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Abstract

Recently, a new generation of cold-formed steel (CFS) channel sections with edge-
stiffened circular holes have been developed by industry in New Zealand. No previous
research, however, has considered the web crippling strength of CFS channel sections
with edge-stiffened circular web holes under the interior-two-flange (ITF) loading
conditions. In this paper, a combination of experimental investigation and non-linear
finite element analysis (FEA) are used to investigate the effect of edge-stiffened holes
under ITF loading conditions; for comparison, channel sections without holes and with
unstiffened holes are also considered. In total, 30 web crippling test results are reported.
A non-linear finite element (FE) model is described, and the results were compared
against the test results, which showed a good agreement in terms of both the web crippling
strength and failure modes. The results indicate that the stiffened web holes can
significantly improve the web crippling strength of CFS channel sections. Using the
validated FE model, a parametric study was conducted which include 1116 FE analyses,
covering the effect of different hole sizes, edge-stiffener lengths and fillet radii, length of
the bearing plates and position of the holes in the web. From the results of the parametric
study, design recommendations in the form of web crippling strength reduction factors

are proposed, that are conservative to both the experimental and FE results.
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Nomenclature
A
a
br
by

cov

Pexp
Prea
Iq
li
RosH
RbsH

Rp (osh)

Web holes ratio;

Diameter of circular web holes;

Overall flange width of section;

Overall lip width of section;

Coefficient of variation;

Overall web depth of section;

Young’s modulus of elasticity;

Finite element analysis;

Depth of the flat portion of the web;

Length of the specimen;

Length of the bearing plate;

Experimental and finite element ultimate web crippling load per web;
Experimental ultimate web crippling load per web;

Web crippling strength per web predicted from finite element (FEA);
Inside fillet radius between web and hole edge-stiffener;

Inside fillet radius of section;

Reduction factor for edge-stiffened holes offset to the bearing plates
Reduction factor for edge-stiffened holes down the bearing plates

Proposed reduction factor for edge-stiffened holes offset to the bearing plates
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Rp (DsH) Proposed reduction factor for edge-stiffened holes down the bearing plates
t Thickness of the section;
Length of web holes edge-stiffener;
Q Web holes edge-stiffener length ratio;
X Horizontal clear distance of the web holes to the near edge of the bearing plate;
X Web holes distance ratio;
o2 Static 0.2% proof stress; and
ou Static ultimate tensile strength.
€u Ultimate strain.
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1 Introduction

Web crushing or crippling at points of concentrated or localised, load or reaction in
thin-walled beams is well-known to be a significant problem, particularly in the case of
beams with slender webs and is of high importance in the field of cold-formed steel (CFS)
members as such members are generally not stiffened against this type of loading. At
points of concentrated loading and supports, severe lateral loading can result in localised
buckling of the web [1].

Plain CFS channel sections, as shown in Fig.1 (a), often require web openings
bored for ease of installation of services [2]. Such openings are usually pre-punched or
bored unstiffened web holes (see Fig.1 (b)). In the literature, significant work has been
reported on the reduction in strength of channel sections having such unstiffened circular
openings by Uzzaman et al. [3-6] and Lian et al. [7-10] covering web crippling. They
proposed design recommendations in the form of web crippling strength reduction factor
equations for CFS channel-sections under the interior-flange (IOF), end-one-flange
(EOF), interior-two-flange (ITF) and end-two-flange (ETF) loading conditions. Yu and
Davis [11], Sivakumaran and Zielonka [12], LaBoube et al. [13, 14] and Chung [15, 16]
also reported research on the web crippling of channel section with unstiffened web
openings. For aluminium sections, Zhou and Young [17] conducted a series of tests and
numerical investigations on web crippling square hollow sections, again with unstiffened
web holes. Research using the Direct Strength Method (DSM) and Generalized Beam
Theorem (GBT), have also been reported in the literature [18-26] to investigate the web
crippling strength of CFS channel sections. Yousefi et al [27-28] investigated the web
crippling strength of cold-formed stainless steel lipped channel-sections with circular web
openings. However, none of these investigations considered the effect of edge-stiffened

web holes on web crippling strength of CFS channel sections.
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Yu [30] described a study on a new generation of CFS channel sections having web
holes that are edge-stiffened. Fig.1(c) shows a photograph of the CFS channel section
with an edge-stiffened circular hole [31]. As can be seen, the web holes are stiffened
through a continuous edge stiffener/lip around the perimeter of the hole. This numerical
study considered bending, and it was found that edge-stiffened circular holes can improve
the strength of CFS channel sections by an average of 14%, compared to that of a plain
channel section. In another numerical study, Grey and Moen [32] presented procedures
for approximating the elastic critical buckling load (or moment) of CSF columns and
beams due to the presence of edge-stiffened holes, without the need for eigenvalue finite
element analysis.

