values and screw pitch were varied in order to examine
their influence on elastic distortional buckling stress. The t-reduced model was used in the

buckling analysis.
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k= Kk

Fig. 6.7: Model for taking into account the support given by the gypsum boards.

Figure 6.8 shows the lowest distortional buckling modes for the CB-1.2-300 section when the
perpendicular spring stiffness is variable. A spring stiffness value of ky, = 350 N/mm was used
for the lateral springs corresponding to the typical shear stiffness of the gypsum board
connection. The stiffness values for the perpendicular springs were varied so that k, = 100, 1000
and 3000 N/mm. Figure 6.8 shows that, using a relatively low value of k,= 100 N/mm, there are
two buckling half-waves along the section. Three buckling half-waves may be observed in the
case of higher values of k. It should be noted that even in the case of k, = 3000 N/mm, the screw

position does not form the nodal point for the buckling half-wave.
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Fig. 6.8: The lowest distortional buckling mode for section CB-1.2-300 using spring stiffness
values ky, =350 N/mm and k, = 100, 1000 and 3000 N/mm.
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In the following study, the screw pitch was varied and constant spring stiffness values of k, =
350 N/mm and k, = 1000 N/mm were used in the analysis. As Fig. 6.9 shows, the buckling mode
does not considerably differ although the screw pitch is different. In one case, the middlemost

buckling mode is inwards and in an other case it is outwards.
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Fig. 6.9: The lowest distortional buckling mode for section CB-1.2 using spring stiffness values
ky =350 N/mm and k, = 1000 N/mm and varying screw pitches from 200 mm to 600 mm.

Figure 6.10 presents the influence of the spring stiffness value on the distortional buckling stress
of section CB-1.2-300. In Fig. 6.10, the axis of abscissas indicates the stiffness value k, of the
perpendicular spring. Three different cases were determined where the value of ky, was 0 N/mm,
350 N/mm and 1.0e+09 N/mm. Figure 6.10 clearly shows that the value of k, has a considerable
effect on the distortional buckling stress. If the value of k, increases from the value of 0 N/mm
to 500 N/mm, the distortional buckling stress doubles. Above that value, the influence is not so
considerable. Figure 6.10 also shows that the distortional buckling stress does not considerably
increase 1f the lateral spring stiffness value increases from ky, = 0 N/mm to ky, = 350 N/mm. If

the stud is assumed as fully laterally braced, the distortional buckling stress is slightly higher.
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Fig. 6.10: Elastic buckling stress for section CB-1.2-300 (screw pitch 300 mm)
using different spring stiffness values.

The influence of the screw pitch on the distortional buckling stress is shown in Fig. 6.11. Three
different curves are presented by varying the perpendicular stiffness value k,. A constant spring
stiffness value of ky, = 350 N/mm was used in this analysis. Figure 6.11 shows that, by making
the screw pitch dense from 600 mm to 200 mm, the distortional buckling stress increases about

50%.
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Fig. 6.11: Influence of the screw pitch on the elastic buckling stress
of section CB-1.2 using value of ky= 350 N/mm.
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6.2 Non-linear Analysis

6.2.1 General

Non-linear analyses were performed to simulate the short column compression tests to get a
better understanding of the different failure modes and importance of the initial imperfection on
the failure load. Material and geometric non-linear finite element analyses were carried out using
the NISA (1996) application. Similar models and element meshes were used as in the elastic
buckling analysis. The E-reduced model was chosen for the non-linear analysis instead of the t-
reduced model to avoid local buckling behaviour of the web part. It should be noted here that
this method is not better, but the E-reduced model was found to be more stable and easier for the

non-linear analysis than the t-reduced model.

Lagrangian formulations were used in the analysis and arch length stepping was used to follow
the structural response beyond the critical point. Displacement controlled loading was used in
some cases where a small initial imperfection was used. The material model was defined using
an elastic, piecewise linear hardening model for the stress-strain curve. Geometric imperfections
of different magnitude (0.1t - 1.0t) were included in the analysis. In the first step, small lateral
loads were applied to the tip of the edge stiffeners in the middle of the section length. The
deformed shape of the section was then used as the imperfection pattern for the model. Both
directions for load (inwards, outwards) were used in order to ensure that the lowest capacity of
the section would be achieved. Schafer & Pekdz (1998) used eigenmode shapes to create an
imperfection pattern. In this case, the eigenmode shapes were used only in some cases, because
the eigenmode shape of the full-perforated model included many local bucklings within the

perforated area.

6.2.2 Material Models

A Young's modulus value of E=200 000 N/mm?® was used in the analysis. In the E-reduced
models, Young's modulus values of E= 12600 N/mm?” were used for the equivalent plain plate in
the perforated web area of the web-stiffened C-section. The elastic, piecewise linear hardening
model for the stress-strain curve corresponding to the material test results was used in the

analysis. The stress-strain relationships of different materials are given in Table 6.3.
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TABLE 6.3
MATERIAL MODELS FOR STUDIED SECTIONS
CC-1.2 CC-1.5
Strain Stress Strain Stress
[%] [N/mm?] [%] [N/mm?]
0.13 260 0.1225 250
0.2 340 0.2 325
0.35 383 0.4 381
1 390 2 415
10 485 10 487
16 485 16 487

6.2.3 Influence of Initial Imperfection Magnitude

A number of simulations were carried out to determine the influence of the initial imperfection
magnitude on the failure load level and on the lateral displacement of the edge stiffener. The
results are shown in Fig. 6.12, where different imperfection magnitudes were used for the E-
reduced model and for the flange model. The horizontal axis indicates the lateral displacement of
the edge stiffener in the middle of the section length. As Fig. 6.12 and Table 6.4 shows, the

magnitude of the initial imperfection has little importance for the ultimate load of these sections.
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Fig. 6.12: Failure load versus lateral displacement for section CC-1.2
using different magnitudes of initial imperfection.

