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ABSTRACT

In this paper, an experimental study has been presented to investigate the effects of web
opening on the behavior and failure of steel columns with cold formed thin walled sections
(CFS) subjected to axial compressive load. Twenty small scale steel columns with cold
formed box and channel sections and a total length of 500 mm have been considered in the
experimental tests. Ten of the tested steel columns specimens have a box section with
dimensions of (100x100x2) mm (height x widthx thickness), and the other ten columns
specimens have a channel sections with dimensions of (100x50x2) mm (height x widthx
thickness). To investigate the effect of the number and the shape of web opening on the axial
compressive strength of steel columns, each ten columns with same cross section shape was
divided into three groups of three columns in addition to the reference column which has no
web openings. All groups of columns have same opening area which is located at the web of
the section, but each group has a different opening shape (square, rectangular, and circular
shapes), and each steel column within each group has different numbers of opening
distributed along column length (one, two, and three openings). Each steel column specimens
was subjected to an increasing static load up to column failure which indicated by the
reloading of the test machine. The study has shown that for most of the tested columns,
increasing the numbers of web openings results in decreasing the column axial strength
compared to the reference steel column. The maximum percentage of the reduction in the
columns axial compressive strength caused by the presence of web opening was found to be
about 30% and 45% of the reference columns strength for columns with box and channel
shape sections, respectively. It has also been found that the reduction in the axial compressive
strength of the column specimens caused by the presence of web openings is lower for the
circular shape openings compared to that for rectangular and/or square shape web openings.
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1. INTRODUCTION

Openings in webs of cold formed thin walled steel column sections (CFS) are commonly used
in steel framed structures to facilitate electrical, mechanical, and sanitary works in addition to
have access for services and inspections. Another important reasons for considering web
openings in steel column sections are to reduce the material volume without affecting the
structural strength or serviceability requirements in addition to reduce the cold bridging effect
when open web channel section steel column are used in the external wall panels at cold
regions. However, the presence of opening in thin walled steel sections has a disadvantage
side since CFS sections are more vulnerable to local buckling due to its high width to
thickness ratios. Nevertheless, no precise design methods appear to be available for this type
of steel members.

Recent standards and codes of practice have put forwards simplified methods and procedures
for the design of steel members with opening ((ISAI, 1991), (EC3, 2006), (AISC, 2005)).
However, most of these methods consider flexural steel members (beams) with restrained
supports and without presence of axial compressive load. Moreover, the suggested equations
and procedures by these standards and codes are very conservative because they are derived
based on assumptions that cover a wide range of possibilities. For example, most of suggested
methods restrict the openings to specific locations over the beam depth and /or along the beam
length which limit the applicability of these methods.

One the other hand, several experimental, numerical, and analytical research works have been
published on the behaviour and design on thin walled cold formed steel columns under
compression. For instance, Abdel-Rahman (1997) has presented a numerical and experimental
study to investigate the load capacity of web perforated cold-formed steel (CFS) members
under axial compressive loading. A finite element-based analytical model has been developed
and validated using a series of cold formed steel channels stub-columns test. The finite
element model was used to perform a comprehensive parametric study on the perforated
plates of CFS compression members to assess the axial stress distribution and the effective
design width of the perforated plates. Based on the parametric study, two effective design
width equations for stiffened compression plates have been suggested and validated.

Abdel-Rahman and Sivakumaran (1998) have also used a finite element model to perform a
parametric study and suggest effective design width equations to be used in determining the
ultimate strength of cold-formed steel (CFS) beams and columns under compressive axial
loads. The parametric study includes web slenderness values between 31 and 194, perforation
width to web width ratios up to 0.6, and perforation height to perforation width ratios up to
3.0. The accuracy of the suggested equations was validated by a comparison with the ultimate
load results of several experimental studies available in the literature.

Verissimo et al. (2000) have presented a computational analyses study to obtain design aids
which may be used to facilitate the design of openings in webs of composite and non-
composite W shapes steel beam sections. The suggested design aides were intended to
identify the region in the steel beam web at which the openings do not affect the steel beam
strength under particular conditions and circumstances and then obtain more economic and
efficient web openings.

