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ABSTRACT

In the application of cold formed steel structural
members, holes are usually cut in the webs of sections for
passing pipes or conduits. The Canadian standard for the
design of cold formed steel sections does not provide
sufficient design information for these conditions. However,
the American Iron and Steel Institute has recently provided
design guidel ines for sections with circular perforations
based on 1l imited available experimental data.

The purpose of this study is to determine the
effect of size and shape of openings on the axial load
behaviour of cold formed sections having different flat
width—-to-thickness ratios of webs.

A total of fifty five stub column tests were
performed to provide design guidelines for stiffened plates
with openings. Cold formed 1 ipped channel steel sections
were selected for the tests. Circular, square or slotted
holes were cut in the centres of the webs. The diameter, or
width of the openings, varied from 0 to 0.6 times the flat
widté of the web. The tests were performed under axial
compression and centering of the specimen was done with the
help of strain gauges. Load versis axial shortening and out-
of-plane deflection curves are plotted. Experimental
buckling loads of the sections are obtained using the strain

reversal method. Ultimate loads of the stub columns are
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calculated using the effective width approach given in North
American codes. An empirical relationship was derived from
the experimental data for the effect of square or circular
openings in the web on the strength of cold formed sections.

It was found that the buckling load of a section
decreases with respect to the buckling load of an
unperforated section when size (diameter or width) of the
opening is 20% of the flat width of the web but increases as
the size of the opening is increased to 60%. The ultimate
strength of sections with circular and square openings
changes insignificantly when the size of the openings is 20%
of the flat width of web. However, it drops to about 87%
when the opening size is increased to 60%.

The shape of the opening influences the degree of
reduction in strength. The shapes in increasing order of
influence are circular, square and slotted openings. The
maximum drop in compressive strength, about 147%, was for the
section with a slotted opening, of width of about 487% of the
web flat width., It also shows the importance of both the
longitudinal and transverse dimensions of the opening. The
design guideiines provided by the American Iron and Steel
Institute (1986) are conservative. The equation proposed
herein accurately predicts the effect of square or circular

perforations on the strength of the cold formed steel

sections.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL BACKGROUND

Presentty, there are two families of steel
sections in use, namely, hot rolled steel shapes and cold
formed steel sections. The hot rolled sections are commonly
used for heavy construction. However, the usually available
shapes of hot rol led sections such as WWF, W, M, S, C, MC
and HSS, and their sizes, are limited due to production
difficulties. The wuse of cold formed steel structural
sections is becoming increasingly popular, especially for
construction of houses and low rise commercial buildings.
The members are cold formed to various shapes from steel
sheets, strips, plates, or flat bars, using roll forming and
press braking, or bending brake operations. The choice of
the shape of the cross section, and grade of steel, may
depend upon the type of loading conditions and preference of
the qesigner. The thickness of material may vary. but, in
general, the cold formed structural sections have greater
width to thickness ratios than the hot rolled shapes.
Therefore, as will be explained later, the cold formed
sections are more susceptible to local buckling than the hot

rol led shapes.

The use of cold formed steel sections started in



the middle of the nineteenth century. However, these thin
walled sections were not widely used because of a lack of
knowl edge about their behaviour. With the development of the
aircraft industry in the early twentieth century, much
research work was done on thin walled structures to help
design as 1ight an aircraft as possible. The material used
in aircraft structural components was aluminium, due to its
better weight to strength ratio over steel, but the basic
principles used in the analysis of aluminium thin wal led
structures are applicable for steel structures as well.

Cold formed steel sections were also widely used in
the production of automobile bodies. Knowledge gained from
the aircraft and automobile industries increased their use
in building construction. Consequently, the American Iron
and Steel Institute issued the first design guidelines for
the use of cold formed steel sections in 1946. Since then,
their use in building construction has grown many fold (YU,
1985). At present, in addition to building and bridge
construction, cold formed steel sections are used in car
bodies, railway coaches, storage racks, grain bins, highway

products, transmission towers and poles, and drainage

facitlities.
In light building construction, cold formed steel
is preferred over hot rollted steel for the folliowing

reasons (YU, 1985):

(a) Favourable weight—-to-span ratio can be obtained



by forming different shapes as desired by loading
conditions,

{(b) Load carrying panels and decks can provide a
useful surface for floor, roof and wall
construction. These may also provide an enclosed
cell for passing electrical and other conduits.

{c) Nestable sections can be produced allowing
for economical packing, shipping, and

construction.

Cold formed steel sections also have advantages over
the traditional 1ight construction materials such as wood
and concrete. These include economy in foundations, fast
construction, accurate detailing, elimination of form work,
enclosure for ducts and pipes, etc.

Brief descriptions of the methods of cold forming
and design considerations of cold formed compression members

are presented in the following sections.

1.2 METHODS OF COLD FORMING

Two primary methods used in the manufacture of cold

formed sections are:

1. 2.1 COLD ROLL-FORMING

This is the most widely used method for mass
production of cold formed steel sections. With this method,
a section is formed continuously by gradually feeding the

steel sheet through sucessive pairs of rolls, which act as



male and female dies. Each pair of rolls progressively forms
the section from the sheet. Depending upon the geometry
of the section, 5 to 16 pairs of rolls may be used. The
usual speed of forming a section may vary between 10 to 25
m/min. But it can be as high as 100 m/min. The cross—-section
produced by cold roll-forming can be held within very close
dimensional tolerances, normally plus or minus 0.4 mm.

Hence, the members are usually uniform in cross—-section.

1.2. 2 PRESS BRAKE OPERATION

This method is preferable when the section to be
formed is of simple configuration, and with relatively wide
plate components. It is usually used if the required
quantity is less than 1000 | inear meters. The equipment used
in the press brake operation consists of a moving top beam
and stationary bottom bed, on which dies applicable to the
particular cold formed steel shape are mounted. In general,
press beds are 1imited to a length up to 3 meters. Some of

the more powerful machines can form section up to 8 meters

in length (Walker, 1975).
’ There are other less popular ways of cold forming. A
method used for manufacturing simple sections such as
angles, Z-sections, and channels is the bending brake
operation. However, it is not suitable for more complex

sections. Other production methods for cold-forming include

drawing and extrusions. These methods are not economical in



mass production of prismatic steel sections and are not

commonly used.

1.3 DESIGN CONSIDERATIONS FOR THE COLD FORMED STEEL SECTIONS

Cold formed steel sections are used to frame either
a8 part, or the entire building. Some typical applications in
building construction are:

l. as individual structural framing members, such as

joists, girders, girts, studs, and columns.

2. as surface members such as roof and floor decks

and wall panels.

3. as standardized steel buildings.

Naturally, the design considerations vary with the
application. Here, only those related to the cold formed
members, specifically columns subjected to axial
compressive loads are discussed.

Compression members comprising of cold formed
sections are prone to three types of failure for which it is
essential to design against:

(a) overall buckling

{(b) local buckling

(c) combination of the above two.

1.3.1 OVERALL COLUMN BUCKLING OF COLD FORMED MEMBERS
Overall member buckling generally occurs in
slender columns. The cold formed compression members may

buckle in one of the fol lowing modes:



1. flexural buckling about the axis of weakest
bending stiffness.

2. torsional buckling may occur because the
torsional stiffness of an open thin walled
section is proportional to the cube of the wall
thickness; consequently, cold formed sections
consisting of thin elements may be relatively
weak against torsion.

3. A combination of torsional and flexural
deformations is called lateral-torsional
buckling. This occurs in sections where the shear
centre does not coincide with the centroid, which
is common for many cold formed steel sections.

For hot rolled sections the most common mode of

buckling is overall flexural buckling. This occurs because
most hot rol led shapes have at least one axis of symmetry,
and the sections are so proportioned that flexural buckling
can occur prior to torsional buckling (Chilver, 1961).

Well—-established theories exist for the design of

cold formed members which fail in overall column buckling.

Therefore, this study is not concerned with this problem.

1.3.2 LOCAL BUCKLING AND POST BUCKLING STRENGTH

The plate components of cold formed steel members
usual ly have high width to thickness ratios (the thickness
of cold formed sections made from steel sheets ranges from

0.4 to 6.4 mm, whereas steel plates or bars may be as thick



as 25 mm). These thin plate elements may buckle locally at
stress levels less than the overall buckling stress, when
subjected to compression, shear, bending or bearing 1oads.
Local buckling is said to take place when the plate elements
of a thin walled section buckle without any overall
bending, or twisting of the member as a whole. It is assumed
that during local buckling, the common edges of component
plate elements remain straight, and the original angle

between adjacent plates at their common edge is maintained.

Buckling will occur in all the plate elements of the section
simul taneously. The wave length of buckles in all the plate
elements will be the same. Exceptions to this phenomenon

occur when sections have targe variations in plate
thickness, or the angle between the plate elements is very
shallow (Allen and Bulson, 1980).

Plate components of hot rolled sections have
comparatively low width to thickness ratios. These
components do not normally exhibit lJlocal buckling
instability prior to overall buckling instability.

. For an ideal plate buckling may be produced due to
compressive forces which act along the middlie surface of the
plate when the membrane strain energy at a certain critical
load level is converted into the strain energy of bending.
At this point, {(point B of Curve [, Fig.l.l) large

deformations perpendicular to the surface of the plate take

place (Cook, 1981). However, in plates adequately supported



at the edges, buckling does not necessarily mean failure,
since plates have appreciable reserve strength due to the
membrane action. For proper utilisation of this additional
strength, analysis of post-buckl ing behaviour is required
{(Lee and Harris, 1978). During this stable post buckling the
member will continue to carry additional loads. However,
there will be a redistribution of stress after buckling.
Edges of the plate components continue to take load wuntil
they yield. The ultimate strength of these cold formed
members can be many times higher than the buckling load (Yu,
1985 and Chilver, 1961).

The sudden change in geometrical shape of the plate
at the time of buckling, from flat to curved surface as
described in the previous paragraph, is only possible for
perfectly flat plates loaded along the middle surface.
However, in practice, plates have imperfections or may be
l1oaded eccentrically. The behaviour of such plates is a
gradual transition from pre-buckling to post-buckling as

shown by Curve Il of fig. l.1.

. In North America, design of cold formed steel
structural members is governed by the Canadian Standards
Association (1984) publication "Cold Formed Steel Structural
Members, CAN3-S136-M84" and American Iron and Steel
Institute (1986) publication "Specification for the Design
of Cold-Formed Steel Structural Members". Accordingly, the

strength of a compression member is obtained by adding the



strength of individual flat plate elements including the
curved part on the edges. The resistance of an individual
plate element including post buckling strength is calculated
using the effective width equation given in the codes. The

effective width equation is based on work by Winter (1947).

1.4 EFFECT OF HOLES ON LOCAL BUCKLING AND
POST—-BUCKL ING STRENGTHS
In cold formed members used in buildings, holes
are usually provided in webs and/or flanges, for duct work,
piping and bridging. For steel storage racks, holes are
often used for easy assembly. The effect of holes on the
strength of thin walled columns is complex. The presence of
a hole may increase, or decrease, the buckling load of a
member, depending on its size, shape or location. It may
also reduce the post buckling strength of individual plate
components and, hence, the ultimate strength of the member.
As per CAN3-S136-M84, guidelines exist only for the
compression members without any openings. No provisions
exist in this code for the design of perforated plate
elements. AISI (1986) does, however, provide guidelines to
account for the effect of a circular hole punched in the
centre of a web whose flat width-to-thickness ratio is up to

70. However, these provisions are based on limited data.
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1.5 OBJECTIVES AND SCOPE OF RESEARCH

As discussed above, the unperforated cold formed
steel sections can be designed for local, or overall
buckling, by using the guidelines of relevant codes. The
present study was undertaken in view of the need for proper
design guidelines for perforated members, and the 1 imited
research done on the behaviour of perforated cold formed
structural members under compression. This study is
concerned with the behaviour of cold formed members with
openings. It was decided to study. experimentaily, the
effects of the fol lowing parameters on the behaviour of
these members before, and after, local buckling. The
parameters under consideration are;

a. size of a hole.

b. shape of a hole.

c. flat width to thickness ratio of the compressive

element with the hole.