The authors [33] have previously described a combination of experiments and
numerical analyses on CFS sections with edge-stiffened circular web holes under both
interior-one flange (I0OF) and end-one flange (EOF) loading conditions (see Fig. 2 (a) and
(b)). More recently, the authors [34] have presented results for the web crippling strength
of CFS channel sections with edge-stiffened circular web holes under the End-two flange
(ETF) loading condition (see Fig. 3) and proposed design recommendations in the form
of web crippling strength reduction factors. However, there is no research available in the
literature on the web crippling strength of CFS channel sections with edge-stiffened web
openings under ITF loading conditions. Furthermore, current design guidance i.e. the
American Iron and Steel Institute (AISI) [35], Eurocode Part 3 [36] and the Australian
and New Zealand Standards (AS/NZS) [37] do not include direct guidance for CFS
channel sections with edge-stiffened web openings under web crippling. The limitations
of existing design code procedures for CFS members with edge-stiffened web openings
can affect design flexibility. There is higher strength when using an edge-stiffened web

opening in CSF.
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This paper presents a combination of experimental tests and non-linear finite
element analyses (FEA), to investigate the effect of edge-stiffened circular web holes on
web crippling strength of lipped channel sections (see Fig.4) under ITF loading condition
(see Fig.5). As can be seen in Fig.5, the web openings can either be located with an offset
distance to the bearing plates or down the bearing plates, to be referred to in this paper as
offset and down, respectively. Both cases of web openings are considered. The general
purpose finite element program ANSYS [38] was used for the numerical investigation.
The finite element (FE) model included material non-linearities; the results of the FEA
were verified against test results. Both the failure loads as well as the modes of failure
predicted from the FEA were in good agreement with the test results. The validated FE
model was then used for the purpose of a parametric study to investigate the effects of
different web hole sizes, edge-stiffener lengths and fillet radii, and the position of holes
in the web. Based on the test data and the numerical results obtained from this study, an
extensive statistical analysis was performed. For channel sections with edge-stiffened
web openings under ITF loading condition, design recommendations in the form of web
crippling strength reduction factor equations are proposed, which are conservative when

compared with the experimental and FE results.

2 Experimental investigation

2.1 Test specimens

The test programme considered both webs having unstiffened circular holes and
webs having edge-stiffened circular holes. Channel sections with no circular web holes
(i.e. plain webs) were also tested, in order that the strength reduction can be determined
experimentally. The ratio of the diameter of the circular holes to the depth of the flat

portion of the webs (a/h) were 0.6 and 0.5 for the C240 and C290 section, respectively.
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The test specimens comprised two different section sizes, having nominal thicknesses (t)
ranging from 2.0 mm to 2.5 mm; the nominal depth (d) of the webs ranged from 240 mm
to 290 mm; the nominal flange width (br) for both sizes is 45 mm. All holes had a nominal
diameter (a) of 140.0 mm and an edge-stiffener length (q) of 13 mm; the radius (rq)
between the web and edge-stiffener was 3.0 mm; corner radius between web and flange
(ri) was 3.0 mm.

All the test specimens were fabricated with web holes located at the mid-depth of
the webs. In practice, web holes can be punched either down the bearing plates or with
offset distance to the bearing plates. Therefore, both types of web holes position were
considered into the web. The web holes were punched and the edge stiffeners were
pressed as part of the manufacturing process [4].

The specimen lengths (L) used were according to the AISI Specification [35, 39].
The distance from the edge of the bearing plate to both ends of the member was set to be
1.5 times the overall depth of the web (d) rather than 1.5 times the depth of the flat portion
of the web (h), the latter being the minimum specified in the specification. The bearing
plates were fabricated using with high strength steel having a thickness of 25 mm. Three
lengths of bearing plates (N) were used: 50 mm, 75 mm and 100 mm. Similar test
programme was designed by Uzzaman et al. [33-34] who tested CFS channel sections
with edge stiffened holes under one-flange [33] and end-two-flange [34] loading

conditions.