Shanmugam and Dhanalakshmi (2001) have presented a numerical study using the finite
element package ABAQUS to develop a design equation to determine the ultimate load
capacity of perforated channel short columns containing single or multiple openings of square
and circular shapes. An extensive parametric study has been carried out using the finite
element model of channel sections containing openings to suggest design equations using
regression analysis. The suggested equations use web plate slenderness and opening area ratio
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as the main variables along with plate slenderness and opening shapes and sizes. The accuracy
of the suggested design equation is validated against a number of experimental and finite
element results available in published literature.

Salhab and Wang (2008) have suggested a method to calculate the equivalent web thickness
of thin-walled channel sections with perforated webs to be used in the design of solid
sections. The suggested method was based on a regression analysis of a numerous of finite
element simulation results of elastic local buckling resistance of perforated plates under axial
compressive load. Different design variables were considered in the suggested method
including the depth, thickness, perforation patterns, and dimensions of the plate. It has been
shown that the equivalent thickness is significantly related to the plate width to thickness
ratio, the total width of perforation at the critical section and the width of the perforation zone.

Sweedan and El-Sawy (2011) have also used the finite element method to investigate the
critical axial elastic local web buckling load of cellular beam—column elements. The effect of
the plate length and width, and the perforations diameter, and spacing on the elastic buckling
load of perforated web plate has also been investigated. An extensive parametric study has
been conducted to identify the behaviour and buckling of wide range of perforated web plates
under different combinations of axial compressive load and bending moment. The results of
the parametric study have helped to enhance the understanding of the elastic local buckling
behaviour of web plates of cellular beam-column elements under compression.

Karagah et al. (2015) has presented an experimental study to investigate the effect of the
opening caused by the corrosion on the axial load capacity of steel piles subjected to
monotonic axial load. A 13 H-shaped short steel columns were used in the experimental tests
and were treated to simulate different degrees and patterns of corrosion. The recorded
remaining axial capacities of the tested steel columns were compared to the axial capacities
predicted by design provisions of the current standards and codes namely AISC, AASHTO,
and AISI. It has also concluded that the effective width method suggested by AISI gives the
best prediction of the axial load capacity of steel columns subjected to sever corrosion.

This paper aims to present an experimental investigation on the effect of the shape and
numbers of web openings on the behaviour and particularly failure of steel columns with cold
formed sections thin walled CFS. Twenty small scale steel columns with box and channel
sections have been considered in the experimental tests. Each group of ten columns with same
section shape has been divided into three groups of three columns in addition to the reference
column. All groups of columns have the same opening area which is located at the web of the
section, but each group has a different opening configuration and each column within each
group has different numbers of opening distributed along column length. All tested columns
were subjected to increasing monotonic static axial loads up to column failure which is
indicated by the reloading of the test machine. The experimental test results will be help to
more understanding of the behavior and failure of steel column with opening web under axial
compression.

2. TEST SETUP AND EXPERIMENTAL PROGRAM
In this section, a detailed description will be presented to the experimental program conducted
in the current study including the steel columns specimens and the test setup.