TABLE 6.4

FAILURE LOADS USING DIFFERENT INITIAL IMPERFECTION
MAGNITUDES FOR SECTION CC-1.2

Flange E-red. model

[kN] [kN]
e=0.1 61.8 80.3
e=0.8 61.1 79.2

e=1.15 60.7 78.8
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6.2.4 Influence of Direction of Initial Imperfection

The failure load level and failure mode were found to be sensitive to the given initial
imperfection direction. The failure loads were usually considerably lower if the imperfection was
given outwards. The failure loads of the flange models were independent of imperfection
direction, thus leading to the same ultimate load with a similar (but opposite) path for stiffener
lateral displacement. Figure 6.13 shows the analysis results for the E-reduced model and also for
the perforated model for section CC-1.2. Two different imperfection magnitudes were used in
the perforated model. It is interesting to note that, by using a small imperfection magnitude of
0.1mm outwards, the failure mode is still inwards, although the outwards imperfection gives a
lower failure load than the inwards imperfection using an initial imperfection magnitude of 0.8

mim.
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Fig. 6.13: Influence of initial imperfection direction for section CC-1.2.

6.2.5 Comparison Between Different Models and Comparison to Entire Sections

Figure 6.14 shows the difference between different models and a comparison of the perforated
section and entire, non-perforated sections. Figure 6.14 shows that the difference between the
entire and the perforated section is not very high, if the same initial imperfection magnitude is
used. Figure 6.14 also shows that the ultimate load of the E-reduced model is almost the same as

that of the perforated model; thus the path is slightly different.
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Fig. 6.14: The load-deformation curves for section CC-1.2 using different
models and comparison to entire, non-perforated section.

Figure 6.14 clearly shows the difference between the entire section, the E-reduced section and
the flange section. The initial part of the load-deformation curve is almost similar. The
differences are mainly in the post-buckling area. The change of the stiffness of the perforated
model at the load level of 32 kN is due to local buckling of the perforated area. Figure 6.15
shows the deformed shape of the section at this stage, and Fig. 6.16 shows the deformed shape at
the ultimate load level. The maximum load is quite the same using the perforated or E-reduced

model.

Fig. 6.15: Deformed shape of section CC-1.2 at the load level F=32 kN.



80

Fig. 6.16: Deformed shape of section CC-1.2 at the ultimate load level F=66.9 kN.

6.2.6 Comparison of Test Results and FE Results

The experimental results of the compression tests for perforated studs CC-1.2-W and CC-1.5-W
were compared with the non-linear FE results achieved using perforated models. The results
obtained from the pure flange part tests CC-1.2-F and CC-1.5-F were compared with the flange
model FE results. It should be noted that some of the test results include only the initial part of
the deformation (5...7mm) due to insufficient capacity of LVD-transducers. However, the

maximum load level may be read from graphs.

The comparison of the test results and FE results for section CC-1.2-W 1is shown in Fig. 6.17.
Figure 6.17 clearly shows two different cases when the section fails with the lips turning inwards
or outwards. The higher test result is for the section that fails inwards and the lower for the
section failing outwards. The FE analysis showed the same behaviour and the ultimate loads are
in good agreement with test results. The test result of flange section CC-1.2-F is shown in Fig.
6.18 along with the FE —results, which correlate again quite well with test results, giving about

5% higher ultimate load values.
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Fig. 6.17: Non-linear FE-results compared with test results for the whole CC-1.2-W section.
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Fig. 6.18: Non-linear FE-results compared with test results for flange section CC-1.2-F.

Figure 6.19 shows a comparison for the CC-1.5-section. Three test results and the corresponding
FE analysis result are presented. The highest result is for the case where the section lips failed
inwards, the middle one for the case where the lips failed outwards, and the lowest result is for

the pure flange part. The behaviour of the CC-1.5 sections is quite similar to that of the CC-1.2

sections.
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Fig. 6.19: Non-linear FEM-results compared with test results for section CC-1.5.

6.2.7 Conclusions from Non-Linear Analysis

The ultimate compression capacity of the web-stiffened C-section is only slightly dependent on
the imperfection magnitude. Instead, the failure load level of the web-stiffened C-sections was
found to be sensitive to the given initial imperfection direction. The failure loads were
considerably lower if the imperfection mode was given such that the edge stiffeners failed
outwards. Thus, if e.g. the eigenmode shape is used for the imperfection pattern, it is important

to run the non-linear analysis by using both (+) and (-) signed eigenmodes respectively.

The use of the model where the perforated part of the web was replaced by plain plate elements
with a reduced Young's modulus seems to give only slightly higher results than the model where
the perforation was modelled perfectly. The lateral displacements of the stiffeners were smaller
using the E-reduced model, but both models gave almost the same ultimate load level. This
behaviour indicates that the reduced perpendicular bending stiffness of the web seems to be the
most important factor to describe the behaviour of the perforated web and its influence on the

distortional buckling strength of the section.