The tests were performed on both the perforated and
the unperforated cold formed stub columns. From the
experimental data, the fol lowing curves are drawn:

] 1. load vs axial shortening of the sections.
2. load vs out—-of—-plane deflection of the web at a
point adjoining the opening at mid-height of the
member.

The results also include the local buckling loads

and ultimate strengths. Experimental buckling loads of all



11

the specimens are determined by using strain reversal and
maximum membrane methods only. The guidel ines provided in
CAN3-5136-M84 for the calculation of effective width of
unperforated elements are used to calculate the ultimate
strength of unperforated sections. In calculating the
ultimate strength of the perforated sections, these
guidelines are modified to incorporate the effect of
openings. The ultimate strength of both unperforated and
perforated sections is determined by using AISI (1986)
guidelines. Strengths of sections predicted by the above
methods are compared with the experimental values. Finally,
from the experimental data of this study, an empirical
relationship is derived to determine the effect on the
strength of a section due toa circular or square opening in
its web. This relationship is also verified by experimental
data obtained by other ivestigators and is available in
literature. This empirical relationship is valid for a
stiffened plate having flat width-to-thickness ratio upto
112. The size of opening (square or circular) may be upto

0.6 times the flat width of the plate.
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Inflection Point Method)
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Fig. 1.1 Buckling and Post Buckling behaviour of a thin plate
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CHAPTER 2

EXPERIMENTAL PROGRAM

2.1 INTRODUCTION

This chapter provides detailed information on the
stub column tests performed on cold formed 1 ipped channel
sections. The 1ipped channel section (Fig. 2.1) was
selected for test specimens since It fs one of the most
commonly used shapes for compression members in structura!l
frames and as wall studs. The lips act as stiffeners of the
flanges. The sizes of the cross-section were selected from
the available sizes manufactured by industry. however, they
have different values of flat width-to-thickness ratios of
the webs. A total of 55 specimens were tested, and depending
on the sizes of the cross—-sections, all the specimens were
divided into three different sets, namely, Preliminary
Tests, Set I, and Set 1I, consisting of 3, 28, and 24
specimens, respectively. The material for the three
specimens of the preliminary tests was provided by Brock-
house Canada Ltd., Bramalea, Ontario. The rest of the
specimens were provided by Bailey Metal Products 1imited,
Toronto, Ontario. The prel iminary stub column tests were

done to study the general behaviour of the specimens.

Descriptions of the specimens, experimental set-up

including the details of the instruments used, and the

13
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testing procedures, are shown in the following sections.
Test results are presented in the next chapter, and their

analysis is given in subsequent chapters.

2.2 DESCRIPTION OF SPECIMENS
The dimensions (Fig. 2.1) of the specimens for
each set are shown in Table 2.1. The lengths of the
specimens were chosen with the help of the stub column test
procedures provided in Technical Memorandum No.3 of the
Column Research Council (1976), now known as the Structural
Stability Research Council. For cold formed sections having
thin walled plate elements, the stub column test is aimed at
determining the effect of local buckling, as well as the
effect of cold forming on column performance. Therefore, the
length of the stub column test specimen for cold formed
sections should be:
a) less than twenty times the minimum radius of
gyration.
b) more than three times the largest dimension
of the cross—section of the specimen.

. The first condition for 1imiting the length of the
specimen is to preclude overall member buckling (flexurait,
torsional, or a combination of the two) and the second
condition is to ensure that the specimen be sufficiently
long so that it has the same initial residual stress
pattern as a much longer member cut from the same stock

(Column Research Council 1976).
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However, in most of the sections available from
industry, as is the case for the specimens of this study,
both conditions cannot be simultaneocusly satisfied. This is
because the dimension of twenty times the minimum radius of
gyration is less than three times the maximum dimension of
the section. While determining the length of the specimens,
it was thought that the effect of residual stresses on a
cold formed steel section may not be significant. Moreover,
as will be explained in the succeeding paragraph, there was
difficulty in finding the appropriate location for mounting
instruments, such as strain gauges and displacement
transducers. Therefore, only the first condition is
satisfied, that is, the maximum tength of the specimen is
less than twenty times the minimum radius of gyration.

As stated earlier, another factor which governs the
selection of length is the location of failure of the
section. To evaluate buckling loads of the specimens, and to
plot load vs maximum lateral deflection graphs, it is
desirable to know the failure location before testing. It is
Enown that the length of the half buckle wave of a specimen
lies between the dimension of flange, and the dimension of
the web, provided, the angle between the web and the flange
is not too large (Atlen and Bulson, 1980). As a first trial,
therefore, to obtain the crest of the buckle at the mid-
height of section, the length of a specimen was taken equal

to three times the average value of the widths of flange and
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web. Howevers during the preliminary tests it was found that
the length of the section had to be reduced slightly from
that previously calculated as above to obtain failure in the
middle of the section.

The specimens were cut to lengths, within a

’«-—".3

tolerance of 1 mm, as shown in Table 2.1. In Set I, the

- &
PR

length of the specimen with the slotted hole was kept at
223 mm, due to the large length of the opening along the
length of the specimen (Fig. 2.1). The specimens were cut to
length with a power band saw, at right angles to the
longitudinal axis. Wooden blocks were inserted into the
sections to avoid vibrations and to make a slow and smooth
cut. The ends of the specimens were ]apngkdith 180 grain
sand paper and were checked to see whether these were normal
to the longitudinal axis of specimens.

The flat widths (Fig. 2.1) Wi, Wy and W3, of the
plate elements of the specimens are given in Table 2.1.
These were obtained by deducting the rounded corners from the
total widths (external or face-to-face) of the plate
elements. The yjdth of one side of a rounded corner is equal

= . 26t

to thrg: tim;s fﬁgvpaaie thickness of the specimen, since
the internal radius of the right anglie bend is twice the
thickness. The total widths of the plate elements of the
specimens were obtained from the brochures of the

manufacturers. The dimensions given in the brochure were

verified by measuring widths of plate elements of each
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specimen with vernier calipers (least count 0.0254 mm). The
measured values were very close to the values given by the
manufacturers brochures (maximum variation of 0.3mm in a
plate element). This, however, did not change the calculated
results by more than 0.6%, which is negligible. Therefore,

the dimensions as shown in Table 2.1, are used in this study

for calculations and comparisons.

r The design calculations of the cold formed sections
are always done using the base metal thickness of galvanized
sheet steel. The base metal thicknesses, shown in Table 2.1
for Sets I and 1, were obtained by deducting the average
thickness of the galvanized coating from the total average
thickness‘QF the plate components. The thickness of the
coating on the sheet steel was determined as per provisions
of ASTM A90-81 " Standard Test Method for Weight of Coating
on Zinc-Coated (Galvanized) Iron or Steel Articles (ASTM,
1985). Accordingly, three samples each for Set | and Il of

65 mm diameter plate were cut from the sections and weighed.
To strip off the galvanized coating, these samples were
then dipped in a 50% solution of hydrochloric acid until
the bubbles stopped forming. Specimens were then washed with
tap water, dried, and weighed again. The difference between
the final and initial weights of a specimen is the weight of
the coating. The thickness was then calculated as per
guidelines in the ASTM standard. The average thickness of

the coating was found to be 0.033 mm and 0.05 mm for
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specimens of Sets I and II, respectively. The base metal
thickness of specimens for the Preliminary Tests was taken
from the brochure of the manufacturer ( Brockhouse Ltd.).

Various sizes and shapes of openings were made in
the centre of the webs of the specimens. Typical openings
are shown in Figures 2.2 and 2.3. The slotted openings were
made by the manufacturer, while circular and square
openings in the centre of the webs were made in the
laboratory using a milling machine. Care was taken during
these operations to avoid undue initial stresses,

The specimens were numbered according to the shape
and size of the perforation in the web. The first letters
A, B, and C stand for the circular, square and slotted hole,
respectively. The letter D indicates the specimen with no
opening. The second number 2, 4, or 6 denotes the
approximate percentage of hole size to flat width of the web
of the specimen (For example, 4 stands for a hole width, or
diameter of forty percent of the flat width of the web). The
third number 1, 2, or 3 stands for the first, second, and
third specimens of the same type, respectively, The
identification numbers of the specimens and hole sizes are

shown in Table 2.2.

2.3 MATERIAL PROPERTIES
Steel properties (shown in Table 2.1) such as yield

stress Fy. ultimate strength Fu' and initial modulus of
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elasticity E, for specimen Sets I and Il, were determined in
the laboratory. The yield stress and the ultimate strength
were obtained from tensile coupons cut from individual plate
elements (web and flanges only) as per guidelines provided
in ASTM A370-77 "Standard Methods and Definition for
Mechanical Testing of Steel Products (ASTM, 1985).
Accordingly, stress—strain curves for all tensile coupons
were drawn with autographic instruments mounted on the
Tinius-Olson Universal testing machine. These curves were
truncated at a strain of about 1%. For ultimate strength
calculations, load readings at failure of the test coupons
were recorded. The initial part of the stress-strain curves
for Set I and 11 were straight 1ines. At about 70 %4 and 80 %
of yield stress values for Set I and Set 11, respectively,
the material appeared to start yielding slowly, and the

straight lines deviated into curves showing a reduction in

s lope (modulus of material). There was a sharp bend in the
stress strain curves near the yield stress, and the curves
became almost flat with a sharp reduction in slope. A very
small upward slope showing strain hardening of the material
appeared toward the end.

Due to gradually yielding material, the yield stress

—— N

of each coupon was obtained by the 0.2% offset method.
Using this method, a straight line is drawn parallel to the
initial straight portion of the stress—-strain curve. The

starting point of this line is at 0.29 strain. The yield
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stress is that corresponding to a point where the above
drawn line intersects the stress-strain curve. For Sets I
and II, the design values of the yield stress and ultimate
strength are obtained by a weighted average procedure. To
do so, the sum of the multiplication of yield stress or
ultimate strength of individual plate components and their
coressponding widths are obtained. This sum is divided by
the sum of the widths of the plate elements.

Initial modulus of elasticity values are obtained
from the slopes of the stress-strain curves drawn to
determine the yield stress. All material properties for
Preliminary Tests were adopted from the brochure of the

manufacturer.

2.4 INSTRUMENTATION

The experimental set—up is shown in Figures 2.4 to
2.6. The location of instruments, such as strain gauges and
diplacement transducers mounted on a specimen, is shown in

Fig. 2.1. The following instruments were used for tests.

Loading Machine

.

A 600 kN capacity Tinius-Olson Universal testing
machine was employed to determine material properties and to
test stub column specimens. A load range of 20%, with 120
kN as the full load, was adopted for Sets I and I[II. For
Preliminary Tests, a load range of 300 kN was employed

because of the higher strength of these specimens.
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Displacement Transducers and Dial Gauges

Four displacement transducers of Durham Instruments
Type GCD 121-1000 and two of Hewlett Packard Type 7DCDT-1000
were used to measure axial shortening of the specimen and
lateral deflection of the web.

Spring loaded dial gauges (least count 0.001 mm)

were used to measure the displacement of flanges.

Strain Gauges

Foil type strain gauges having a gauge factor of
2.11 were used. For corners, strain gauges of 5 mm gauge
length were used. For the middle of the flanges and for the
tip of the hole, 10 mm gauge length strain gauges were
adopted to obtain a better average of the strain recorded at
these locations, because failure might occur at slightly
different positions than the centre 1ine at mid-height.

Locations for mounting the strain gauges,
transducers, and dial gauges on the specimen were first
marked. To bare the metal at strain gauge mounting
locations, an area about twice the size of the strain gauge
was c.leaned off galvanized coating. The strain gauges were

bonded to the specimens as per the procedures of the strain

gauge manufacturing company.

Data Recording System

A 40 channel data acquisition system, Autodata

Nine:3A/110VAC, was used to record readings of transducers
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and strain gauges.