2.1. Steel columns

The main objective of the present study is to investigate the effect of number and shape of
web openings on the axial compressive strength of the thin walled section steel columns. To
achieve this goal, the column specimens must be prepared to capture this effect during the
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tests when they are loaded up to failure. To do so, twenty small scale steel column specimens
with cold formed thin walled box and channel sections and a total length of 500 mm were
used in the tests. The cross sectional dimensions of the steel column specimens were selected,
so that the column sections can be considered as slender or thin walled sections according to
ASIC specifications (AISC, 2005). The main failure modes of steel columns composed of thin
walled section is the local buckling of the section. Moreover, the columns length has been
selected, so that the columns behave as short columns according to AISC specification (AISC,
2005) which means that the column would fail by full or partial yielding of the column
section before the column failure by the global buckling (AISC, 2005). For example, for the
box section columns, the axial yielding strength is 270.48kN while the elastic buckling
strength is 10210kN. Ten of the column specimens have a box section with dimensions of
(100%100x2) mm (height x widthx thickness) and the other columns have channel sections
with dimensions of (100x50x2) mm (heightx widthx thickness). To investigate the effect of
number and shape of web openings on the axial load strength of the columns, each ten
columns with same section shape were divided into three groups of three columns in addition
to the reference column which is without web openings. All groups of steel columns have the
same opening area, but each group has a different opening shape (i.e. square, rectangular, and
circular shapes) as shown in Fig. 1 and Fig. 2. Moreover, each column within each group has
different numbers of opening distributed along column length (i.e. one, two, and three
openings), Fig. 1, Fig. 2, and Table 1 show the geometry and web opening locations and
details of columns specimens. The material properties of the steel columns was determined
using a uniaxial tensile test of a steel coupon cut from the steel plate from which all column
specimens were made and the tensile test results are shown in Table 2. Each steel column was
subjected to an increasing static load up to column failure which indicated by the reloading of
the test machine gages.
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Fig. 1. Typical distribution of web openings along the steel columns length for all opening shapes
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Table 1. Dimensions and geometrical properties of the steel column specimens used in experimental
tests with web opening details

columns Cross Cross section Opening Opening (opening Number
designations section dimensions shapes dimensions  width/sectio of web
shape  (WxHxt)(mm) (wxh) ord n width) openings
(mm) (W/W)
CP HRS* 100x100x2 Reference N/A N/A N/A
C1 HRS 100x100x2 Square 44.3x44.3 0.443 1
C2 HRS 100x100x2 Square 44.3x44.3 0.443 2
C3 HRS 100x100x2 Square 44.3x44.3 0.443 3
C4 HRS 100x100x2 Rectangular 65x%30.2 0.650 1
C5 HRS 100%100x2 Rectangular 65x30.2 0.650 2
C6 HRS 100%x100x2 Rectangular 65x30.2 0.650 3
C7 HRS 100x100x2 Circular 50 0.500 1
C8 HRS 100x100x2 Circular 50 0.500 2
C9 HRS 100x100x2 Circular 50 0.500 3
upP C** 100%x50x%2 Reference N/A N/A N/A
Ul C 100x50x2 Square 44.3%x44.3 0.443 1
U2 C 100x50x2 Square 44.3x44.3 0.443 2
U3 C 100x50x%2 Square 44.3x44.3 0.443 3
U4 C 100x50x%2 Rectangular 65x%30.2 0.650 1
U5 C 100x50x%2 Rectangular 65x%30.2 0.650 2
U6 C 100x50x%2 Rectangular 65x30.2 0.650 3
u7 C 100x50x2 Circular 50 0.500 1
us C 100x50x%2 Circular 50 0.500 2
U9 C 100x50x%2 Circular 50 0.500 3

* Hollow rectangular or box section
** Channel section.
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Fig. 2. Cross sectional dimensions of the steel column sections (A) and typical sections at opening
location (B)

Table 2. Mechanical properties of the steel material from the uniaxial tensile test

Steel coupon  Steel coupon Steel coupon

Thickness width length Fy o ENmm?)  R(Nfmm?) gy
(N/mm°)
t (mm) w (mm) L (mm)
2 15 200 420 201x10° 534 0.107

Where Fy, E, Fy, and g, are the yielding stress, the modulus of elasticity, the ultimate tensile
stress, and ultimate tensile strain of the steel material, respectively.