The non-linear FE analysis gives a good prediction of the compression capacity of the perforated
stud sections. By using an initial imperfection magnitude of L/1000, the mean resistance ratio
between the tested and predicted values for all of the tested sections is m = 0.96 and standard
deviation is s = 0.02. This result encourages the use of FEM instead of testing at least for

different parametric studies and for tentative predictions of perforated sections.
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7 COMPARISON OF TEST RESULTS AND ANALYTICAL
PREDICTIONS

7.1 Short Column Tests

7.1.1 "Flange Part" Tests

In the case of test specimens CC1.2-F and CC1.5-F, whose web parts were removed, the flange
parts behaved independently and their buckling mode was torsional buckling. According to
Eurocode 3, the strength should be determined in this case using column curve ¢ (o = 0.49).
Local buckling should be considered using the effective cross-section area. The effective widths
were determined for each plane element using local buckling coefficient values of £ = 4.0 for
supported elements, and k£ = 0.43 for unstiffened elements. The failure load, elastic buckling
stress given by GBT analysis, and the comparisons of test results and predicted values are given
in Table 7.1. In order to compare different design methods, Table 7.1 also presents the
comparison using all the other column curves and using design methods for distortional buckling
as well (presented in Chapter 4). In later cases, the elastic global buckling stress was used as
distortional buckling stress in design expressions. As Table 7.1 shows, the Eurocode 3 column
curve ¢ (o0 = 0.49) gives about 40% conservative values for specimens whose web part was

removed.

TABLE 7.1
COMPARISON OF TEST RESULTS AND PREDICTED VALUES FOR "FLANGE" SPECIMENS.

SpeCimen Failure Elastic NTest/NP NTest/NP NTest/NP NTest/NP NTest/NP NTest/NP NTest/NP
load buckling EC3 EC3 EC3 EC3 AUS Schafer EC3
kN stress c-curve | b-curve | a-curve | ap-curve | distort. and distort.
N/mm? Pekoz
distort.
CC-1.2-F 58.0 203 1.46 1.33 1.21 1.12 0.96 0.91 0.94
CC-1.5-F 76.2 225 1.39 1.27 1.15 1.07 0.95 0.92 0.85

Mean 1.43 1.30 1.18 1.10 0.96 0.92 0.90
St.dev. 0.05 0.04 0.04 0.04 0.01 0.01 0.06

7.1.2  Whole Section Tests

The whole test specimens failed in distortional buckling mode. Analytical predictions for column
capacities according to the Australian Standard, Schafer and Pek6z method and the modified
EC3 were determined for all specimens. The elastic buckling stresses were determined using

GBT combining all buckling modes, apart from the local buckling mode. The perforated part of
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the web was replaced with a plain plate with equivalent thickness, as described in Section 2.7.6.
The actual end boundary conditions, column length and dimensions as material properties were
taken into account in the analysis. In the modified EC3 method, the actual distortional buckling
stress was used in order to reduce the stiffener thickness. The effective widths of the plane
elements were determined based on the measured yield stress. Local buckling coefficient values
of k = 4.0 for supported elements and & = 0.43 for unstiffened elements were used. The plate
between the web-stiffener and the perforation part was assumed as unstiffened. An example

calculation for section CC-1.2-W-1 according to EC3 is presented in Appendix D.

The failure loads, elastic buckling stresses and comparison of the test values with predicted
values are shown in Table 7.2. The table also gives a comparison of the test values and predicted
values determined using EC3 column curves, i.e. the distortional buckling stress is assumed as
global buckling stress and the strength of the column is reduced instead of reducing the stiffener
thickness. As can be seen, all the predictions based on distortional buckling correlate quite well
with the test results The EC3 method gives slightly higher capacities than other methods for CC-
1.5 sections. By using Schafer and Pek6z method, the mean resistance ratio Nies/Neaie for all four
sections is 1.04, while the standard deviation is 0.08. The EC3 method gives m = 1.02 and s =
0.10 and the AUS method m = 1.06 and s = 0.07, correspondingly. Conversely, the strength
reduction of the whole section according to the EC3 design curves seems to lead to too

conservative values.

TABLE 7.2
COMPARISON OF TEST RESULTS AND PREDICTED VALUES FOR WHOLE SPECIMENS.

Specimen Failure Elastic NTest/NP NTest/NP NTest/NP NTest/NP NTest/NP NTest/NP
load buckling | AUS | Schafer EC3 EC3 EC3 EC3
kN stress distort. and distort. | b-curve | a-curve | ag-curve
N/mm? Pekoz
distort.
CC-1.2-W-1 64.4 219 0.99 0.97 1.00 1.38 1.25 1.16
CC-1.2-W-2 73.5 219 1.13 1.10 1.14 1.58 1.43 1.33
CC-1.5-W-1 96.2 241 1.11 1.11 1.05 1.51 1.37 1.27
CC-1.5-W-2 83.1 241 0.96 0.96 0.90 1.31 1.18 1.09
Mean 1.06 1.04 1.02 1.45 1.31 1.21
St.dev. 0.07 0.08 0.10 0.12 0.11 0.11
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7.1.3  Comparisons with Short Column Test Results of other Researchers

7.1.3.1 Description of Tests

Salmi (1998) performed a short column test series on web-perforated C-sections and web-

stiffened C-sections. The purpose of these tests was to verify the calculation method for the

effective cross-section area for web-perforated steel studs. The tests were conducted between

rigid-end plates. Pieces of wood with a height of 50mm were fitted inside the specimen ends. A

10-mm gap was left between the piece of wood and the end plates. The perforation-type was

similar to that used in sections CC-1.2 and CC-1.5, as shown in Fig. 7.1. The measured mid-line

dimensions as the yield stresses of the sections are shown in Table 7.3 for web-stiffened C-

sections, and in Table 7.4 for the C-sections. The nomenclature of the dimensions is shown in

Fig. 7.1. Subscripts 1 and 2 indicate the upper and lower part of the cross-section.