2.5 TESTING PROCEDURE

Since the specimens were subjected to concentric
loads, it was decided to center them with respect to loads.
To do so, the specimens were pltaced on a well ground plate
at approximately the central position under the head of the
testing machine. A ground plate was not used on top of”the
specimen as the head of the machine was grounded smooth. The
exact centering of the specimen was performed by loading
the specimen at loads of 30, 20, and 15 kN for Preliminary
Tests, Set I and Set 11, respectively. Initial and final
voltage readings of the four strain gauges located at the
four corners at mid-height of the specimens were recorded.
Multiplying the difference between the final and initial
voltage readings of a strain gauge by the gauge factor gives
the value of strain at a gauge location. The mean value of
these strains and their deviations from the mean value were
obtained. The position of the specimen was shifted until the
maximum deviation from mean value for a particular loading
range was less than 5%. This limit is difficult to achieve.
To help center the specimen to meet this condition, the
specimen had to be removed occasionally from the testing
machine and the ends lapped againwith a fine sand paper on
a flat surface. When the specimen was finaily centered, four

wedges were inserted between the loading head and frame of

~ -
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the testing machine while the machine was still loaded at
the centering load. The insertion of these wedges prevented
rotation of the loading head during the remaining stages of
the loading cycle.

The load on the specimen was then reduced to 0.6 kN
and the transducers were mounted. The initial readings of
all measuring devices were recorded and the load on the
specimen increased slowly at an interval of 2 to 3 kN, After
loading the specimen at each interval, the load was al lowed
to stabiiize for a maximum of three minutes, then the
readings of the transducers were taken. This process was
continued until the specimen failed and the 1o0ad began to
drop off. After the peak load, only displacement
measurements were taken at intervals of about 5 kN. Because
this was done while the load was still dropping with the
machine still running at the same rate, small errors could
be expected in the readings taken after the failure locad was
reached. Generally, the readings were taken until the 1l1oad

dropped to about 25% of the failure load. The results of

these tests are given in Chapter 3.
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Table 2.1 Dimensions and material properties of specimens

[tem Specimen Set
e R jo————————————
H P ! I ! 11
' i H
L 432 L5 200 265 ‘
(mm) - s
- I R
Wi 189.48 82.46 —, 17 144.68
(mm) =g -i6t) 4 2 R
_ _ 5= -
g
w2 62.48 31.66 33.55
(mm)
w3 18.54 7.89 8.84
(mm)
t 2.286 1.602 1.287
{mm)
Wi/t 82.89 51.48 112.42
w2/t 27.33 19.77 26.07
W3/t 8.11 4.93 6.87
E 203 205 210
(GPa)
fy 345 340.6 262.6
(MPa)
fu - 443.6 336.0
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Table 2.2 Designation of specimens and shapes and sizes of

holes in their webs.

Test Set
No. No.

Shape
of
hotle

Specimen
Designation

Circle

>>>

Circle

r d h
({mm) (mm) (mm)
8.25 16.5 -
16.5 33.0 -

Circle

>> | >> >

Square

Square

DD | DPODD | >

o O

Square

Slotted

(fig. 2.1)

- 16.5 16.5
- 33.0 33.0
- 49.5 49.5
19.0 38.0 €4.0

No Hole
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Test Set Shape Specimen r d h
No. No. of Designation

hole {mm) (mm) (mm)
29 A-2-1
30 Il Circle A-2-2 14.5 29.0 -
31 A-2-3
32 A—4-1
33 Il Circle A-4-2 29.0 58.0 -
34 A-4-3
35 A-6-1
36 I Circle A-6-2 43.5 87.0 -
37 A-6-3
38 B-2-1
39 11 Square B-2-2 - 29.0 29.0
40 B-2-3
41 B-4-1
42 11 Square B-4-2 - 58.0 58.0
43 B—4-3
44 B-6-1
45 11 Square B-6-2 - 87.0 87.0
46 B-6-3
47 C-1-1
48 11 Slotted cC-1-2 19.0 38.0 64.0
49 C-1-3
50 D-0-1
51 Il No Hole 0-0-2 - - -
52 D-0-3
53 P Circle A-3-1 28.6 57.2 -
54 P Circle A-6-1 57.2 114.4 -
55 P No Hole D-0-1 - - -
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showing .typical openings

Fig, 2.2 Test Specimens of Set T (after failure)
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Fig. 2.3 Test Specimens of Set II (after failure)showing typical openings
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Fig. 2.5 Experimental Set-Up:
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CHAPTER 3

EXPERIMENTAL RESULTS
In the previous chapter, detailed information on the
stub column tests performed on the cold formed 1 ipped

channel steelsectionswasgiven. In this chapter, the

results obtained from the stub columns tests are reported.
Load vs axial shortening and load vs lateral deflection
behaviour of the specimens, which form an important part of
the experimental data, is presented in the form of graphs.
The ultimate strengths of the specimens are also reported. A
detailed analysis for determination of buckling loads and

ultimate loads is given in chapters 4 and 5.

3.1 ULTIMATE LOADS OF TEST SPECIMENS

The ultimate loads of all specimens, corresponding
to the maximum load reading obtained during a test, are
given in Table 3.1. The maximum variation noted in the
ultimate loads for identical specimens, having the same size
and shape of hole, is less than 3% of their mean value
(usually about 1%). This shows that ultimate load readings
were very consistent.

In the case of specimens with circular holes (type
A’). it can be seen that there is no significant decrease
inultimate ioad up to a hole diameter of 20% of the flat

width of the web. For the specimens with a greater hole
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diameter, there is an evident decrease in ultimate load with
the increase in hole diameter. This is due to the loss in
stiffness of the specimen, indicating that the central part
of a plate does contribute to the resistance of loads.

The ultimate loads of specimens with square holes
fol low the same pattern as specimens with circular holes.
However, for the same hole size (diameter of a circle or
side of a square), the ultimate l1oads for specimens with
square holes are slightly less than those with the circular
holes. This indicates there is only a small effect due to
the shape of the hole on ultimate loads.

The effect of the size of the hole in the
longitudinal direction is clearly evident from the ultimate
loads obtained from specimens having slotted (type ’'C’)
holes (Table 2.2. and Fig. 2.1). The ultimate loads of
specimens with slotted holes, having hole widths of 46% and
26% of the web flat widths for Set I and Set 11,
respectively, are less than the ultimate loads of the
specimens with circular or square holes, which have greater
hole widths. A maximum drop of about 14% in ultimate 1oad
for slotted holes from the unperforated section was obtained

for Set 1.

3.2 LOAD VS AXIAL SHORTENING BEHAVIOUR
The graphs il lustrated in Figures 3.1 to 3.8 and 3.9
to 3.16 show the load vs axial shortening behaviour for

specimens of Sets I and 11l, respectively. The hexagon,
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square, and triangular indicators in these figures represent
the data points of the first, second, and third specimen, of
a group of identical specimens, respectively. In ail these
figures, the solid 1ine denotes the mean curve obtained from
the data points of the identical specimens. A computer
program was written (with the aid of IMSL Subroutines
ICSFKU and ICSEVU of university 1ibrary programs) to obtain
the data for the mean curves. The mean curves are obtained
to see the dispersion of the experimental data for one type
of specimens and to compare its mean curve with those of
specimens having different sizes or shapes of openings.

It is clear from Figures 3.1 to 3.16 that the load
versis axial shortening behaviour of identical specimens is
quite consistent. To see the effect of the size and shape of
the hole on the load vs axial shortening behaviour, the mean
curves are drawn in two groups{(fFigures 3.17 to 3.20),
consisting of four curves each, for a set of specimens.

The first group consisting of Figures 3.17 and 3.19
for Set I and Il, respectively, shows the mean curves of
specimens with circular and slotted holes. The mean curves
of specimens with square holes and unperforated specimens
are shown in Figures 3.18 and 3.20 for Set | and Set 11,
respectively. As expected, these figures indicate the
reduction in stiffness of the specimen with the increase in
hole size. This reduction in stiffness becomes more apparent

as failure loads of the specimens approaches. The effect of
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the size of a hole in the longitudinal direction, on the
behaviour of the specimens in axial compression is clearly
evident from Figures 3.17 and 3.19. The specimens with
slotted holes made by the manufacturers show the least

stiffness.

3.3 LOAD VS LATERAL DEFLECTION BEHAVIOUR

Load versis lateral deflection graphs were also
plotted in the same fashion as those of load vs axial
shortening. These are shown in Figures 3.21 to 3.28 and 3.29
to 3.36 for Set I and Set 11, respectively. It is evident in
some of the figures that the mean curve is the average of
data for only two of the three specimens. This is because
the deviation of data for the third specimen is more than
10% of the mean value. This may be due to variations in
initial imperfections, some local weakness, or experimental
error. In the case of locad vs lateral deflection, deviation
may also be because the failure has taken place at a
position along the length of the member other than that of
the dial gauge location.

Figures 3.37 and 3.39 show the mean 1oad versis out-
oF—p;ane deflection curves of specimens with circular and
slotted perforations, for Sets I and 11l respectively.
Similarly, Figures 3.38 and 3.40 show the mean curves drawn

together for unperforated specimens and specimens with

sgquare holes for Sets | and I1. In these figures, the effect
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of hole size and shape on the behaviour of the specimens is
clear, as is in the case of 1oad vs axial shortening curves,
The load vs lateral deflection curves cross each other
because the deflection was taken at the point adjacent to
the hole, which is not the same point for every section. For
the unperforated specimens, the lateral deflection shown is
at the centre of the web.

The out-of-plane deflections were small up to
fai lure. However, after failure, the deflections increased
at a faster rate, more so in the case of the specimens with

slotted holes, because the long cut reduced the stiffness.

3.4 MODE OF FAILURE OF SPECIMENS

It was stated in the second chapter that the length
of the specimens was based on the reasoning that the half
buckle wave length 1ies between the dimensions of the web
and the flange in unperforated sections (Allen and Bulson,
1980). The length was calculated by multiplying the average
of the fltat widths of web and flange by three, so that at
failure the specimen may form three half buckle waves,

In order to confirm this, two horizontal additional
transducers (position indicated by points S and B in Figure
2.1) were mounted on the centre vertical 1ine of web, during
the tests of the the specimens of Set II. Point S is at a
height equal to one sixth of the length of the specimens
from the bottom, and point B was located as near the bottom

edge of specimen as possible. Point C (Figure 2.1)is at the
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centre of the web or adjoining the hole at mid-height.

It was found that the deflections at point B and S
are in the opposite direction to the deflections at point C.
As expected, the lateral deflections at point B were very
small, with a maximum value of 0.35 mm. The deflections at
point S were about one half of the deflection at point C at
failure. The deflections of points C, S and B in the load
versis web out-of-plane deflection graphs (shown in Fig.
3.41 to 3.64) are of the same sign. The deflections of
points S and B for those figures were obtained by
multiplying the actual deflection by minus one to show these
in the same direction as were the deflections of point C.

It can be seen from these figures that prior to
failure, the deflection at point S is increasing at a
considerable rate as compared to the deflection at point C.
However, after failure, the lateral deflection at C
increased at a greater rate than at S or B. In fact, in some
of the specimens the after failure deflections at points B
and S decreased to zero and then started increasing in the
same direction as those of point C.