2.2 Specimens labelling

Table 1 shows the measured test specimen dimensions for ITF condition, using the
nomenclature defined in Fig.4. In Table 1, the specimens were labelled such that the
loading condition, the nominal dimension of the specimen and the length of the bearing,

as well as the ratio of the diameter of the holes to the depth of the flat portion of the webs
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(a/h), could be identified from the label. For example, the labels “ITF-240x45x15-N50-

NH” define the following specimens:

The first three letters indicate the web crippling loading condition used i.e.
Interior-two-flange (ITF)

The symbols dxbsxb, refer to the nominal dimensions of the specimens in
millimetres i.e. 240x45x15 means d = 240 mm; bf= 45 mm; and bi= 15 mm
The notation "N50" indicates the length of bearing in millimetres (N = 50 mm)
The last three notations "NH", "USCH", "ESCH" "USOH", and "ESOH"
indicates the web holes cases. "NH" represents the no web hole case, "USOH"
and "ESOH" represents a web having a hole offset from the bearing plates are
unstiffened and edge-stiffened, respectively, "USCH" and "ESCH" represents
aweb having a hole down the bearing plates are unstiffened and edge-stiffened,

respectively,

2.3 Material properties

Tensile coupon tests were carried out to determine the material properties of the
channel specimens. The tensile coupons were taken from the centre of the web plate in
the longitudinal direction of the untested specimens. The tensile coupons were prepared
and tested according to the British Standard for Testing and Materials for the tensile [40]
testing of metals using 12.5 mm wide coupons of a gauge length 50 mm. More details of

the tensile test-setup and coupons can be found in similar research studies reported by

Uzzaman et al. [33-34]. The average material properties obtained from tensile coupon

tests are summarised in Table 2, which includes the measured Young’s modulus of

elasticity (E) static 0.2% proof stress (0, ), static ultimate tensile strength (0,) and

ultimate strain (eu).
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2.4 Test rig and procedure

The specimens were tested under the ITF loading condition specified in the AISI
Specification [35, 39], as shown in Fig.5. For the ITF loading condition, two identical
bearing plates of the same width were positioned at the middle and the mid-length of each
specimen, respectively. Hinge supports were simulated by two half rounds in the line of
action of the force. A servo-controlled Tinius-Olsen testing machine was used to apply a
concentrated compressive force to the test specimens. Displacement control was used to
drive the hydraulic actuator at a constant speed of 0.05 mm/min for all the test specimens.
The load or reaction force was applied by means of bearing plates. The bearing plates
were fabricated using high strength steel. All the bearing plates were machined to
specified dimensions, and the thickness was 25 mm. In the experimental investigation,
three different lengths of bearing plates (N) were used, namely, 50 mm, 75 mm and 100
mm. The flanges of the channel section specimens were not bolted to the bearing plates

during testing. Fig.6 (a) and Fig.7 (a) show the photograph of the test setup.

2.5 Test results

A total of 30 specimens were tested under ITF condition. The experimental ultimate
web crippling loads per web (Pexp) for the offset and down web holes are given in Table
1. The typical failure mode of web crippling of the specimens is shown in Fig.8.

It was observed that the out-of-plane deformation of the webs occurred gradually at
the early stage of loading and continued to increase until failure occurred. The failure
pattern was symmetrical and failure occurred due to the formation of a local yield zone
under the bearing plate. Moreover, because of the presence of edge-stiffeners around the
hole, the channel sections were stiff and lateral displacement of the webs were small. The
deformation due to the web crippling of channel sections was higher for the case of web

holes underneath the bearing plate, when compared to the case of web holes offset to the
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bearing plate. This comparison shows the case of web hole down the bearing plate
decreases the web crippling resistance.

Fig.9 shows a typical example of the load-defection curve obtained from the
experiments and FEA for a specimen having both web holes and without web holes. As
the load increases, a linear behaviour was seen initially until the yield point, in the line
up to point A. The maximum stress occurred in the bottom corner between the flange and
web. Beyond point A, the load-displacement curve shown the non-linearity as the bottom
portion of the channel sections starts to deform locally which indicated the initial stages
of buckling. The load continues to increase due to the support provided by the remaining
portion of the channel section, shown by line AB of the load-displacement curve. Beyond
point B, the channel section began to collapse with reduced overall load carrying capacity
due to the channel section reached the ultimate stress. Beyond the yield point, plasticity
began to spread through the channel section, and hence, plastic hinges were formed at the
web mid-height. Beyond the maximum load (point B), the channel section failed
gradually as shown by line BC of the load-displacement curve. Beyond the maximum
load (point B), post-buckling strength of the channel section was achieved.