[

]

Fig. 7.1: Notations for section dimensions.

TABLE 7.3
MEASURED SPECIMEN DIMENSIONS FOR WEB-STIFFENED C-SECTIONS
L h bl/bz Cl/Cz 61/62 31/32 fl/f2 d t Area A| Yield
[mm] [[mm]| [mm] [mm] [mm] [mm] [mm] [mm] | [mm] | [mm®] | Stress
[N/mm?]
TCJ1| 797 |149.5145.3/46.2(16.7/15.5]122.1/25.3| 5.1/5.3 |18.0/17.8| 4.2 1.16 | 256.1 387
TCJ2| 700 |149.1]46.7/48.4|19.9/15.5]12.7/16.3 | 5.3/5.1 |17.0/17.2( 14.0 1.45 | 329.6 363
TCJ3| 798 |174.6143.2/44.4|14.9/16.8|33.6/37.9| 5.3/53 |17.8/17.8| 4.8 1.17 | 282.8 395
TCJ4| 700 1198.9]39.2/40.0 (16.9/17.033.9/37.8 | 5.3/5.2 |16.8/17.8| 17.4 1.45 | 376.9 366
TCJ5| 700 1224.3]146.6/46.3|17.0/16.8|35.3/38.0| 5.3/5.3 |17.4/18.0| 28.8 1.16 | 346.6 395
TABLE 7.4
MEASURED SPECIMEN DIMENSIONS FOR C-SECTIONS
L h by/b, ci/cy e t Area A| Yield
[mm]|[mm]| [mm)] [mm] [mm] [mm] | [mm’] | Stress
[N/mm?]
TCS1 | 800 |149.0149.7/48.2[16.8/15.9| 45.5 1.16 | 257.1 388
TCS2 | 796 |173.7146.2/47.5|16.4/17.0] 579 1.17 | 284.1 392
TCS3 | 796 [173.8]149.1/49.6|16.4/13.4| 579 1.95 | 476.6 356
TCS4 [ 798 [199.0144.0/43.3[16.2/16.2] 70.5 1.45 | 378.1 366
TCS5 | 897 [223.8]149.0/49.2|18.9/15.7] 829 1.16 | 346.6 395
———
e “J);MC
e e
(|
a d i
h h
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The failure mode for the TCJ sections was mainly distortional buckling. The TCJ1 and TCJ2
sections failed such that the edge stiffeners buckled inside and the rest of the TCJ sections such
that the stiffeners buckled outwards. TCS1, TCS2 and TCS3 also failed in distortional buckling
mode (TCS1 inwards, TCS2 and TCS3 outwards). The relatively slender TCS4 and TCS5

sections failed mainly in local buckling mode.

7.1.3.2 Comparisons for Web-Stiffened C-Sections (TCJ-sections)

A comparison of test and predicted values is shown in Table 7.5 for the TCJ specimens. The
elastic buckling stress, given by GBT, is the lowest buckling stress in all the buckling modes
apart from local. As can be seen, the results are slightly conservative, especially for high
sections. The best correlation between test and predicted values is given by the EC3 method. The
results also show that reducing the yield stress using EC3 buckling curves a, or a, leads to very

conservative predictions of the compression strength of these kinds of sections.

TABLE 7.5
COMPARISON OF TEST AND PREDICTED VALUES FOR WEB-STIFFENED C-SECTIONS

Failure Elastic NTest/NP NTest/NP NTest/NP NTest/NP NTest/NP
load buckling EC3 AUS Schafer | EC3- EC3-

kN stress and 0=0.21 | 0=0.13

N/mm? Pekoz

TCJ1 59.9 182 1.11 1.24 1.15 1.57 1.47
TCJ2 84.1 272 1.00 1.05 1.07 1.26 1.16
TCJ3 63.3 128 1.17 1.34 1.31 2.02 1.92
TCJ4 76.6 135 1.06 1.24 1.20 1.75 1.66
TCJ5 67.3 102 1.28 1.28 1.28 2.18 2.08
Mean 1.12 1.23 1.20 1.76 1.66
St.dev. 0.11 0.11 0.10 0.36 0.36

As given in Table 7.4, the web stiffeners of the TCJ specimens are quite low and thus the lowest
distortional buckling mode may consist mainly of distortional buckling of the web stiffeners. In
the EC3 and Schafer and Pekdz methods, it is possible to use different buckling stresses for the
distortional modes of the web and the flange. Table 7.6 shows the comparison in the case where
the lowest elastic buckling stress is used for the web part, and pure flange distortional buckling
stress for the flange part of the section. Table 7.6 shows that both methods give quite good

predictions. The predictions for the most slender TCJ5 section are still about 20% conservative.
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TABLE 7.6
COMPARISON OF TEST AND PREDICTED VALUES FOR WEB-STIFFENED C-SECTIONS
USING DIFFERENT DISTORTIONAL BUCKLING STRESS FOR WEB AND FLANGE

Failure Elastic Distortional Nrest/Np Nrest/Np

load buckling | buckling stress EC3 Schafer
kN stress (flange) and

N/mm* N/mm’ Pekoz
TCJ1 59.9 182 217 1.07 1.10
TCJ2 84.1 272 348 0.95 1.00
TCJ3 63.3 128 155 1.13 1.25
TCJ4 76.6 135 159 1.03 1.16
TCJS 67.3 102 135 1.23 1.20
Mean 1.08 1.14
St.dev. 0.10 0.10

7.1.3.3 Comparisons for C-Sections (TCS-sections)

The web of the web-perforated C-section was similarly analyzed according to the EC3 method
and the Schafer and Pekéz method. Local buckling stress of the perforated web was achieved
using a reduced thickness for the whole web and using the local buckling factor of £ = 4.0. The
reduction factor for thickness %,. = 0.72 was used for all the sections. The effective area was
finally determined reducing the full web area (4-¢) with the reduction factor p. The flange and the
edge stiffener were analyzed just as the web-stiffened sections were. Pure distortional buckling
stress was used in the design. The predicted values according to the Australian Standard method
were achieved based only on reduced distortional buckling strength using Eq. (3.1), i.e. the

section capacity based on local buckling was not checked.