. Figures 3.65 and 3.66 show the buckled shape of the
specimens, while the specimens were still under compressive
loads. The mode of failure (or buckling pattern) of the web
of specimen (Fig.3.65) is much clearer than that for the
flanges (Fig 3.66). The above observations confirm that the

specimens failed in the form of three half buckle waves.
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Table 3.1 Experimental ultimate loads of specimens

Experi- Mean variation Drop in
Specimen mental value of of loads strength
Set Designa- ultimate ultimate from mean (mean
No. tion 1oad 1oad value value)
(kN) (kN) (%) (%)
A-2-1 85.50 (-)0.29
1 A-2-2 85.65 85.75 (-)0.12 (-)00.05
A-2-3 86.10 0.41
A-4-1 81.45 (-)0.31
1 A—-4-2 81.90 81.70 0.24 4.25
A—-4-3 81.75 0.06
A-6-1 78.35 0.27
1 A-6~-2 77.35 78.13 (-)1.00 8.43
A-6-3 78.70 0.73
B-2-1 84.20 (-)0.59
I B-2-2 84.40 84.70 (-)0.35 0.73
B8-2-3 85.50 0.94
B-4-1 81.35 (-)0.25
1 B-4-2 81.40 81.55 (-)0.18 4.42
B-4-3 81.90 0.43
B-4-4 81.55 0.00
B-6-1 76.35 (=)1.74
B-6-2 77.80 0.13
B-6-3 78.50 77.70 1.03 8.94
B-6—-4 78.85 1.48
B-6-5 77.00 (-)0.90
C-1-1 72.50 (=>)1.01
I C-1-2 72.65 73.24 (-)0.81 14.17
C-1-3 72.60 (-)0.87
C-1-4 75.20 2.70
-0~ 84.55 (-)0.91
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Table 3.1 continued--——-——--
Experi- Mean variation Drop in
Specimen mental value of of loads strength
Set designa- ultimate ultimate from mean (mean
No. tion 1oad load value value)
(kN) (kN) (%) (%)
A-2-1 54.00 0.09
11 A-2-2 54.00 53.95 0.09 0.05
A-2-3 53.85 (-)0.18
A—-4-1] 54.00 1.18
11 A-4-2 53.00 $3.37 (-)0.69 1.13
A-4-3 53.10 (-)0.50
A-6-1 48.30 2.55
11 A-6-2 45.70 47.1 (-)2.97 12.75
A-6-3 47.30 0.42
B-2-1 52.75 (-)0.88
11 B-2-2 52.70 53.22 (-)0.97 1.4
B8-2-3 54.20 1.84
B-4-1 52.00 2.02
11 B-4-2 51.30 50.97 0.64 5.58
B-4-3 49.60 (-)2.68
B-6-1 47.70 1.49
11 B-6-2 46.70 47.00 (-)0.64 12.9
B8-6-3 46.60 (-)0.85
C-I1-1 52.30 1.42
11 C-1-2 51.70 51.57 0.26 4.22
C-1-3 50.70 (-)1.68
D-0-1 54.30 0.59
11 b-0-2 54.40 53.98 0.78 .00
D-0-3 53.25 (-)1.35
P A-3-1 213.00 - - 3.46
P A-6-1 203.13 - - 7.93
P D-0-1 220.63 - - 0.00
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CHAPTER 4

ANALYSIS OF RESULTS: BUCKLING LOADS

4.1 INTRODUCTION
A brief introduction to local buckling and post

local buckling phenomena was given in Chapter 1. In this
chapter, various techniques that are generally applied to
determine the experimental buckling loads are discussed,
and some are used to determine buckling loads of the tested
specimens. Buckling loads of the members are useful in
estimating the limiting values of the width of the plate
elements of cold formed members. The calculation of limiting
values is discussed in Chapter 5. The knowledge of buckling
loads also gives the sense of deformations of the plate

elements at the design load level.

4.2 EXPERIMENTAL DETERMINATION OF BUCKLING LOADS

Based on analytical studies using small deflection
theories, the load vs lateral deflection plots of the
perfectly flat plate elements subjected to compressive loads
have -a wel l-defined bifurcation point (point B, Curve I,
Figure 1.1). Hence, the buckling load of a flat plate, under
edge compression corresponds, to this bifurcation point and
has a wunique value. However, plate imperfections and

experimental errors in centering the specimen lead to
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eccentricity of loads in edge compression of the plate. This
causes deviation from classical buckling theory, and
therefore, the load versis deflection curve (Curve 11,
Figure 1.1) of an imperfect plate does not have a well-
defined bifurcation point. Therefore, it is difficult to
distinguish between the pre-buckling and post-buckling path
of the imperfect plate, and hence, to determine its
experimental buckling load. To determine the experimental
buckling loads of the thin plilates, analysis of the
following two types of data is usually done.

(a) load vs lateral deflection of the plate

{(b) load vs strain in the plate elements.

A few common methods for determining buckling loads

are discussed below.

4.2.1 METHODS BASED ON LOAD VS LATERAL DEFLECTION
MEASUREMENTS
I - INFLECTION POINT METHOD

In this method, the buckling load is defined as the
load corresponding to a point with minimum slope (point A,
Curve 1, Figure l.1) on the load vs lateral deflection
curve. The important physical significance of this method is
that the inflection point is a point of maximum rate of
increase of lateral deflection with respect to load (Schlack
1964,1968). If the initial imperfection is not excessive

this method gives satisfactory results. However, the
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selection of the point of contraflexure depends on the

individual choice (Coan 1951, Fok and Yeun 1981).

IT -~ THREE POINTS METHOD

In this method, the buckling load Pcr can be
determined using a modified relationship, originally
proposed by William and Walker (1975). for large deflection
analysis of plates. This relationship, between load
and lateral deflection of a plate, can be used to obtain
Pcr? if any three sets of data points in the post buckling
range are known. The original relationship was developed by

using a perturbation method in which the intrinsic problem

parameters are expanded in a power series. The orignal

relationship is given as:

(A% + 2880)'72 = Av + BY? [4.1]
where
P Ag
¥ = [ — -1+ —
Per A + Ao
Por is the buckling load, Ao and A are the
magnitudes of the initial imperfection and the measured

deflection (corresponding to the applied load P) at the
centre of the plate, respectively. A and B are constants
depending upon boundary conditions. For small Ag, gnd for a
data point in the post buckling range, the second term on

the right hand side of equation [4.1] can be dropped, and

the equation may be rewritten as {(Fok and Yuen 1981)



/8

, , [P Ag ]
A + 2AA9 = A -1 + [4.2]
Per A + Ao

Equation [4.2] is the modified relationship used
in the three points method. To evaluate Per» along with two
other unknowns A and aA,, the values of load P and
corresponding lateral deflection A for three sets of data
from a test are substituted in equation [4.2] to form a set
of non-linear simultaneous equations. P_ . is obtained from
these equations. To avoid experimental errors, care should
be taken not to select three points too close to each other,
There are small fluctuations in the calculated results by
this method when different sets({(deflections corresponding to
respective loads) of data points from a test are substituted

in equation [4.2].

ITT - PIVOTAL PLOT METHOD

In plates, the effect of the initial imperfection on
load vs lateral deflection behaviour is most prominent in
the region around, and below the buckling load. However, for
large deflections in the post buckling range, its effect is
less, and the load deflection behaviour of even an imperfect
plate” " is akin to a perfect plate. Based on this fact, Spencer
and Walker (1974) first modified equation [4.2], and Fok and
Yuen (1981) gave the final form. Deleting the terms

containing Ay in equation [4.2] it has the form:



79

P
A2 =~ A | — - [4.3]
Per
If P and A are the values of load and

corresponding deflection of a selected point (pivotal point)
from a set of experimental data in the post buckling range,

then the unknown A can be calculated as:

[4.4]

Substituting for A in equation [4.2], the final form of the

equation, as given by Fok et al(l198l1) is

HaHs - 1 H2
Por = Ao - — [4.5]
H, Hi
where
(A% - A?)
Hl:
$
P32 - Pa?
Hy =
¢
3
Hy = =
A+ A
- A - A
¢ = PA |3 + - - PA {3 + -
A A
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Thus, the (HzH3;-1)/H; versus Hy/H, plot results in a
straight line. The intercept of this line with the H2/H)
axis gives the buckling load P,.,» and the slope of the line
gives the initial imperfection. The functions ¢ and H; may

have zero values. Hence, there is a risk of instabilty in

calculations {(Fok and Yuen, 1981, Souza et al, 1983).

IV - METHOD OF LEAST SQUARES

In this method, the unknowns A, B, P.. and Ay of
equation [4.1] are evaluated based on the best fit of the
load vs lateral deflection curve obtained from a test. This
is done by the least square curve fitting technique. Fok
(1984) first applied this method to determine the buckling
load of plates with large deformations.

The evaluation of unknowns of equation [4.1] is done

in two steps. First, the trial values of buckling load and

initial imperfection are assumed and substituted in equation
[4.1] which becomes linear in A and B, and is expressed as
R? = E—"(A) - AY - BW]Z [4.6]
where
F(A) = (A% + 2aMqg)'/2
R? = the square of the difference between the

measured and calculated values of P.

The optimum values of A and B are then found as:
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TA? A" A EYF(A)
[4.7]

TAY TAS B I¥Y3IF(A)

In the second step, the optimum values of Pcr and Ag
are found using A and B of equation 4.7. The optimum values
of buckling load and initial deformation are those which
satisfy equation [4.1] and minimize R?’. These are found by

means of the Newton—-Raphson iteration technique (Fok, 1984).

4.2.2 METHODS BASED ON LOAD VS STRAIN MEASUREMENTS

In these methods, normally two strain gauges are
mounted opposite to each other at the probable buckling
location on the flat surfaces of a plate element.
Experimental buckling loads are determined by analysing the
strain readings of and the corresponding loads. Some of the

methods based on the above technique are given below.

V — STRAIN DEVIATION METHOD

In this method, the strain corresponding to the
buckling load is defined at a point, where the strain
increments, for successive readings for either of two strain
gauges, mounted opposite to each other on either side of a
plate,'begin to decrease. The strain determined from this
criterion represents the situation, in which the stress
distribution across the thickness of the plate element is
beginning to change from uniform compressive stress to a

state of combined compression and bending. This gives an
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indication of the initiation of out-of-plane deformation

(Johnson and Winter, 1966, Wang and Winter, 1969).

VI - STRAIN REVERSAL METHOD (MAXIMUM SURFACE STRAIN METHOD)

In this method, buckling load is defined as the
load, corresponding to the critical strain, which is taken
as the maximum compressive strain on the convex side of the
plate element. Beyond this point, the compressive strain on
the convex side starts to decrease and ultimately changes
into tensile strain. Critical strain, and hence the buckling
load, obtaimed from this method is usually higher than the
buckling load obtained by the strain deviation method
{Johnson and Winter 1966, Wang and Winter 1969). The
difficulties faced in this method include inability to
predict accurately the location of the buckle crest on the
plate element prior to the experiment, and the absence of

strain reversal (Stowel et al 1951, Souza et al 1983).

VII- MAXIMUM MEMBRANE STRAIN METHOD (AVERAGE STRAIN METHOD)
In this method, the critical strain is taken as
the maximum average of the strains recorded by a pair of
strain gauges mounted at the probable buckle crest location.
It indTcates the point where the increment of the membrane
strain is zero, and the membrane strain has reached its
maximum value. At this point, bending and waving of the
plate is involved, and the direct stretching of the thin

plate due to excessive deformation is beginning to take
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place. The buckling load is usually obtained by extending
the pre-buckling and post-buckl ing segments of the locad-
average strain relationship. The load corresponding to the
point of intersection of these two segments is the buckling
load. The buckling loads determined from this method are
usual ly higher than those obtained by Strain Deviation and
Strain Reversal Methods. (Johnson and Winter 1966, Wang and
Winter 1969). This method can be very successful if the post
buckl ing path of aplate is clearly defined. If the test has
to be terminated prematurely due to early failure of the
specimen, the resuiting buckling load may be inaccurate

(Souza et al, 1983).