2.2.  Testsetup

The uniaxial loading universal test machine available at laboratory of Mechanical Engineering
Department in College of Engineering / The University of Al-Qadissiya shown in Fig. 3 was
used to apply monotonic axial compressive static loads on the steel column specimens. To
ensure a uniform distribution of the axial compressive load over the column cross section, a
steel plate with dimensions (150x150x5) mm (height x widthx thickness) was placed at the
loaded top end of each column as shown in . Dial gages were used to record the axial
and lateral displacements at top end and at mid-span of the column, respectively, as shown in

. The axial compressive load was applied incrementally using a load increment of 5kN
until the column exhibits failure. The boundary conditions of the steel columns specimens
simulate the simply supported case with the top end of the column being unrestrained in the
vertical direction.
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Fig. 3. Universal test machine used in the experimental tests

3. RESULTS AND DISCUSSIONS

This section presents and discusses in details the results extracted from the experimental tests
conducted in this study in terms failure modes, load displacement behavior, and ultimate axial
compressive load. The section will come up with several conclusions that may help to more
understanding of the behavior and failure of thin walled cold form section (CFS) short steel
column under axial compression.

3.1. Failure modes

Fig. 4 and Fig. 5 show failure modes of the tested steel column specimens for the two cross
section shapes and for different numbers and shapes of web openings. These figures illustrate
that all tested columns have experienced local buckling of columns sections but at different
locations along column length depending on numbers and shapes of the web openings. It can
be seen from Fig. 4 that for the closed section (box) steel columns and for the three shapes of
web opening considered in the experimental tests, the location of the local buckling has
moved toward the end of the column when the numbers of web openings has increased from
one to three. On the other hand, Fig. 5 shows that for the tested open section (U) columns and
for the three shapes of web opening, the location of the local buckling was at the ends of the
column when the numbers of web openings is equal to one and located at the middle of the
column length, while the location of the local buckling moved toward openings when
openings increased from one to three. This behavior may be attributed to the effect of the
column axial stiffened which is affected by the presence of the opening in the column section.
When the number of web openings along column length increases, the column axial stiffness
will be considerably reduced and the column will exhibit less axial strength.
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Fig. 4. Failure modes of steel columns with box sections

-4y

Fig. 5. Failure modes of steel columns with channel sections

3.2.  Axial load-axial displacement behavior

Fig. 6 and Fig. 7 show the effect of numbers of web opening on the axial compressive
strength-axial displacement relationship of the tested steel columns for different shapes of
web openings and for box and channel sections. It can be noticed from these figures that for
most tested column specimens, the behavior of the steel column became more flexible and the
maximum displacement at which the column has experienced failure decreased when the
number of web opening along the column length has been increased. This is an expected
behavior since increasing the number of web opening reduced the column axial stiffness
owing to decreasing of the cross sectional area of the tested steel column.
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and show the effect of the shape of web opening on the axial compressive

strength-axial displacement relationship of the tested steel columns for different numbers of
web openings for box and channel sections. These figures have revealed that for the both box
and channel cross sections shapes considered in the present study the steel columns with a
circular shape of web opening show higher values of the axial compressive strength compared
to the columns with rectangular and square shapes of web openings. In addition, the columns
with square shape of the web opening provide higher values of the axial strength than the
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column with square shape of the web opening. The reason for this behavior can be justified by
the effect of localized stresses generated at the edges of the openings. For the circular shape of
web openings, the stresses around the edges of the openings will be distributed more evenly.
However, for rectangular and square openings shapes, the stresses would be more localized at
the openings corned and the column will be more vulnerable to local buckling.
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3.3. Ultimate axial compressive load