The comparison of the test results and predicted values in Table 7.7 shows that the predicted
values are quite conservative for slender sections. It was shown in Section 2.7.2.1 that the local
buckling factor based on a simply supported plate is quite conservative for sections with
particularly slender webs. Local buckling stresses were therefore determined by FEM. Buckling
analysis in the NISA application was used and the sections were modelled perfectly including
perforations. Table 7.8 shows that the local buckling stresses are on average 93% higher when
determined taking into account the whole section. This led to more accurate predictions for
compression capacity, as can be seen from Table 7.8. The FE analysis indicates that the
analytical local buckling stress of slender web-perforated sections should be determined

assuming the web fixed rather than simply supported.
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TABLE 7.7
COMPARISON OF TEST AND PREDICTED VALUES FOR C-SECTIONS
Failure Distort. Local Nrest/Np Nrest/Np Nrest/Np
load buckling | buckling EC3 AUS Schafer
stress stress and
kN N/mm? N/mm? Pekoz
TCS1 52.5 218 23.8 1.09 0.95 1.06
TCS2 55.3 166 17.8 1.21 1.05 1.23
TCS3 108.3 205 49.5 1.05 1.13 1.16
TCS4 74.5 124 20.9 1.25 1.25 1.43
TCS5 57.3 92 10.5 1.40 1.15 1.50
Mean 1.20 1.10 1.28
St.dev. 0.14 0.11 0.18
TABLE 7.8

COMPARISON OF TEST AND PREDICTED VALUES FOR C-SECTIONS USING

LOCAL BUCKLING STRESS GIVEN BY FEM

Failure Distort. Local Nrest/Np | Nrest/Np
load buckling | buckling EC3 Schafer
stress | stress (fem) and Pekdz
kN N/mm’ N/mm*

TCS1 52.5 218 40.8 1.00 0.98
TCS2 553 166 34.2 1.07 0.99
TCS3 108.3 205 92.0 0.94 1.02
TCS4 74.5 124 42.6 1.08 1.21
TCS5 57.3 92 22.4 1.20 1.27
Mean 1.06 1.09
St.dev. 0.10 0.14

7.1.4 Conclusion for Comparisons of Short Column Test Results

The above comparisons showed that the compression capacity of the short, web-perforated
section may be predicted quite well using effective area approaches according to EC3, or Schafer
and Pekoz, or by using distortional buckling strength according to AUS/NZS4600. In each case,
the elastic distortional buckling stress was determined by the generalized beam theory taking into
account the actual column length and end boundary conditions. The comparison showed that the
EC3 predictions are quite conservative if the compression capacity is determined using effective

widths due to local buckling, and reducing the strength of the whole section due to distortional

buckling using some of the design curves ay, a, b or c.

It was shown that the assumption of simple support along the edges for the perforated web of the

C-section is conservative and the contribution of the flanges to the local buckling behaviour of

the web should be taken into account.
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In the above comparisons, the local buckling stresses in the EC3 method were determined based
on the actual yield stress of the section. In the original EC3 method, the effective width of the
stiffener (including half of the adjacent element) may be optionally refined iteratively. In the first
step, the effective width is determined based on yield stress. In the second step, the effective
width of the stiffener is determined based on the reduced stiffener buckling strength. The
iteration should be continued until the current value of the reduction factor, 7y, is approximately
equal, but not more than the previous value. The effective area of the studied sections was also
determined using the above-mentioned procedure. Since the distortional buckling stress is
determined by GBT, the actual iterative process is not used, but the local buckling of stiffener

was based on reduced distortional strength.

Figure 7.2 shows the comparison of the test results and predicted values for all the sections
studied. The predicted values were determined using the above-mentioned EC3 method and the
Schafer and Pek6z method as well. Different distortional buckling stress was used for the web
and the flange part for the TCJ sections and local buckling stress was achieved by FEM for the
TCS sections. Figure 7.2 shows that the EC3 method, where stiffener effective widths are based
on distortional buckling strength (EC3, "iter."), gives slightly higher capacities than other

methods. The mean resistance ratios Nte/Np and standard deviations are shown in Table 7.9.

1.30

" /M\

- Schafer
0.80 - *EC3
- EC3-iter
0.70 T T T T T T T T T T T T T
S £ £ 32838335 5 858 b &
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(@] (@] (@] (]

Fig. 7.2: Comparison of test results and predicted values using the Schafer and Pek6z method
and EC3 method.
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TABLE 7.9
MEAN VALUE AND STANDARD DEVIATIONS FOR RESISTANCE RATIO Nygst/Np
EC3 EC3,"iter." | Schafer and
Pekoz
Mean 1.06 1.02 1.09
St.dev. 1.10 0.08 0.11

Gypsum Board Braced Column Tests

Elastic distortional buckling stresses of the gypsum-sheathed sections were determined by FEM,
as described in Section 6.1.3. A typical spring stiffness value of k, = 350 N/mm (Kesti 1997,
Miller 1994) was used in the analysis. The spring stiffness k4 was determined by penetration
tests and a mean value of k4 = 3120 N/mm was used in the analysis. The rotational stiffness,
Cp,c, corresponding to the flexural stiffness of the sheathing was determined by FEM using the
model shown in Fig. 7.3 and using an elastic modulus value of E; = 2500 N/mm? for the gypsum
sheathing. The value for the rotational stiffness was found to be Cp ¢ = 4950 Nmm/rad/mm.