VIII- STRAIN DIFFERENCE METHOD

In this method the load is pltotted against the
difference in axial strains of a pair of strain gauges
mounted at the centre of the piate element. The buckling
load is determined by locating the inflection point {(point
of minimum slope) of load vs strain difference curve. The
strain difference depends only on the deflection, and not
on the mean axial stress. The reasoning employed in this
method.  to locate the buckling load is analogous to that
employed in connection with the inflection point method

(Coan, 1951).
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4.2.3 DETERMINATION OF EXPERIMENTAL BUCKLING LOADS
OF PERFORATED PLATES
Most studies on the analysis of buckling loads of
perforated plates are restricted to flat square plates with
a central circular hoile ( Levy et al 1947, Kumai 1952,
Schlak 1967, 1968, Yoshiki et al 1967, Kawai et al 1968,
Ritchie and Rhodes 1975, Narayanan and Chow 1984, and
Roberts and Azizian 1984). Except for Levy et al and Roberts
and Azizian, who performed theoretical studies only, all the
other studies are theoretical, as well as experimental.
Narayanan and Chow also studied the behaviour of a flat
square plate with a central or eccentric square hole.
Ritchie and Rhodes performed a study on the behaviour of
rectangular plates(aspect ratio 2:1) with a central hole.
The only experimental study for determination of
buckling loads of cold formed sections is by Yu and Davis
(1973). They formed rectangular box section by bolting two
cold formed 1ipped channel steel sections. They studied the
effect of a centrally cut circular or square hole on the
buckling loads and ultimate strengths of these sections. The
flat width to thickness ratio of the perforated elements
varied from 36.6 to 73.8 and d/W, ratio varied from 0 to
0.722.
Experimental methods used by these investigators
to determine buckling loads are essentially the same as

those used in unperforated plates listed in section 4.2. The



[=]s

inflection point method has been emplioyed for determination
of buckling loads of perforated square plates by Schlak and
Narayanan and Chow while the strain reversal method was
prefered by Yu and Davis for buckling loads of perforated
cold-formed sections. The maximum membrane strain method was
used by Ritchie and Rhodes for square and rectangular
plates. Later, Fok applied the three point method and the
least square technique to perforated square plates.

Of the wvarious methods used to experimentally
determine buckling loads, it can be said that the inflection
point method and the strain difference method, which are
based on a curve fitting technique and the location of the
inflection point are tedious particutlarly for imperfect
plates. This is due to the absence of any distinction
between pre—-buckling and post-buckling paths. The three
points method, the pivotal plot method and the method of
least squares are essentially based on egquation 4.1 and may
give accurate results. The three points method and the
pivotal plot method are reliable for plates with
imperfections up to half the plate thickness, while the
method of least squares may be used for larger imperfections
(Fok 1984, Souza et al 1983). There exists a variation in
results depending on the choice of the three data points
(three points method), or the pivotal point (pivotal plot
method) .

The strain deviation method, strain reversal method
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and the maximum membrane strain method are experimental, and
determination of buckling loads are less dependent on the
Judgement of the individual. The lowest buckling loads are
obtained by using the strain deviation method, but this
method has rarely been used. The strain reversal method has
been used by many investigators because of its ease for
determining buckling loads. The difficulty in this procedure
is that strain reversal may occur at lower loads than the
actual critical loads due to imperfections. If the post-
buckling path of the plate is clearly defined, the maximum
strain method is very reliable but will give a buckling load
of higher value than the actual. The selection of methods

used in this study to determine buckling loads is discussed

in section 4.3.

From the experimental and theoretical studies, Yu
and Davis (1973) and Narayanan and Chow (1984) observed
that the buckling loads of perforated plates decrease with
formation of a small opening in the centre of a plate.
However, Azizian and Roberts(1984) found that buckling loads
are independent of hole size, varying from zero to
half the width of the plate element. Buckling loads may
increase with an increase in hole size above this. Buckling

loads also decrease with the increase in the eccentricity of

the hole (Narayanan and Chow 1984).
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4.3 BUCKLING LOADS OF COLD FORMED STEEL SECTIONS WITH
OPENINGS

A detailed description of the various methods that
may be used to determine the buckling loads of the plates
has been given in the preceding sections. Initially in this
study, an effort was made to obtain the buckling loads using
the three point method and the pivotal plot method using
data from some of the specimens. As stated earlier, the
buckling load obtained using these methods depends largely
on the choice of data points used. Using the pivotal point
method no well defined straight 1ine graph was obtained for
some of the tests. The three point method gave a wide range
of values of the buckling load for data of the same test
when different sets of points were used. Therefore, these
methods were not used for the remaining specimens and the
results are not documented here. Moreover, the analysis of
ultimate loads, given in the next chapter, is emphasized
because of their importance in the design of thin walled
sections. Keeping this in view, buckling loads of various
specimens are determined using the strain reversal method
and thg max imum membrane strain method only, which are easy
to apply and depend less on individual judgement. The
results are given in Table 4.1.

In the case of the strain reversal method, the
buckling loads are obtained by scanning through load vs

strain readings. Therefore, buckling loads here correspond
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to maximum compressive strain on the convex side of the
strafn gauge. Similarly, in the case of the maximum membrane
strain method the buckling loads correspond to a maximum of
the average strain in a pair of strain gauges located
adjoining the hole at mid—-height of the specimen.

It is evident from Table 4.1 that predicted buckling
loads by the strain reversal method is more uniform in set
I than in Set 11. This may be because of the effect of
larger initial imperfections in the case of Set Il due to
the higher flat width—-to-thickness ratio of the web. To
predict the buckling loads correctly using the strain
reversal method, the strain gauge should be at the crest of
the buckle. Sometimes the crest of buckle formed at a
slightly different location than that of the strain gauge,
causing some error in prediction of buckling loads.

As shown by the dash marks in Table 4.1, the
buckling loads could not be obtained in many tests using the
maximum membrane strain method. One reason may be because
for stiffened edges of the web, there is less lateral
deflection resulting in no reduction in average strain upto
failure. However, wherever possible to obtain, the buckling
loads using the maximum membrane strain method are higher
than those obtained using the strain reversal method, but
these are unduly high. This is because of the poorly defined
post-buckling path of the sections. Therefore, in the case

of the sections used in practice, the maximum membrane
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strain method does not seem to work since the buckling loads
could not be determined using this method.

In the case of buckling loads obtained using the
strain reversal method on specimens of Set I, it can be seen
that the buckling load of specimens with an opening size of
20% is less than the buckling loads of unperforated
specimens. However, as the hole size is increased, the
buckling load also increases. This is because with formation
of an opening in the web, each surrounding plate element of
the web becomes almost akin to an unstiffened element. The
elements of web with its smallier opening have a larger
width—-to-thickness ratios and therefore more flexible than
the elements of the web with larger opening. Therefore, the
specimen with larger hole size has a higher buckling stress
than the specimen with a smaller opening. Accordingly, the

buckl ing loads of the former may be higher than the latter,
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Table 4.1 Buckling loads of test specimens

Buckling load of specimens of

Set 1 Set 11

Specimen strain max imum strain max i mum

reversal membrane reversal membrane

method strain method strain

method method

(VvI) (VII) (vVl) (VIl)
A-2-1 46.0 - 10.0 40.0
A-2-2 48.1 - 8.1 44 .1
A-2-3 55.1 - 10.0 44.0
A—4-1 59.9 - 12.0 -
A-4-2 60.3 - 8.0 -
A-4-3 63.1 - 10.0 -
A-6—-1 72.0 74.7 12.0 -
A—-6-2 72.9 - 6.0 -
A-6-3 72.0 - 16.0 -
B-2-1 50.0 - 8.0 42 .2
B-2-2 38.2 81.5 8.1 42.1
B-2-3 52.2 83.5 10.0 42 .3
B-4-1 60.9 - 10.0 ~
B-4-2 62.0 - 10.7 -
B-4-3 67.0 - 8.0 -
B-4—-4 58.0 -
B-6-1 72.7 - 30.1 44.0
B-6-2 73.7 74.9 34.1 43.0
B-6-3 74.5 - 30.0 43.0
B-6-4 76.2 -
B-6-5 74.2 -
C-1-1 65.0 - 3.0 -
C-1-2 61.8 67.9 10.0 -
C-1-3 64.2 66.8 6.1 40.0
C-1-4 61.2 -
D-0-1 62.0 79.9 10.0 -
D-0-2 74.0 79.8 16.0 -
D-0-3 73.8 82.5 16.0 48.0




CHAPTER 5
ANALYSIS OF RESULTS: ULTIMATE LOADS

5.1 INTRODUCTION

In the previous chapter the methods used in the
determination of buckling loads were reviewed. The buckling
loads of the specimens were also calculated, A brief
description of the general behaviour of the stub columns,
incliuding the variation of their ultimate loads, was given
in chapter 3. In this chapter, various techniques usually
applied to determine ultimate strength, are reviewed. The
effective width approach is discussed in detail. Strength of
stub columns is calculated using provisions given in CAN3-
$136-M84 and AISI (1986). The calculated strength values
using these provisions are compared with the experimental
values of this study. An empirical relationship is derived
to predict the ultimate loads of stub columns with openings,
and is verified by comparison with some of the available

test results of other reported studies.

5.2 DETERMINATION OF ULTIMATE LOADS OF UNPERFORATED SECTIONS

As stated earlier,'plates have significant reserve
strength after buckling. The ultimate strength of a plate
element essentially depends on its edge conditions, width-
to-thickness ratio, and material properties. Many

theoretical and experimental investigations have been

S1



92

carried out to utilize this strength in thin walled
structural members. In the theoretical analysis of post-
buckling of plates, material and geometric non-linearities
of the specimen are involved. Procedures involved to
correctly account for these presents a formidable task.
However, many methods have been used, which include the Ritz
energy method, numerical methods such as the Finite Element
Method, and studies based on the deformation theory of
plasticity. Among these, the Finite Element Method has been
extensively used in plate analysis during the last few
years. Many reviews are available and one of these is by
Little (1977).

An approximate method, relatively simple and more
economical to apply was proposed by Korol and Sherbourne
(1972). By this method, one can predict the utlttimate
capacity of thin walled structural members which
corresponds to the point of intersection of the elastic
loading line and rigid plastic unloading (mechanism) 1ine of
the load vs lateral deflection plot. The ultimate 1oad
obtained by this method will be an upper bound to the
experimental load (Korol and Sherbourne, 1972).

) The methods previously discussed for analysis of
thin walled structural members may not be suitable for
design office use because of the time, money, and skill
required. Therefore, for post buckling analysis, and to

predict the ultimate capacity of these thin walled
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structural members, two semi—-empirical approaches are used.
The first approach, proposed by Gerard(1957), has been
widely used in European codes of practice (L.ee and Harris,
1978 and Allen and Bulson, 1980). In this approach a
simplified formula is proposed where the ultimate strength
of the member is expressed as a function of buckling stress
and yield stress. In North America, however, the effective
width approach, first proposed by Von Karman et al (1932).
is the most popular. This approach will be discussed in

detail in section 5.4.

5.3 ULTIMATE LOADS OF PERFORATED SECTIONS

Few studies have been performed on the post-
buckling behaviour (incliuding uttimate capacity) of
perforated plates and sections in axial compression. Ritchie
et al (1975) studied both theoretical and experimental post
buckl1ing behaviour of perforated square and rectangular flat
plates. In the theoretical analysis, they employed an
approximate approach using a combination of the Ritz energy
method and Finite Element Method. Their theoretical
predictions were not accurate for small size holes in the
post'buckling range. However, Azizian and Roberts (1984)
refined the theoretical analysis by employing a Finite
Element formulation in large deflection elasto-plastic
analysis of perforated sqguare plates in axial compression,
extending up to collapse. Narayanan and Chow (1984)

conducted experimental and theoretical studies on the
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ultimate capacity of uniaxially compressed perforated flat
square plates. In their theoretical analysis, they used the
approximate method proposed by Korol and Sherbourne (1972)
to find the ultimate capacity by finding the point of
intersection of the elastic loading line and the rigid
plastic unloading line. The method compares well with
experimental results, and reduces the cost of computation
(Narayanan and Chow 1984).