The axial compressive load at failure for each steel column specimen listed in Table 1 was
recorded, and Table 3, Table 4 and Fig. 10 present the test results. It is obvious from these
figures and tables that the column axial compressive strength for both box and U shapes steel
column section was significantly affected by changing the numbers and the shape of web
openings. The results generally indicates that for opening with a ratio of opening width to
total section width (w/W) less than 0.45 the increasing of the numbers of web openings results
a decreasing of the column axial compressive strength compared to the reference steel column
which has no web openings. On the other hand, for opening with ratio of opening width to the
total section width (w/W) greater than 0.45 the increasing of number of opening has no
considerable effect on axial compressive strength if compared with column of one opening.
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Moreover, Table 3 and Fig. 10 show that for both column sections considered in the
experimental test, the reduction in the axial compressive strength of the steel column
specimens caused by the presence of web openings is lower in the case of circular shape
opening compared to square and rectangular shapes. The maximum percentage of the
reduction in the axial compressive strength in columns with box sections due to the presence
of web openings are about 30%, 25%, and 19% compared to the reference columns for
square, rectangular, and circular shape openings, respectively. Similarly, the maximum
percentage of the reduction in the axial strength in columns with U sections due to the
presence of web openings are about 45%, 29%, and 26% compared to the reference columns,
for square, rectangular, and circular shape openings, respectively. As mentioned previously,
this behavior can be explained by the effect of the stress developed at the openings edges.
These stresses has less effect in the case of circular opening because it distributed almost
equally around the circular openings edges while for square and rectangular shapes opening,
the stresses are localized at the opening coroners which may increase the possibility of local
buckling. It can also be noticed from Table 3, Table 4 and Fig. 10, that the maximum
percentage of the reduction in the axial strength due to the presence of opening was almost
similar for both box and channel sections which are %43 and %45 for box and channels
sections, respectively.

Table 3. Ultimate axial compressive load versus numbers of web openings of box section steel

columns
Box section steel column
Square openings Rectangular openings Circular openings
Ultimateload No. of Ultimateload No. of Ultimateload No. of

(KN) openings openings openings
212 0 212 0 212 0
171 1 165 1 175 1
170 2 163 2 170 2
150 3 160 3 169 3

Table 4. Ultimate axial compressive load versus numbers of web openings of channel section
steel columns

Channel section steel column

Square openings Rectangular openings Circular openings
Ultimateload No. of Ultimateload No. of Ultimateload  No. of openings
(kN) openings openings

99 0 99 0 99 0
86 1 76 1 88 1
72 2 71 2 74 2
55 3 70 3 73 3
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4. CONCLUSIONS

This paper has presented an experimental study to investigate the effects of web opening on
the ultimate axial compressive strength of cold formed thin walled sections (CFS) steel
columns under compressive load. Small scale steel columns with cold formed box and
channel sections have been considered in the experimental tests. Each group of ten columns
with same cross section shape was divided into three groups of three columns in addition to
the reference column. All groups of columns have the same opening area located at the web of
the section, but each group has a different opening shape and each column within each group
has different numbers of opening distributed along column length. All tested columns were
subjected to increasing monotonic static axial loads up to column failure which is indicated by
the reloading of the test machine. The following may be drawn from the presented study:

1. The experimental tests conducted in this study have shown that increasing of the
numbers of web openings results a considerable decreasing of the column axial
compressive strength compared to reference columns with no web openings. On the
other hand, increasing of the numbers of web openings has a trivial effect on the
column axial compressive strength compared to columns with only one web opening.
This conclusion is valid for both cold formed box and channel sections considered in
this study.

2. It has been concluded that for web opening with a ratio of opening width to total
section width (w/W) less than to 0.45 the increasing of the numbers of web openings
results a decreasing of the column axial compressive strength compared to the
reference steel columns which has no web openings. While, for opening with ratio of
opening width to total section width (w/W) greater than 0.45 the increasing of number
of opening has no considerable effect on axial compressive strength if compared with
column of one opening.

3. This study has also shown that the maximum percentage of the reduction in the
columns axial compressive strength caused by the presence of web opening was found
to be 30% for columns with box shape sections and 45% for column with channel
shape sections compared to columns with no web openings.
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4. The presence of opening at the web of steel columns composed of thin walled cold
formed sections (CFS) will increase the possibility of local buckling failure at the
locations of the openings.

5. The reduction in the axial compressive strength of the column specimens caused by the
presence of web openings is lower for the circular shape openings compared to that for
rectangular and/or square shape web openings.

6. The circular shape of opening located at the mid-length of the column is the best shape
and position of a single opening that could be created at the web of steel column
sections.
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