The web crippling strengths for sections with web holes divided by that of sections
without web holes, which is the strength reduction percentage (R), was used to quantify
the degrading influence of the web holes on the web crippling strengths.

It can be seen from Table 1 for the offset web holes, as a result of the unstiffened
holes, the web crippling strength reduced by 38.2% and 28.7% for section 240-N50 and
290-N100, respectively; these are the maximum and minimum strength reductions.
Conversely, through use of edge-stiffened holes, the web crippling strength increased by
18.6% and 10.8% for the same sections, respectively, relative to the strength of a plain

section without holes. It can be seen from Table 1 for down web holes, as a result of the
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unstiffened holes, the web crippling strength reduced by 31.9%, and 23.7% for section
240-N50 and 290-N100, respectively; these are the maximum and minimum strength
reductions. Conversely, through use of edge-stiffened holes, the web crippling strength
reduction by 4.9% and 4.6% for the same sections, respectively, relative to the strength

of a plain section without holes.

3 Numerical Investigation

3.1 General

The non-linear elasto-plastic general purpose finite element program ANSYS [38]
was used to simulate the channel sections with and without holes subjected to web
crippling. The bearing plates, the channel section with circular holes and the interfaces
between the bearing plates and the channel section have been modelled. In the finite
element model, the measured cross-section dimensions and the material properties
obtained from the tests were used. The model was based on the centreline dimensions of
the cross-sections. Specific modelling issues are described in the following subsection.
Similar modelling techniques were adopted by Uzzaman et al. [33-34] for modelling CFS
channel sections with edge stiffened holes under one-flange [33] and end-two-flange [34]

loading conditions.

3.2 Geometry and material properties

The full test setup was modelled, as shown in Fig.6 (b) and Fig.7 (b). The
dimensions of the channel sections modelled are given in Table 1 for offset and down
web holes, respectively. Contact pairs are defined between the bearing plate and the CFS
section.

The value of Poisson’s ratio was 0.3. The material non-linearity was incorporated

in the finite element model by specifying ‘true’ values of stresses and strains. The
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plasticity of the material was determined by a mathematical model, known as the

incremental plasticity model; the true stress (0, ) and plastic true strain ( &y, ). The

engineering stress-strain curves were directly obtained from the tensile tests and
converted into true stress- true plastic strain curves using Equation 1 and Equation 2, as
specified in the ANSYS manual [38],

O = 0(1+8) (1)

Epe = IN(L+€) (2)

Where E is the Young’s Modulus, ¢ and ¢ are the engineering stress and strain,
respectively in ANSYS manual [38].

The plastic deformation of the corners due to the roll-forming process was not
considered in the FEA model. Schafer et al. [41] showed that the effect of residual stress
on CFS is to offset by that of increasing the yield stress in the corner regions. This was
also confirmed in a web crippling computational study carried out by Natario et al. [19].
With respect to geometric imperfections, Sundararajah et al. [23-25] and Natario et al.
[19] investigated this effect the ultimate web crippling capacities for CFS lipped channel
sections under the two-flange loading condition and found that the initial geometric
imperfections have little impact on web crippling strength. However, the sensitivity of
imperfections may be larger for the web crippling strength if the corner radius is very
small or zero, e.g. for extruded aluminium sections. This study though has been limited
to the manufactures standard 3 mm corner radius and so the effects of residual stresses

and imperfections were not considered in the FE model developed.

3.3 Element type and mesh sensitivity
Fig.6 (b) and Fig.7 (b) shows details of a typical finite element mesh of the channel

section and the bearing plate. The effect of different element sizes in the cross-section of
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the channel section was investigated to provide both accurate results and reduced
computation time. Depending on the size of the section, the finite element mesh sizes
ranged from 3 mm x 3 mm (length by width) to 5 mm x 5 mm.

It is necessary to finely mesh the corners of the section due to the transfer of stress
from the flange to the web. Nine elements were used around the inside corner radius that
forms the bend between the flange and web. Three elements were used at the rounded
corners between the flange and lip of the section. The number of elements was chosen so
that the aspect ratio of the elements was as close to one as possible. Where holes were
modelled, a finer mesh size of 2.5mm x 2.5 mm was applied to take account of any
possible stress concentrations around the web holes. Mesh sensitivity analyses were
performed to verify the number of elements. Hofmeyer [42-43] reported similar
modelling technique for cross-section crushing behaviour of hat sections.