The above investigations were done on perforated
individual plates. For practical cold formed sections, Yu
and Davis (1973) tested 28 rectangular stub columns. The
rectangular shape was formed by bolting the 1ips of two
lipped channels. Circular or square perforations were made
in the centre of each web. They proposed a reduced effective
design width based on their results. Loov (1984) also
proposed an effective width equation based on his test
results of perforated 1| ipped channel sections. These tests
were done as performance tests as per requirements of CAN3-
S136-M84 for some special application. As a result, there
was no systematic change of parameters such as size, shape,
number, and distribution of holes. Recently. Pekoz (1986)
proposed an effective width equation based on his stub
column tests of perforated |ipped channel sections with
circular holes in their webs. His equation has been
incorporated in AISI-1986, for the design of perforated cold

formed sections. This will be discussed in section 5.4.1.
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Azizian and Roberts (1984) found that, though the
buckling load of plates may increase with increase in size
of hole, there will always be a decrease in ultimate load.
Narayanan and Chow (1984) confirmed these findings regarding
the decrease in ultimate strength of pltate, with

corresponding increase in hole size.

5.4 EFFECTIVE WIDTH APPROACH

This approach was proposed by Von Karmen et al
(1932). According to this approach, the axial stress of a
flat plate element under compression is uniform across the
width of the plate before buckling. After buckling, stress
redistribution takes place with minimum stress in the
central part and maximum stress at the edges. The resultant
of this stress distribution, however, is equal to the axial
compression load. In order to reduce the computation
involved and to simplify design, the actual non—uniform
stress distribution across the width of the plate element in
the post buckling range may be replaced by a uniformly
distributed stress equal to the edge stress acting on the

effective part of the plate (Von Karmen et al 1932 and Wang

and Winter 1969)

W
Bf nax = Off-'dw [5.1]
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where B is the width of the effective part
(effective width), fhnax 1S maximum compressive stress
(stress at edges), f is the compressive membrane stress
anywhere across the width, W, of the plate element.
Therefore, according to the effective width approach the
central part of the plate is considered ineffective, with
the part along the restrained edges considered fully
effective.

The compressive stress distribution in the post
buckling range, and therefore effective width as well,
depends on the edge conditions of a plate. Depending on the
type of edge conditions, a plate element may be identified
as stiffened or unstiffened. A stiffened compression
element is a flat plate element in which both edges parallel
to the direction of loading are stiffened by another plate
element such as a web, a flange or a lip. The stiffening
elements should however, satisfy certain stiffness
regquirements. These requirements, provided in North
American codes, are discussed in section 5.4.1. A plate

element is cal led unstiffened when one of its edge is free

and the other is stiffened.

-

The effective width relationship first proposed by
Von Karmen et al (1932), for effective width of a stiffened

plate element is

B = t [5.2]
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The above equation was derived based on an
assumption of the wave shape of a buckle and, through
minimization of f/E with respect to the wave length of the
buckle. Von Karman et al (1932) also postulated that a plate
in Jlocal buckling reaches its ultimate 1load carrying
capacity when its edge stress equals the yield stress. The

minimum effective width of a stiffened plate element which

occurs at failure load level is given by
E
Bmin = 1.9 t —;— [5.3]
Yy

Equation 5.3 results from the substitution of v =
0.3 and f5x = Fy in equation 5.2. However, in order to
improve equation 5.3 for the effective width, a great deal
of experimental work was done on flat plates and on cold
formed sections. Winter (1947) took a leading role and an
exhaustive review of his experimental work and other
relevent studies is given by Roorda and Venkataramaiah
(1978). From these experimental studies, it was found that
equation (5.3) was good for plates with large width to
thickness ratios, whereas for small ratios, it was found to
be unsafe (Winter 1947, Johnson and Winter 1968, Wang and
Winter 1969, and Roorda et al 1978). For stiffened plates,

the modification proposed by Winter based on his tests of

steel beams and columns can be written as:
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B = 1.9t ——== ! 1 - 0.475 - ——— [5.4]

Fma X W Fma x

Based on their analysis of the available
experimental data, Roorda and Venkataramahiah (1978) gave a
very simple form for the effective width equation of
stiffened plates which is a slightly upward modification of

equation 5.4.and is given as:

E t E
B = 2.0t 1 - 0.5 - [5.5]
Fmax W Fmax

The effective width equations given by the codes for
perforated and unperforated sections are given in the

following section.

5.4.1 EFFECTIVE WIDTH OF PLATES AS PER CODE PROVISIONS

In the design of plate elements in compression, the
present North American codes contain effective width
equations that are similar to equation 5.4. and also contain
values for the timiting width. It is necessary to apply the
effecive width equation for elements having (w/t) ratios
greater than the 1imiting widths. As per the provisions of
the Canadian Code of practice (CAN3-5136-M84) an
unperforated compressive plate element of a cold formed
section is fully effective (B =W), until the flat width is

less than w,im given by
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KE

Wiim = 0.644 t [5.6]

max

The effective width, B, of a plate element of cold

formed compression member having flat width, W, greater than

the 1imiting width value given by equation 5.6, is given as
B KE t KE
- = 0.950 1 - 0.208 - - R (5.71
t Fmax W fmax

where k is a coefficient based on the edge
conditions. The values of k are 4.0 and 0.5 for stiffened
and unstiffened compression elements, respectively. Here, a
compression element is considered stiffened when both its
edges are restrained by a stiffener. However, a stiffener
must have a minimum moment of inertia, Imin' about its own

centroidal axis parallel to the stiffened element, given as:

.. = |— - 13| t", but not less than 9t" {5.8]

In equation 5.7, R is a reduction factor having
zero -value for a plate element with W/t ratio less than 60
or when it is stiffened on both edges in the direction of
the compressive force. For W/t ratios greater than, or equal

to 60, R given as
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O.1W
R = =—— - 6.0 [5.9]

The AISI (1986) also provides similar guidel ines
for the design of compression elements, except that the
value of k is 0.43 for unstiffened elements. Also, reduction
factor, R, is not applied to higher ratios of W/t.

The above discussion and the equations are
applicable for sections without any openings. Chapter 1
noted that there are no provisions for the design of
perforated elements in the Canadian code of practice (CAN3-
S136-M84). However, AISI (1986), has provided guidelines for
the design of a stiffened plate element with a circular
opening by modifying guidel ines for unperforated plates.
Accordingly, the effective width of an element is taken as

the smalter of the two values as given by the fol lowing

egquations:

B = W-d (5.10]
B KE t KE d
- = 0.950 1 - 0.208 - - 0.8 - [5.11]
t fmax W f max W

These equations are applicable for plate elements
of Flat width—-to-thickness ratios up to 70 with circutltar
openings in their center. These guidel ines are based on

limited data (Pekoz, 1984).
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5.5 CALCULATION OF ULTIMATE LOADS

In this section the ultimate loads of the sections
tested for this study are determined using above discussed
guidelines. Later on a new eguation is proposed for the
design of stiffened plate elements with a circular or square
hole in their center.

Ultimate l1oad of a section is obtained by
multiplication of effective area of section and stress at
ultimate loads (yield stress). The effective area of a
section is determined by multiplying plate thickness of
section with the sum of the effective widths of its plate
elements. Effective width of a plate depends on its edge
conditions. Equation 5.8 is used to determine the edge
condition of plate elements of sections. Table 5.1 shows the
actual values of moments of inertia, [, and minimum required
by Canadian code(equation 5.8), of the plate elements of
specimens of all sets. The actual value of [ for a
particular element for all the sets is greater than that
required by equation 5.8. Therefore, for all the specimens
the flanges act as stiffeners to the webs, and the 1ips act
as stiffeners to the flanges. However, the 1|lips are
considered unstiffened since they are stiffened on one side
only.

The 1Timiting width values of webs, flanges and 1ips
of various specimens corresponding to the respective

thicknesses of plates were calculated using equation 5.6.
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These values and the actual widths of plate elements are
given in Table 5.2. From comparison of calculated and actual
values, it is evident that the lips and flanges are fully
effective. Here, the rounded edges of the specimens are
also considered fully effective. This has been treated as
such for calculating ulimate loads using various methods.
Since actual widths of webs are greater than the respective
limiting widths, therefore, the effective widths of webs
must be calculated. This is done using various approaches.

The unfactored ultimate loads, P_.g5 and Pgig; shown
in Table 5.3, of the tested sections are calculated by
modifying guidelines of Canadian code and using AISI (1986)
guidel ines, respectively. These are shown in columns 3 and 4
of Tables 5.3-(1) and 5.3-(I1) for sets 1 and 11,
respectively. To calculate ultimate loads, Pcsa’ equation
5.7 was used for finding the effective widths of webs. For
sections with different types of openings the plate elements
of webs on both sides of the opening were considered

unstiffened. P were calculated using equations 5.10 and

aisi
5.11 for finding the effective width of perforated webs.
Although the AISI (1986) guidelines apply for circular
holes, the same are applied in this study for square and
siotted holes. For comparison with the experimental results
of this study, the ratios P, /P. 5 and Py/Pgi5i are

calculated and shown in column 5 and 6 of Table 5.3.

For perforated sections, it was found that the
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loads P_.g5 are conservative for smaller sized circular and
square holes and are more accurate for larger sized holes.
However, by applying provisions of AISI 1986, we obtain more
accurate results for circular and square perforations, up to
20% of the flat width of the web. However, for larger hole
sizes the results are conservative and will give
uneconomical results. These provisions, therefore, appear
inadequate because they do not give uniform results.

It is important to note from Table 5.3 that the
calculated loads for unperforated sections are higher than
the corresponding experimental loads. This may be due to the
experimental scatter. The guidelines provided in North
Amer ican codes, in the form of equation 5.7, are the best
fit of the previous test results. In this study, however,
the calculated values of ultimate loads, obtained by
provisions of North American codes, are consistently higher
than the experimental values. Therefore, there may be a need
for a re—-evaluation of the present code guidel ines.

No attempt is made to re-evaluate the equation to
determine the effective width of plates provided by North
American codes. However, it seems that the discrepancy of
code duidelines to correctly predict the ultimate loads, is
due to the use of limiting width value (equation 5.6) of
plate elements of the specimen. This is the width, below
which the plate element acts as a totally effective element.

It has been pointed out by Roorda and Venkataramaiah (1978)
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that at this 1imiting point, the plot of effective width
given by equations 5.6 and 5.7 with respect to actual width
makes a kink which is unnaturail. Winter (1947) performed
tests on plates in the so-called total effective width range
and found that the effective width is, in fact, dependent on
the actual width in the range below w,im {(given by equation
5.6.) where the plate should be fully effective according to
the code guidelines (Roorda and Venkataramaiah 1978).
Therefore, Winter’s orginal equation 5.4 seems more relevant
for determination of effective widths of plates.

For the above reasons, ultimate loads of the
sections are also calculated using Winter’s equation
(equation 5.4). Since the AISI guidelines do not give
uniform results for perforated specimens, a new equation
for calculation of ultimate loads for sections with circutar
or square openings in the centre of the stiffened plate
element will be obtained for values of flat width-to-
thickness ratios up to 112. Most of the cold formed sections

used in practice fall into this range.

5.5.1 PREDICTION OF ULTIMATE LOADS OF PERFORATED PLATES
BY PROPOSED EQUATION
The effect of a circular or square opening in the
centre of a plate element is accounted for by considering an
empirical relation between the effective widths of
perforated and unperforated webs. A selected function should

be such that :
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a) Bp = Bun sy when d = 0
Here, Bp and Bun are effective widths of the
perforated and unperforated web of the section and d is the

diameter of a circular opening or the side of a square

opening.
b) Bp =0, when d = W
c) For intermediate values of hole diameter,it

should predict correctly the effective widths of
the web.
Many functions were tried, but the best suited and

most simple function is found to be

B
P ]

— = CR,, [5.12]
Bun

Here, C and n are constants and R, is a non-
dimensional parameter that reflects the size of the opening,

given as

[5.13]

The effective width of a perforated web of a

section can be obtained from experimental results as:

B, = - 2B, - 2B3 - 5Nt [5.14]
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where 82 and B3 are the effective widths of unperforated

flanges and 1 ips and Ae is given as
P
t
Ag = ;— [5.15]
Y

The unperforated effective width of web, Bun+ is
calculated the same way as Bp by substituting the value of d
equal to zero. The value of Bun used in equation 5.12 to
find the empirical relation is the average Bun of the three
unperforated specimens each, for sets I and II. Bp is
calculated for each perforated specimen with a square or
circular opening only. Since the experimental data to
evaluate the effect of the longitudinal dimensions of the
openings on the ultimate loads of the specimens is
insufficient, no attempt is made to propose any relationship
for specimens for slotted openings.