Finally, the value of perpendicular stiffness &, was determined from:

i
k. = : (7.1)
1, (b/2)

k, Cpe¢ W

A flange width of b = 50 mm was used in the analysis. For the effective board width w.; was
used for the value of screw pitch when the pitch was 200 mm or 300 mm, and in other cases wey
= 300 mm. It should be noted that the perpendicular spring stiffness k£, is not necessarily the
same along the stud. The value of the stiffness may be larger in some degree when the flange
buckles outwards, and the screws are not necessarily in tension. Nevertheless, constant value

was used along the stud as a conservative assumption.
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Fig. 7.3: Model for calculating Cp c.

Comparisons of test results and predicted values according to Australian Standard, Schafer and
Pekoz and Eurocode 3 are presented in Table 7.10. Table 7.10 shows that predictions according
to EC3 would seem to correlate best with the test results. All the methods predict the
compression capacities of gypsum sheathed stud with an adequate accuracy. Australian Standard
and Schafer and Pek6z methods are conservative in some degree for unsupported stud CC-1.2-

1800.

TABLE 7.10
COMPARISON OF TEST RESULTS AND PREDICTED VALUES FOR GYPSUM SHEATHED SPECIMENS.

Specimen Failure | Distortional | Nrest/Np | Npest/Np | Nrest/Np
load buckling AUS | Schafer EC3

kN stress and ("iter")

N/mm? Pekoz

CB-1.2-200 74.6 261 1.02 1.03 1.01
CB-1.2-300 69.3 220 1.07 1.04 1.01
CB-1.2-450 65.4 196 1.11 1.04 1.01
CB-1.2-600 62.2 168 1.13 1.07 1.04
CC-1.2-1800 48.7 78 1.34 1.36 1.14
CB-1.5-200 95.3 312 0.96 0.97 0.91
CB-1.5-300 92.5 264 1.01 1.02 0.95
CB-1.5-450 90.5 228 1.08 1.07 1.00
CB-1.5-600 85.4 197 1.15 1.08 1.01
CC-1.5-1800 71.6 139 1.12 1.08 0.99
Mean 1.10 1.08 1.01
St.dev. 0.10 0.11 0.06
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Hoglund (1998) has presented a design method for gypsum sheathed perforated wall studs. Two
buckling modes are considered in the case of pure compression: 1) lateral buckling of the flanges
when the gypsum boards are assumed to act as elastic supports and 2) buckling of the flange
stiffeners between screws. Furthermore, the local buckling is taken into account using the
effective width approach and buckling of the web stiffeners is taken into account by reducing the
area of the web stiffeners. When calculating flange stiffener buckling (flexural buckling of
stiffener plus half of the flange), an effective buckling length of 0.6 times the screw pitch was
used. Due to flange stiffener buckling or lateral buckling, the strength of the whole section was
reduced by a reduction factor of Swedish code StBK-N5 (1979) corresponding closely to
European column curve a or curve b. Compression capacities according to both Hoglund and
EC3 methods and the test results are shown in Fig. 7.4 for sections with thickness of 1.2 mm and
in Fig. 7.5 for sections with thickness of 1.5 mm. The critical failure modes in Hoglund method
are also shown in Figures 7.4 and 7.5. Shear spring stiffness values of 91 N/mm for 1.2 mm

thickness and 114 N/mm for 1.5 mm thickness were used in the Hoglund method.
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Fig. 7.4: Compression capacities according to Hoglund method and EC3 method
for gypsum board braced studs with thickness of 1.2 mm.
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Fig. 7.5: Compression capacities according to Hoglund method and EC3 method
for gypsum board braced studs with thickness of 1.5 mm.

Fig. 7.4 and Fig. 7.5 show that the Hoglund method seems to give slightly unconservative values
when the screw pitch is between 200 mm and 450 mm. Figs 7.4 and 7.5 also show that the
critical failure mode according to the Hoglund is lateral buckling in small screw pitch values. It
can be seen from Fig. 7.5 that in the Hoglund method, the capacity in the flange buckling mode
seems to be more dependent on the screw pitch than in the method proposed by the author. On
the other hand, the practical screw pitch is usually 200 mm or 300 mm and thus the importance

of this phenomena is not so significant.
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8 CONCLUSIONS AND FURTHER STUDIES

8.1 Conclusions

The local and distortional buckling behaviour of flange and web-stiffened compression members
was investigated. In particular, the behaviour of web-perforated sections was investigated both
numerically and experimentally. Perforation reduces the perpendicular flexural stiffness of the
web and thus particularly reduces the distortional buckling strength of the section. The main task
of the research was to develop a design method for estimating the compression capacity of a
perforated steel wall-stud under centric loading. The influence of the gypsum sheathing on the

distortional buckling strength is also taken into account.

Several analytical methods for predicting the elastic distortional buckling stress of a simple C-
section and intermediate stiffened steel plate were compared. It was shown that the method given
in Eurocode 3 is quite rough and sometimes gives inaccurate results for both C-sections and
intermediate stiffened plates. In the case of C-sections, the method developed by Lau and
Hancock and the method developed by Schafer and Pek6z correlate better with the results
defined numerically. For the plates with intermediate stiffeners, the method presented by Schafer
and Pekoz also correlates better with numerically determined values than the Eurocode 3
method. The Finite Strip Method (FSM) and Generalized Beam Theory (GBT) provided

particularly good tools with which to analyze local and distortional buckling modes.