The channel sections were modelled using the 4-noded shell element SHELL181.
As stated in the ANSY'S manual [38], this shell element is suitable for thin to moderately
thick structures with large deflections, large rotations, and large strain nonlinear
capabilities. This is a four-node element with six degrees of freedom at each node and so
provides accurate solutions to most applications. The bearing plates were modelled using
the eight-noded solid element SOLIDA45, which is suitable for the three dimensional
modeling of structures with plasticity, stress stiffening, large deflection, and large strain
capabilities. The solid element is defined by eight nodes having three translational degrees
of freedom at each node. CONTA173 and TARGET170 elements were used for
modelling contact between the flanges and the load bearing plates. Surface-to-surface
contact elements CONTA173 is used for the contact and sliding between 3-D "target”
surfaces (TARGEL70) and a deformable surface. This element has three degrees of

freedom at each node: translations in the nodal x, y, and z directions. The contact elements
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themselves overlay the solid elements describing the boundary of a deformable body and

are in contact with the target surface, defined by TARGE170.

3.4 Loading and boundary conditions

The interface between the bearing plate and the CFS section were modelled using
the surface-to-surface contact option. The bearing plate was the target surface, while the
CFS section was the contact surface. The two contact surfaces were not allowed to
penetrate each other. Similar modelling technique was used by Ting et al. [44] and Roy
et al. [45-47] for back-to-back and face-to-face CFS channels.
The vertical load applied to the channel sections in the laboratory tests was modelled
using displacement control; an imposed displacement is applied to the nodes of the top
bearing plate where the vertical load is applied. The top bearing plate was restrained
against all degrees of freedom, except for the translational degree of freedom in the
vertical direction. The bottom bearing plate was restrained in all degrees of freedom. This
surface is therefore prevented from moving in the line of action of the load and also in
the translational direction. This is comparable with the test constraint in the experimental
set-up. In the literature, similar boundary conditions have been used by Zhou and Young
[17], Uzzaman et al. [3-6], Lian et al. [7-10], and Yousefi et al. [27-29]. More details on
the boundary conditions and contact modelling can be found in Uzzaman et al. [33-34]
for CFS channel sections with edge stiffened holes under one-flange [33] and end-two-

flange [34] loading conditions.

3.5 Verification of the finite element model

In order to validate the finite element model, the experimental failure loads were
compared against the failure load predicted by the finite element analysis. The main
objective of this comparison was to verify and check the accuracy of the finite element

model. A comparison of the test results (Pexr) with the numerical results (Prea) of web
14
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crippling strengths per web is shown in Table 3 and Table 4 for the offset and down web
holes, respectively. It can be seen that good agreement has been achieved between both
results for all specimens. The mean value of the Pexp/Prea ratio is 1.01 and 1.01 with the
corresponding coefficient of variation (COV) of 0.02 and 0.03 for the offset and down
web holes, respectively. A maximum difference of 4% and 5% was observed between the
experimental and the numerical results for the specimen ITF290x45x15-N50-NH and
ITF290x45x15-N75-ESCH, respectively. The web deformation curves predicted by finite
element analysis were compared with the experimental curves, as shown in Fig.9 for
plain, unstiffened and edge-stiffened web holes.

The web crippling failure mode observed from the tests has been also verified by
the finite element model for the offset and down web holes, as shown in Fig.8. It is shown
that good agreement is achieved between the experimental and finite element results for
both the web crippling strength and the failure mode. Fig.8 shows the VVon Mises stress
distribution after the collapse of the specimens. As the load increases, the maximum stress
at a point reached its yield point. The initial yielding was formed in the bottom corner
between the flange and web. Beyond this point, a hinge was formed at the web mid-
height. Due to the presence of unstiffened web holes, the ultimate load reduces. The finite
element models showed that stresses developed around the web holes and then away from
the web holes. Similar stress distributions can be seen for both specimens with edge-
stiffened web hole and plain section. A parametric study is performed in the following

section to obtained optimized dimensions of the web holes profiles for the CFS sections.

4 Parametric Study
The finite element model developed closely predicted the web crippling behaviour
of the channel sections with unstiffened and edge-stiffened web holes. Using this

validated model, parametric studies were carried out to study the effects of web holes
15
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sizes, location of the holes and length of the edge-stiffener on the web crippling strengths
of channel sections subjected to web crippling.