The values of C and n are found by a curve fitting
technique. A best fit function of the data for various sets
of specimens, excluding slotted holed specimens, is found.
The wvalues of C and n are given in Table 5.4. It is found
that the constant C is slightly greater than 1, and n is
less than, or equal to, 0.557. Therefore, a simple and
conservative equation for a specimen with a circular or

square opening in the centre of its web may be given as;
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2. IR, [5.16]
Bun

For comparison, plots of the best fit equation and
the proposed equation, along with data points corresponding
to all 47 specimens are shown in Figure 5.1. This graph is
plotted for Bp/Bun of web along the Y-axis and wp/w of web
along the X—axis. It is evident that the plot of the
proposed equation is below the best fit curve. Therefore,
the ultimate load calculated using equation 5.16 will be
safe.

The ultimate loads of the sections are calculated
using equation 5.16 for finding the effective width of the
perforated section. Here, the effective width of the
unperforated web (Bun)to be used for relation 5.16 1is
calculated using equation 5.4 (Winter 1947) or equation 5.7
(CAN3-5136-M84). These ultimate loads calculated using
equations 5.4 and 5.7 are denoted as Pl and PZ'
respectively. and are shown in column 2 and 3 of Table 5.5.
The ratios of experimental and calculated values of ultimate
loads, Py/P; and Py/P,, are given in columns 5 and 6 of
Table 5.5, respectively. It is evident that the calculated
values of the ultimate l1oads are higher for almost all of
the sections, but Pl vaiues are closer to the experimental
values of all sections. This is because equation 5.4

predicted ultimate loads of unperforated section better than



108

did equation 5.7. This is evident from the rows
corresponding to unperforated (D-type) sections.
Since the calculated 1oads, P>, of unperforated
sections using provisions of CAN3-5136-M84 {(equation 5.7),
are higher than the experimental ultimate loads (Pt). all PZ
values are divided by a factor, D.F.. This is done to
determine the validity of equation 5.16 and for easy
comparison of calculated values, PZ’ with experimental
values, P,. The factor D.F. for a set of specimens is given
by:
D.F. = P2 value of unperforated section of a set
divided by average value of experimental
loads of the unperforated sections of the

same set.

For example, for Set I the P, value for unperforated
sections is 89.57 KN and the average value of the ultimate
loads of specimens D-0-1, D-0-2, and D-0-3 is 85.33 KN. The
value of D.F. for Set I is, therefore, equal to 1.05.
Similarly, the D.F. values for Set Il and Set P are 1.04 and

1.00, respectively.

-

Using the value of D.F. for a set of specimens the
values P3 are calculated for easy comparison with the
experimental values of the ultimate loads. The Py values of
specimens are shown in Table 5.5 in column 4, along with
the ratios, Py /P3, in column 7. It is evident that the P3

values of ultimate loads of the perforated sections are very
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close to their experimental values.

For comparison of various methods, a statistical
analysis of the experimental data was done by calculating
the mean value and standard deviation of the ratios of
experimental and calculated loads. Calculated loads were
obtained using various methods for unperforated specimens,
and for the specimens with circular and square holes. The
results are shown in Table 5.6. The standard deviations
obtained using the values of loads: P;, P,, and P3 are less
than the standard deviations obtained using the values of

load of P and P The calculated ultimate loads for

csa aisi-
unperforated sections of a set are the same except for P,
which was obtained using Winter’s equation. In spite of
this, the mean value of the ratio of the experimental

ultimate toad and P are more than the values obtained

aisi
using the other methods for values of Pcsa' P>, and P3. It
appears that the results obtained using AIS] guidel ines
(equations 5.10 and 5.11) are rather conservative. The values
of effective widths by equation 5.16 are very reasonable.
Equation 5.16 was verified by comparing the
calcUlated ultimate loads with test results of Pekoz (1986)
and Loov (1984). The effective width, B_,,, used in
calculating Bp is determined by equation 5.7. Both
experimental and calculated ultimate load values are shown

in Tables 5.7 and 5.8. The values of the ratios of

experimental values and calculated values, using equation



5.16, are given in column 8 of the respective tables. The
values of mean and standard deviation of these ratio are
also calculated. For the experiments of Pekoz (1986), given
in Table 5.7, these are 1.054 and 0.062, whereas by the
guidel ines of AISI 1986 (equation 5.10) are 1.072 and 0.086
(Pekoz 1986).

In the case of experiments done by Loov (1984), the
mean and standard deviation for the ratio of experimental
results and loads calculated using equation 5.16 are 0.999
and 0.038. The mean value, 0.999, is less than one. This may
be because of the presence of two small circular openings
very close to the central square opening in the web. The
presence of the two additional openings will affect the
ultimate strength of the section. Therefore, it is concluded

that equation 5.16 gives satisfactory results.
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Table 5.1 Moment of inertia of flanges and 1ips of specimens

Moment of inertia of a plate element

Set flange lip
required actual required actual
minimum provided minimum provided
(mm?4) (mm™) (mm™) (mm™)
I 592.52 8336.17 174.80 182.48
Il 581.20 6857.82 107.38 159.44

P 4172.10 76926.34 1137.77 2352.45
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Table 5.2 Limiting values of flat widths of specimen plate
elements.

flat }limiting actual

Set name of type of width width as flat
No. element element symbol per eq. 5.6 width
(mm) (mm)
Web stiffened Wl 50.62 82.46
I Flange stiffened W2 50.62 31.66
Lip unstiffened W3 17-20 7.89
Web stiffened Wl 46.91 144.68
11 Flange stiffened w2 46.91 33.55
Lip unstiffened W3 16.58 8.84
Web stiffened Wl 71.42 189. 48
P Flange stiffened W2 71.42 62.48

Lip unstiffened W3 25.25 18.54




Table 5.3-1 Calculation of loads as per North
American Codes for Set I of specimens

Specimen)Experimental !Calcuated Loads !

Designa-| Loads et PPy Pe
tion | 'CAN3-S136 AISI-1986) -——— = —=——-
: (Pt) : (Pcsa) (Paisi) : Pcsa Pals1
1 ] 1
' ] ]
A-2-1 85.50 1.060 1.030
A-2-2 85.65 80.66 83.04 1.062 1.031
A-2-3 86.10 1.067 1.037
A-4-1 81.45 1.031 1.064
A—4-2 81.90 78.98 76.52 1.037 1.070
A—-4-3 81.75 1.035 1.068
A-6-1 78.35 1.046 1.119
A-6-2 77.35 74.88 70.00 1.033 1.105
A—-6-3 78.70 1.051 1.124
B-2-1 84.20 1.044 1.014
B-2-2 84.40 80.66 83.04 1.046 1.016
B-2-3 85.50 1.060 1.030
B-4-1 81.35 1.030 1.063
B—-4-2 81.40 78.98 76.52 1.031 1.064
B-4-3 81.90 1.037 1.070
B—-4-4 81.55 1.033 1.066
B-6-1 76.35 1.020 1.091
B-6-2 77.80 1.039 1.111
B-6-3 78.50 74.88 70.00 1.048 1.121
B-6—-4 78.85 1.053 1.126
B-6-5 77.00 1.028 1.100
C-1-1 72.50 0.927 0.973
C-1-2 72.65 78.22 74.54 0.929 0.975
C-1-3 72.60 0.928 0.974
C~1—-4 75.20 0.961 1.009




Table 5.3-11 Calculation of loads as per North
American Codes for Set Il of specimens

Specimen!Experimental |Calcuated Loads H

Designa-| Loads e ——————— b P Pe

tion ' ICAN3-S136 AlISI—-1986} —_——
: <Pt) : (Pcsa) (Paisi) : pcsa Paisi

] ] ]

t ] ]
A-2-1 54.00 1.071 1.027
A-2-2 54.00 50.42 52.59 1.071 1.027
A-2-3 53.85 1.068 1.024
A-4-1 54.00 1.082 1.105
A—-4-2 53.00 49.90 48.85 1.062 1.085
A—-4-3 53.10 1.064 1.087
A-6-1 48.30 0.988 1.071
A—-6-2 45.70 48.88 45,11 0.935 1.013
A-6-3 47.30 0.968 1.049
B-2-1 52.75 1.046 1.003
B-2-2 52.70 50.42 52.59 1.045 1.002
B-2-3 54.20 1.075 1.031
B-4-1 52.00 1.042 1.064
B-4-2 51.30 49.90 48.85 1.028 1.050
B—-4-3 49.60 0.994 1.015
B-6-1 47.70 0.976 1.058
B-6-2 46.70 48.88 45.11 0.955 1.035
B-6-3 46.60 0.953 1.033
C-1- 52.30 1.040 1.017
C-1- 51.70 50.29 51.43 1.028 1.005
C-1- 50.70 1.008 0.986
-0- 54.30 0.964 0.964




Table 5.4 Best fit values of C and n for equation 5.12
No. of ! value of | Standard

Set data e e | deviation of data
no. points ! C N ! from best fit

I 23 1.049 0.371 0.038

Il 21 1.096 0.557 0.093

P 3 0.999 0.342 0.002

ali 47 1.065 0.451 0.077

sets




Table 5.5-1 Predicted ultimate loads by proposed
equation 5.16 for specimens of Set 1

i Predicted ultimate loads |
!

]
'
SPECIMEN! P P, P3 | Pg/Pp Py/Pp Pt /P3
] [}
A-2-1 85.73 86.77 82.67 0.997 0.985 1.034
A-2-2 85.73 86.77 82.67 0.999 0.987 1.036
A-2-3 85.73 86.77 82.67 1.004 0.992 1.041
A-4-1 82.59 83.53 79.58 0.986 0.975 1.024
A-4-2 82.59 83.53 79.58 0.992 0.981 1.029
A-4-3 82.59 83.53 79.58 0.990 0.979 1.027
A-6-1 78.74 79.54 75.78 0.995 0.985 1.034
A-6-2 78.74 79.54 75.78 0.982 0.973 1.021
A-6-3 78.74 79.54 75.78 0.999 0.989 1.039
B-2-1 85.73 86.77 82.67 0.982 0.970 1.018
B-2-2 85.73 86.77 82.67 0.985 0.973 1.021
B-2-3 85.73 86.77 82.67 0.997 0.985 1.034
B-4-1 82.59 83.53 79.58 0.985 0.974 1.022
B-4-2 82.59 83.53 79.58 0.986 0.975 1.023
B-4-3 82.59 83.53 79.58 0.992  0.981 1.029
B-4-4 82.59 83.53 79.58 0.987 0.976 1.025
B-6-1 78.74 79.54 75.78 0.970  0.960 1.008
B-6-2 78.74 79.54 75.78 0.988 0.978 1.027
B-6-3 78.74 79.54 75.78 0.997  0.987 1.036
B-6-4 78.74 79.54 75.78 1.001  0.991 1.041
B-6-5 78.74 79.54 75.78 0.978  0.968 1.016
c-1-1 81.52 82.41 78.52 0.889  0.880 0.923
Cc-1-2 81.52 82.41 78.52 0.891 0.882 0.925
Cc~1-3 81.52 82.41 78.52 0.891 0.881 0.925
C-1-4 81.52 82.41 78.52 0.922 0.912 0.958




Table 5.5-1I1 Predicted ultimate loads by proposed
equation 5.16 for Specimens of Set 11