The additional stiffeners in the web cause more distortional buckling modes in the section. The
interaction of different distortional buckling modes was studied and it was noted that the
interaction modes are particularly critical if the distortional buckling stresses and buckling half-

waves of the different modes are of the same magnitude.

Local buckling stress of the web-perforated C-section was found to be conservative if the web
was treated independently, and assuming it as simply supported. Better correlation with
numerically determined values was achieved if the web was assumed as fixed along the
longitudinal edges. In general, it is worthwhile to take into account the whole section in local
buckling analyses. Distortional buckling stress of the web-perforated C-section with or without
web stiffeners can be determined by replacing the perforated web part with an equivalent plain

plate corresponding to the same perpendicular bending stiffness. Distortional buckling stress
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may be determined by some numerical method such as FSM or GBT. For the web-perforated C-

section, an analytical method for the distortional buckling is also presented.

A short description of the determination of the ultimate strength of compressed members is
presented. Eurocode 3, the Australian Standard and the proposal by Schafer and Pekoz are
included in the review. Consideration of the interaction of local, distortional and global buckling

is discussed and a comparisons between the different methods has been performed.

Gypsum sheathing connections give rotational restraint to the wall-stud, thus improving
distortional buckling strength. Rotational stiffness mainly consists of flexural stiffness of the
sheathing and rotational stiffness between the sheathing and the stud. Some practical guidelines
are given for calculating the rotational restraint. Sheathing also provides lateral support to the

stud and thus improves or eliminates flexural buckling of the stud in the plane of the wall.

Buckling analysis by FEM showed the influence of the rotational restraint given by the sheathing
on the distortional buckling stress and on the length of the distortional buckling half-wave.
Analysis showed that relatively small restraint may double the distortional buckling stress of the
web-perforated section. It was also shown that the screw position does not form the nodal point
for the buckling half-wave. Screw pitch also has a considerable effect on the distortional
buckling stress. An example showed that, by making the screw pitch dense from 600 mm to 200

mm, the distortional buckling stress doubles in a typical web-perforated section.

Experimental research consisted of short column tests and gypsum board braced column tests.
The short column tests were conducted for the web-perforated sections and for the sections
whose perforated area was cut away. The results showed that the perforated web part gives some
restraint with respect to distortional buckling. The test results of the short columns also indicated
that the compression capacity depended on the direction of the distortional buckling mode.
Gypsum board braced column tests showed that the screw connection prevented quite efficiently
the displacement of the flange stiffener in distortional buckling mode until the screw penetrated
the sheathing at the stage of failure. The failure loads of the gypsum-sheathed studs with a screw
pitch of 200 mm were at least 30% higher than that of the plain section without gypsum boards.

The screw pitch also had a considerable effect on the compression capacity.

Non-linear analysis for short columns showed that the failure load of web-stiffened C-sections is

sensitive to the direction of the initial imperfection. If the imperfections are modelled using the
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eigenmode of the section, non-linear analysis should be performed using both (+) and (-) signed
eigenmodes, respectively. The non-linear analysis gave good prediction of the compression

capacity of the web-perforated stud sections.

The short column test results and analytically determined ultimate load predictions according to
the Australian Standard, Eurocode 3, and Schafer and Pekoz were in good accordance. In each
case, the elastic distortional buckling stresses were determined using the generalized beam
theory taking into account the actual column length and the end boundary conditions. The best
correlation between the test results and Eurocode 3 values were achieved using effective widths
for plane elements due to local buckling, and using effective thickness for stiffeners due to
distortional buckling. Reducing the strength of the whole section due to distortional buckling

using the European column curves seems to give conservative values.

The compression capacity of the gypsum board braced stud is highly dependent on the restraint
given by the gypsum sheathing. Using restraint values given by the connection tests, the
predicted values for the gypsum board braced columns are in good accordance with the test
results. In practical design, utilizing the gypsum board in the determination of the distortional
buckling stress requires that the sheathing retains its capacity and stiffness for the expected
service life of the structure. Furthermore, the connection characteristics should be carefully

examined.

Based on the results of the experimental and theoretical studies, design proposals were made for
the design of compressed web-perforated steel wall studs. Some practical guidelines were also
given for taking into account the gypsum sheathing. These design proposals are also valid for

solid steel wall studs, especially for slender sections, which are sensitive to distortional buckling.

8.2 Further Studies

This work is conducted within a well-defined field of study. Further research is needed on the

following aspects:

The interaction of local and distortional buckling, especially for slender plain sections, should be
investigated more precisely. The applicability of the present manual calculation methods given in

Eurocode 3 for the design of web-stiffened C-sections should also be verified.
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Gypsum board braced column tests should also be conducted for the web-perforated C-sections
without web stiffeners. More tests should be performed to determine the rotational restraint
offered by gypsum board sheathing. Different types and thickness of gypsum boards should be

included in the test series.