Uzzaman et al. [3-6] and Lian et al. [7-10] have previously shown that the ratios
a/h, x/h and N/h are the primary parameters influencing the web crippling behaviour of
the sections with unstiffened web holes. The web crippling strength predicted was
influenced primarily by the ratio of the hole depth to the flat portion of the web, a/h, the
ratio of the bearing length to the flat portion of the web, N/h and the location of the hole
as defined by the distance of the hole from the edge of the bearing divided by the flat
portion of the web, x/h. For the case of edge-stiffened web holes, the ratio of the edge-
stiffener length to the flat portion of the web, g/h and the ratio of the inside fillet radius
between web and hole edge-stiffener to the thickness of the section, rq/t were also shown
to influence the web crippling strength. In order to find the effect of a/h, x/h, rq/t and g/h
on web crippling strength for offset web holes and the effect of a/h, N/h, rg/t and g/h on
web crippling strength for down web hole, two separate parametric studies were carried
out considering the web holes sizes, the cross-section thicknesses, lengths of the bearing
plate, locations of the holes, corner radii between web and hole edge-stiffener and lengths
of web holes edge-stiffener.

In this study section, C240 was used, having a nominal depth of 240 mm. Three
different lengths of bearing plates 50 mm, 75 mm and 100 mm were considered. The ratio
(A) of the diameter of the holes (a) to the depth of the flat portion of the webs (h) were
0.2, 0.4, 0.6 and 0.8. The ratio (X) of the distance of the web holes (x) to the depth of the
flat portion of the webs (h) were 0.2, 0.4 and 0.6. The inside corner radii between web
and hole edge-stiffener were 2 mm, 4 mm and 6 mm. The ratio (Q) of the length of
stiffener (q) to the depth of the flat portion of the webs (h) were 0.04, 0.06 and 0.08. For

each series of specimens, the web crippling strengths of the sections without the web
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holes and unstiffened web holes were obtained. Thus, the strength reduction factor (RosH)
Is the ratio of the web crippling strengths for CFS section with offset edge-stiffened web
holes divided by the sections without the web holes. The ratio of the web crippling
strengths for CFS sections with down edge-stiffened web holes and divided by the
sections without the web holes, gives the strength reduction factor (Rosn). Both strength
reduction factors were used to quantify the degrading influence of the web holes on the
web crippling strengths

It can be seen in Fig.10, Fig.11, Fig.12 and Fig.13 the specimens were labelled
according to the analysis type. For example the label ‘T6-N75-X0.2-A0.4-Rq2’ &‘T6-
Q0.06-X0.2-N75-A0.4" stands for thickness (T6 means 6 mm thickness), bearing plate
length (N75 means 75 mm length of the bearing plate) , web holes distance ratio (X0.2
means x/h= 0.2), web holes ratio (A0.4 means a/h=0.4), edge-stiffener length ratio

(Q0.06 means g/h =0.06) and edge-stiffener fillet radius ratio (Rg2 means rq =2 mm).

4.1 Effect of a/h, x/h, rg/t and g/h on web crippling strength reduction factor (Rosn) for
offset web holes

A total of 837 specimens were analysed in the parametric study to investigate the
effect of the ratio a/h, x/h, r¢/t and g/h. The cross-section dimensions, as well as the web
crippling strengths (Prea) per web predicted from the FEA, are summarised in Table 5,
Table 6 and Table 7 for the thicknesses of 2 mm, 4 mm and 6 mm, respectively. The
effects of a/h and x/h ratio on the web crippling strength reduction factor are shown in
Fig.10. It can be seen from Fig.10 (a) for the specimen T6-N50-X0.4 the web hole
diameter ratio a/h increases from 0.4 to 0.8, the web crippling reduction factor decreases
against the different length of the edge-stiffeners and fillet radius of the edge-stiffeners.
Fig.10 (b) shows the effect of web holes distance ratio x/h web crippling strength

reduction factor for the specimens T6-Rg2-N50 where the results show the increase of
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web crippling strength reduction factor when web holes distance ratio x/h increases from
0.2 to 0.6 against the different length of the edge-stiffeners and web holes diameter.

The effects of rq/t and g/h on the web crippling strength reduction factor are shown
in Fig.11. A slight increase of the strength reduction factor is observed when rg/t increases
(see Fig.11 (a). It can be seen from Fig.11 (a) for the specimen T6-Q0.06 where the results
show the ratio of rg/t has very little effect on that the web crippling strength reduction
factor. Fig.11 (b) shows the effect of length of the edge-stiffeners ratio g/h web crippling
strength reduction factor for the specimens T6-N75-X0.2 where the results show the
increase of web crippling strength reduction factor when length of the edge-stiffeners
ratio g/h increases from 0.04 to 0.08 against different edge-stiffeners fillet radius and web

holes diameter.