Predicted ultimate loads '

|
'
SPECIMEN! P, Py Py | Pe/Pp Pe/Pp Pe/P3
1 1
A-2-1 54.23 54.55 52.27 0.996  0.990 1.033
A-2~2 54.23 54.55 52.27 0.996  0.990 1.033
A-2-3 54.23 54.55 52.27 0.993  0.987 1.030
A-4-1 52.18 52.47 50.27 1.035  1.029 1.074
A-4-2 52.18 52.47 50.27 1.016 1.010 1.054
A-4-3 52.18 52.47 50.27 1.018 1.012 1.056
A-6-1 49.66 49.90 47.82 0.973 0.968 1.010
A-6-2 49.66 49.90 47.82 0.920 0.916 0.956
A-6-3 49.66 49.90 47.82 0.952  0.948 0.989
B-2-1 54.23 54.55 52.27 0.973  0.967 1.009
B-2-2 54.23 54.55 52.27 0.972  0.966 1.008
B-2-3 54.23 54.55 52.27 0.999 0.994 1.037
B-4-1 52.18 52.47 50.27 0.996  0.991 1.034
B-4-2 52.18 52.47 50.27 0.983  0.978 1.020
B-4-3 52.18 52.47 50.27 0.951  0.945 0.987
B-6-1 49.66 49.90 47.82 0.960 0.956 0.998
B-6-2 49.66 49.90 47.82 0.940 0.936 0.977
B-6-3 49.66 49.90 47.82 0.938 0.934 0.975
-1- 53.63 53.94 51.68 0.975 0.970 1.012
C-1- 53.63 53.94 51.68 0.964  0.958 1.000
-1- 53.63 53.94 51.68 0.945  0.940 0.981
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Table 5.6 Mean and standard deviation of the ratios of

experimental loads and calculated loads

[}
)
: Pt/Pcsa Pt/Paisi Pt/Pl F’t/pZ F’t/p3
d
Set 1
mean 1.030 1.058 0.987 0.976 1.024
standard 0.033 0.053 0.012 0.013 0.013
deviation
Set I1
mean 1.014 1.031 0.976 0.971 1.013
standard 0.052 0.041 0.029 0.029 0.030

deviation




Table 5.7 Comparison of ultimate loads predicted by
equation 5.16 with experimantal results of
Pekoz(1986)

1) (2) (3) 4) (5) (6) (7) (8)
Total Total Total Hole Yield Test Calculated Ratio

Web Flange lip size Stress Loads Loads Pt
Fy P P —_———
(mm)  (mm)  (mm) (mm)  (MPa) (kN TN) P
80.0 30.5 8.6 0.0 334.52 67.19 64.49 1.04
80.0 30.5 8.6 0.0 324.86 65.86 62.87 1.05
80.0 30.5 8.6 12.7 342.10 64.52 63.98 1.01
80.0 30.5 8.6 19.1 324.86 62.96 60.23 1.05
80.0 30.5 8.6 26.4 342.10 62.52 61.86 1.01
80.0 30.5 8.6 31.8 355.55 61.41 63.10 0.97
80.0 30.5 8.6 38.1 334.52 56.29 58.64 0.96
80.0 30.5 8.6 44.5 355.55 60.52 60.68 0.99
80.0 30.5 8.6 12.7 342.10 68.97 63.98 1.07
80.0 30.5 8.6 26.4 334.52 65.32 60.65 1.08
80.0 30.5 8.6 38.1 334.52 64.52 58.64 1.10
79.3 29.8 8.2 26.4 328.31 109.47 98.73 1.11
79.3 29.8 8.2 38.1 328.31 106.80 94.59 1.13
79.3 29.8 8.2 0.0 324.17 124.15 105.49 1.18
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Table 5.8 Comparision of ultimate loads predicted by
equation 5.16 with experimental results of
Loov(1984)

(1) (2) (3) 4) (5) 6) (7) (8)
Total Total Total Thick~- Yield Test Calculated Ratio

Web Flange lip ness Stress Loads Loads Pt
Fy Pt Pc —_—
(mm) {mm) (mm) (mm) (MPa) (kN) (kN) Pc
63.8 42.6 12.5 2.01 384.0 103.62 103.40 1.002
63.8 42.6 12.5 2.01 384.0 103.62 103.40 1.002
63.8 42.6 12.5 2.01 384.0 102.40 103.40 0.990
63.7 42 .2 13.0 1.42 382.9 78.65 72.16 1.090
63.7 42.2 13.0 1.42 382.9 76.00 72.16 1.053
63.5 42.4 12.1 1.21 268.5 44 .76 43.00 1.041
63.5 42.4 12.1 1.21 268.5 43.87 43.00 1.020
63.5 42 .4 12.1 1.21 268.5 42.8 43.00 0.995
92.3 42 .2 12.5 1.21 268.5 46.92 47.28 0.992
92.3 42 .2 12.5 1.21 268.5 48.11 47.28 1.017
92.3 42 .2 12.5 1.21 268.5 48.20 47 .28 1.020
92.1 42 .2 13.0 1.42 382.9 72.00 78.96 0.912
92.1 42 .2 13.0 1.42 382.9 76.40 78.96 0.968
92.1 42 .2 13.0 1.42 382.9 78.90 78.96 0.999
92.4 42.4 12.8 2.01 384.0 119.20 119.27 0.999
92.4 42.4 12.8 2.01 384.0 118.00 119.27 0.989
92.4 42 .4 12.8 2.01 384.0 118.20 119.27 0.991
152.8 42.1 12.7 1.21 268.5 51.52 50.61 1.018
152.8 42.1 12.7 1.21 268.5 52.53 50.61 1.038
152.8 42.1 12.7 1.21 268.5 52.46 50.61 1.037
152.5 41.9 12.8 1.42 382.9 84.10 83.81 1.003
152.5 41.9 12.8 1.42 382.9 83.40 83.81 0.995
152.5 41.9 12.8 1.42 382.9 86.70 83.81 1.034
152.6 42 .2 12.9 2.01 384.0 128.30 131.19 0.978
152.6 42 .2 12.9 2.01 384.0 130.00 131.19 0.991
152.6 42 .2 12.9 2.01 384.0 125.20 131.19 0.954
203.7 42.1 12.5 1.21 268.5 51.33 51.66 0.994
203.7 42.1 12.5 1.21 268.5 48.70 51.66 0.943
203.7 42 .1 12.5 1.21 268.5 46.02 51.66 0.891
203.0 41.9 12.9 1.42 382.9 87.20 85.86 1.016
203.0 41.9 12.9 1.42 382.9 81.70 85.86 0.952
203.0 41.9 12.9 1.42 382.9 86.70 85.86 1.010
204.0 42.7 12.9 2.01 384.0 133.00 136.48 0.975
204.0 42.7 12.9 2.01 384.0 133.50 136.48 0.978

204.0 42.7 12.9 2.01 384.0 135.40 136.48 0.992
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CHAPTER 6

CONCLUSIONS

6.1 SUMMARY

The main purpose of this research is to study the
effect of perforations on the behaviour of axially

compressed cold formed steel sections. To achieve this
objective, 55 stub column tests were performed. These
specimens were divided into three different sets depending
on the value of the flat width-to-thickness ratio of their
unperforated webs. These specimens were further sub-divided
into sub-sets depending on the size and shape of the
specimens. Three types of holes (circular, sqguare, and
slotted) were made in the webs of the specimens. The size of
holes varied from 0 to 60% of the flat width of the webs of
the specimens. The length of the stub columns was selected
in such a way that failure of the specimens occurs by local
buckling at their mid-heights, so that instruments such as
tranducers and strain gauges could be mounted at pre-
determined locations.

The material properties of most of the specimens
were obtained through tests in the laboratory. The specimens
were subjected to axial compressive loads until failure on a
Tinius-0lson Universal testing machine. The test data

includes axial shortening, web and flange out-of-plane
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deflection, load readings and ultimate loads. Experimental
buckling loads of the specimens were determined using Strain
Reversal Method and Maximum Surface Strain Method. Graphs
were drawn for load vs axial shortening and 1load vs out-

of-plane deflection of the webs of these specimens. The

experimental ultimate loads were compared with the
calculated ultimate load values of perforated and
unperaforted specimens using provisions of AISI- 1986 and

by modifying provisions of CAN3-5136-M84. Based on the
analysis new simplified equation was proposed to calculate
the effective width of a perforated stiffened element with a
circular, or sqguare opening. The ultimate loads of the
specimens were calculated using this relation, and results

compared with the other available experimental results.

6.2 CONCLUSIONS

Based on the observations made during this study,
the following conclusions can be drawn:
1. The failure of the unperforated specimens took place by
local buckling, forming three half buckle waves. The length
of the buckle wave is slightly less than the average of the
widté of the web and the width of flange. The mode of
buckling is affected by the size of the hole. However, this
was not investigated to any greater extent.
2. It i1s difficult to determine experimentally the buckling

loads of the specimens, perhaps due to plate imperfections

and difficulty in predicting the exact location of the
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failure prior to testing. It may be said that the buckling
load of the specimens is reduced as a small size hole is
made in the webs. However, if the size of the hole
increases, the buckling load increases as well.

3. There is a loss in stiffness of the sections due to an
increase of size of hole. This is more evident from the 1oad
vs axial shortening curves especially closer to failure of
the specimens. The stiffness of the sections is sensitive to
the longitudinal size of the hole along the direction of
loading. This is evident from the load vs axial shortening
curves of the specimens with slotted holes. These specimens
had the least stiffness among those within their respective
sets.

4, There is no significant effect on the ultimate loads of
the specimens with circular holes having a diameter up to
20% of the flat width of the specimens. However, the
ultimate loads reduced with an increase in the diameter of
the hole. The specimens with square holes had slightly lower
ultimate loads than did those with circular holes, when the
dimension of the side of the square was equal to the
diameéer of the circle. Due to the reduced stiffness of the
specimens with slotted holes, the ultimate 1oads of these
specimens were considerably less than those with circular or
square holes, which had even larger sized holes in the
transverse direction.

5. The effective width method is an excellent way of
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estimating the ultimate loads of the specimens. The loads of
the unperforated specimens calculated using the effective
width equation given in North American codes were up to 6 %
more than the experimental loads. Based on the test results
of this study, it appears that there is need to revise this
equation.

The ultimate loads of the perforated sections
having circular openings calculated using provisions of the
AISI (1986), were less than the experimental loads. The same
was true for specimens with square holes, when the equation
for calculating effective width of elements having circutlar
holes was applied to these sections. On the whole, the
provisions of the AISI (1986) for perforated elements are
conservative.

The uitimate loads, calculated by modifying the
provisions of CAN3-5136—-M84, were also conservative for
perforated sections. The loads predicted by this method were
more accurate for sections with large size holes than for
specimens with small size holes.

6. Egquation 5.12 is proposed for the design of perforated
cold-Formed steel sections based on the experimental
ultimate loads of the specimens. The same equation, when
applied to test data of other investigators, also gives
quite reasonable results. Therefore, the effective width of

a perforated web at ultimate loads can be calculated using

equation 5.12.
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6.3 SUGGESTIONS FOR FURTHER STUDY

To date, limited experimental and theoretical
research has been done to study the effect of perforations
on the behaviour of cold formed steel sections. Based on the
observations of this work, the following points are
suggested for further investigation:
1. The members were found to be very sensitive to the
dimension of the hole parallel to the longitudinal axis of
the specimen; hence, it is suggested that further tests be
done to estimate the effect of varying this parameter.
2. The maximum flat width-to-thickness ratio of the webs of
the specimens of this study was 112. Further testing shoulid
be done to investigate whether equation 5.12 is suitable for
specimens with flat width—-to-thickness ratios greater than
112.
3. It appears that the size of the hole is more important
than the shape of the hole. However, specimens should be
tested by cutting holes of other shapes such as the diamond,
or cruciform, to confirm this.
4. The effective width equation for stiffened elements with
circular or square openings proposed in this study is valid
for estimating ultimate loads. The same effective width
equation for perforated plate elements should be applicable
at sub-ultimate loads. Further study should be done to

confirm this.

5. It was not possible to propose an equation for finding
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the buckle length due to the ltimited number of tests on
unperforated specimens. More data should be col lected
through tests to better estimate the length of a buckle of

a steel section.
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