The overall behaviour of the web-perforated steel wall-stud assemblies under lateral and axial
loads should also be studied. Shear deformations of the perforated web influence the flexural
buckling of the section as well as the bending behaviour. The interaction between local,

distortional and global buckling modes should be studied.
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Schafer and Pekdz Model for Distortional Buckling Prediction of C-section

Critical elastic buckling stress:
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E = Modulus of Elasticity
G = Shear Modulus

v = Poisson's ratio

t = plate thickness

hw = web depth

L, = Distance between restraints which
limit rotation of the flange/web junction
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As, I, Iyr, lwse = Section properties of the

compression flange
Xof = X-distance from the flange/web
junction to the centroid of the flange.

h, = x-distance from the centroid of the

flange to the shear center of the flsnge
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Load-displacement curves for short columns and gypsum board braced
columns

Load-displacement curves for short columns and gypsum board braced columns are shown in
Figs B2-B17. Locations of transducers are shown in Fig. B1. Transducers were installed in the
middle of the section length. The transducers d1-d4 were measured the lateral displacements of
the section parallel to y-axis and the transducers dz5 and dz6 were measured the lateral
displacements of the section parallel to z-axis. One displacement transducer dx7 measured the
axial shortening of the section.

Fig B1: Locations of transducers around section.
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Fig B2: Load-displacement curves for the test specimen CC-1.2-W-1
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Fig B3: Load-displacement curves for the test specimen CC-1.2-W-2
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Fig B4: Load-displacement curves for the test specimen CC-1.2-F-1.
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Fig B5: Load
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displacement curves for the test specimen CC-

Fig B6: Load-
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displacement curves for the test specimen CC-1.5-F-1.

Fig B7: Load
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Fig B8: Load-displacement curves for the test specimen CB-1.2-200.
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Fig B9: Load-displacement curves for the test specimen CB-1.2-300.
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displacement curves for the test specimen CB-1.2-450.

Fig B10: Load
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Fig B11: Load-displacement curves for the test specimen CB-1.2-600.
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Fig B14: Load-displacement curves for the test specimen CB-1.5-300.
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Fig B15: Load-displacement curves for the test specimen CB-1.5-450.
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Fig B16: Load-displacement curves for the test specimen CB-1.5-600.
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Fig B17: Load-displacement curves for the test specimen CC-1.5-1800.
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Failure modes of compression test specimens

Failure modes of short columns and gypsum board braced columns are shown in Figs C1-C5.

CC-1.2-W-2
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Fig. C1: Failure modes of web stiffened C-section short columns with thickness of 1.2 mm and
length of 800 mm.
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CC-1.5-W-2
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Fig. C2: Failure modes of web stiffened C-section short columns with thickness of 1.5 mm and
length of 800 mm.
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Fig C3: Failure modes of gypsum board braced web stiffened C-section short columns with
thickness of 1.2 mm and length of 1800 mm.
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Fig C4: Failure modes of gypsum board braced web stiffened C-section short columns with
thickness of 1.2 mm and length of 1800 mm.
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Fig C5: Failure modes of web stiffened C-section columns with thickness of 1.2 mm and
1.5 mm and length of 1800 mm.
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Compression capacity of the web-stiffened web-perforated C-section
without global buckling

Basic Data
[N,mm]

Material data:
fy .= 387

E := 200000

v :=0.3

Distortional buckling stress from buckling analysis:
Oq =219

h:=173.6 e
fi:=11.2 f \4
d:=119 a d
b:=495 h aj
a:=93 |

t:=115 '>
c:=16.2

g:=58 I
e =238

bg = \/az +f2

Effective cross-section area under compression

Cross-sectional dimensions: T l_nc

Effective flange width

kg := 4.0
beffl

beff2

p:=

p = if(A, < 0673,1,p)
p =0.782

betr ;= pB

beff = 38.723

betr1 ;= 0.5Meff

betrr ;= 0.5Meff
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Effective flange stiffener width

kg := 0.5
Ceff
fy
Ap = 10526
Ko
)\p =0.922
022
o Ap
p=
Ap
p = if(A, < 0.673,1,p)
p =0.826
Ceff := p[d
Ceff = 13.379
Effective flange stiffener thickness
O =0y Given by buckling analysis
t ff.r
f
A= 2
Ocrr
A, = 1.329
¢ = 0501+ 0.131A, - 02) + A
@ = 1.457
) 1
Xr = > >
o+ \/ @ —Ay
X, = 0.487
tefr = X, I
tefrr = 0.56

Effective flange stiffener area

Aefir = teff.r[@(:eff + beffz)
Actty = 18.337
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Effective area for web part e

ko := 4.0
f
Ap = 105205 [~
Ap = 0.479
02
— }\p
p=—
p
p = if(A, < 0.673,1,p)
p=1
Eeff := P8
eeff = 23.8

eeff1 := 0.5 (8
eeff2 := 0.5 (8

Effective width for web stiffener part bg

kg =4
s fy
Ap = 1.0525-
A, = 0293
0.22
1 [
M
p=—
p
p = if(A, < 0.673,1,p)
p=1
bs eff := p Ds

Effective width for web stiffener part d

ko = 0.43
4
Ap = 1.052
Ap = 0.73
L 022
— )\p
p =
)\p
p = if(A, < 0673,1,p)
p = 0.957
def == p(d

deff = 11.386

eeffl

eeff2 I

deff

s.eff

s.eff
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Effective web stiffener thickness

O = 0. Given by buckling analysis

fy

Ag = %

Ocrs
Ag = 1329 te

=\~

9 = 0501 + 013(fA, - 0.2) + 2]

@ = 1.457
1

2 2
P+ 0 = As
X = 0487

tefr.s '= Xs [T
teffs = 0.56

Xs ==

Effective web stiffener area

Actf.s = Teffs [@eeffz + 20 eff + deff) 9Metefr.r
Actfs = 29.349

2 X ofls

\Y4

Effective area of the whole section

Aeff = Zm:@beffl + eeffl) + 2[ﬁAeff.r + Aeff.s)
Agtf = 167.272

Compression capacity of the section
Ns = Agts
N = 6.473 x 10