4.2 Effect of a/h, N/h, r¢/t and g/h on web crippling strength reduction factor (Rpsw) for
down web holes

A total of 279 specimens were analysed in the parametric study to investigate the
effect of the ratio a/h, N/h, r¢/t and g/h. The cross-section dimensions, as well as the web
crippling strengths (Prea) per web predicted from the FEA, are summarised in Table 8.
The effects of a’h and N/h ratio on the web crippling strength reduction factor are shown
in Fig.12. It can be seen from Fig.12 (a) for the specimen T6-N50 the web hole diameter
ratio a/h increases from 0.4 to 0.8, the web crippling reduction factor decreases against
the different length of the edge-stiffeners and fillet radius of the edge-stiffeners. Fig.12
(b) shows the effect of bearing plate length ratio N/h web crippling strength reduction
factor for the specimens T2-Rg2 where the results show the little increase of web
crippling strength reduction factor when bearing plate length ratio N/h increases from

0.22 to 0.44 against the different length of the edge-stiffeners and web holes diameter.
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The effects of rq/t and g/h on the web crippling strength reduction factor are shown
in Fig.13. It can be seen from Fig.13 (a) for the specimen T6-Q0.08 where the results
show the ratio of rq/t has very little effect on that the web crippling strength reduction
factor. Fig.13 (b) shows the effect of length of the edge-stiffeners ratio g/h web crippling
strength reduction factor for the specimens T6-N50 where the results show the increase
of web crippling strength reduction factor when length of the edge-stiffeners ratio g/h
increases from 0.04 to 0.08 against different edge-stiffeners fillet radius and web holes
diameter.

Fig.14. shows the variation of the web crippling strength reduction factors for
unstiffened offset holes, , unstiffened down hole, edge-stiffened offset holes and edge-
stiffened down hole. It can be seen unstiffened holes have more reduction then edge-

stiffened hole.

5 Reliability analysis

The reliability of the CFS section design rules is evaluated using reliability
analysis. The reliability index (5) is a relative measure of the safety of the design. A target
reliability index of 2.5 for CFS structural members is recommended as a lower limit in
the NAS Specification [48]. The design rules are considered to be reliable if the reliability
index is greater than or equal to 2.5. The load combination of 1.2DL + 1.6LL as specified
in the American Society of Civil Engineers Standard [49] was used in the reliability
analysis, where DL is the dead load and LL is the live load. The statistical parameters are
obtained from Table F1 of the NAS Specification [48] for compression members, where
Mm = 1.10, Fn = 1.00, Vm = 0.10, and Vr = 0.05, which are the mean values and
coefficients of variation for material properties and fabrication factors.

The statistical parameters Pm and Vp are the mean value and coefficient of

variation of load ratio are shown in Table 9 and Table 10, respectively. In calculating the
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reliability index, the correction factor in the NAS Specification was used. Reliability
analysis is detailed in the NAS Specification. In the reliability analysis, a constant
resistance factor (¢) of 0.85 was used. It is shown in Table 9 and Table 10 that the

reliability index () is greater than the target value of 2.5.

6 Proposed strength reduction factors

Evaluation of the experimental and the numerical results shows that the ratios a/h,
x/h, rq/t and g/h for offset web holes and the ratios a/h, N/h, rq/t and g/h for down web
hole are the primary parameters influencing the on web crippling strength reduction
factors of the sections with edge-stiffened web holes. Statistical analysis was performed
using the results obtained from the experimental and numerical investigations. Origin Lab
(Version 8.5.1) was used for the regression analysis to develop the strength reduction
factor equations Rp (osH) and Re (psH). Strength reduction factor equations are proposed for
the offset and down web holes. For the CFS with edge stiffened holes, these factors can
be applied to the nominal webcrippling load for a solid/plain web, as given in the

specification [48].

For the offset to the bearing plates web holes,

Rp (osuy = 101 = 0.16 (%) + 0.06 (%) +0.04 (%) + 031 (%)

IA
(U

@)
For the down the bearing plates web holes,

Rp sy = 102 - 039 (£) +002 () +0.04 (£)+049 (4) =1 @
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Both equations are applicable for lipped channel section and the limits for the reduction
factor equations (3) and (4) are h/t <118, N/h <0.44, a/h <0.8,q/h <0.08,

x/h < 0.6, and 8 < 90°

7 Comparison of the experiment and numerical results with the proposed
reduction factor

The values of the strength reduction factors Rosw and Rpsn obtained from the
experimental and the numerical results are compared with the values of the proposed
strength reduction factor Rp (osH) and Re (psH) calculated using Eqgn. (3) and Eqn. (4), as
plotted against the ratios h/t in Fig.15 and Fig.16 for the offset and down web holes,
respectively. Table 9 and Table 10 summarizes a statistical analysis to define the accuracy
of the proposed design equations. The values of the proposed reduction factor are
generally conservative and agree well with the experimental and the numerical results for
both types of web holes under ITF loading conditions. As can be seen, the proposed
reduction factors are generally conservative and agree with the experiment and the
numerical results for both load cases. The mean value of the web crippling reduction
factor ratios are 1.00 and 1.00 with the corresponding COV of 0.09 and 0.08, and
reliability index (3) of 2.66 and 2.72 for the offset and down web holes, respectively.
Thus, the proposed strength reduction factor equations are able to predict the influence of
the edge-stiffened web holes on the web crippling strengths of channel sections for the

ITF loading condition.

8 Conclusions
This paper presents a combination of tests and finite element analysis, to
investigate the effect of edge stiffened circular web holes on web crippling strength of

CFS lipped channel sections under ITF loading condition. For comparison, plain channels
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and channels with unstiffened circular web holes were also tested. Both the down and
offset web holes were considered in this study. A total of 30 specimens were tested under
offset and down web holes.

In case of offset web holes, it was found that for specimen ITF-240x45x15-N50,
the web crippling strength was reduced by 38.2% for the unstiffened holes. Similarly, for
the same section, the web crippling strength was increased by 18.6 % for the edge-
stiffened holes. For the down web holes, it was found that the web crippling strength of
the same section was reduced by 31.9% for the unstiffened holes and the web crippling
strength was reduced by 4.9% for the edge-stiffened holes.

The FE model presented in this study, incorporated geometric and the material
nonlinearities. The FE model was validated against the test results which showed good
agreement, both in terms of failure modes and ultimate loads. Using the validated FE
model, an extensive parametric study was conducted to study the effects of web holes
sizes, location of the holes, length of the bearing plates, fillet radius of the edge-stiffener
and length of the edge-stiffener on web crippling strength of the channel sections. A total
of 1116 FE models were analysed. It was found that the ratios a/h, x/h, rq/t and g/h for
offset web holes and the ratios a/h, N/h, rq/t and g/h for down web holes are the primary
influencing parameters which effected the web crippling strength of CFS channel sections
with edge-stiffened web holes.

Based on the data obtained from the test and FEA results, web crippling strength
reduction factor equations were proposed for the offset and down web holes. Reliability
analysis was also performed to evaluate the reliability of the proposed strength reduction
factors. It is shown that the proposed strength reduction factors are generally conservative

and agree well with the test and FEA results. The proposed strength reduction factors are

22



495

496

497

498

499

500

501

capable of producing reliable limit state design when calibrated with the resistance factor

of 0.85 (¢ = 0.85).
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Tablel  Measured specimen dimensions and experimental ultimate loads for offset
and down web holes

Web Flange Lip Length  Thickness Bearing Exp.load Percentage of

length (Per web) strength
reduction due
Specimen
to web holes
d by b L t N Pexp R

(mm) (mm)  (mm)  (mm) (mm) (mm) (kN) (%)
Plain section
ITF 240x45x15-N50-NH 237 44.95 18.29 768.33 1.98 50 11.28 -
ITF 240x45x15-N75-NH 237.67 45.04 18.27 794 1.97 75 11.61 -
ITF 240x45x15-N100-NH 237.33 45.06 17.75 820 1.96 100 11.94 -
ITF 290x45x15-N50-NH 290.33 45,51 18.01 919.67 2.46 50 22.13 -
ITF 290x45x15-N75-NH 289.33 45.37 18.55 944 247 75 22.65 -
ITF 290x45x15-N100-NH 290.67 45.35 18.47 969.67 247 100 23.11 -
Unstiffened offset hole
ITF 240x45x15-N50-USOH 236 45.1 17.56 770 1.96 50 6.81 -38.2
ITF 240x45x15-N75-USOH 236 44.72 17.68 795 1.96 75 7.16 -36.7
ITF 240x45x15-N100-USOH 236 44.67 17.65 820 1.96 100 7.49 -35.5
ITF 290x45x15-N50-USOH 290 45.31 18.22 920 248 50 15.1 -30.2
ITF 290x45x15-N75-USOH 289 45.27 18.24 944 2.48 75 15.6 -29.5
ITF 290x45x15-N100-USOH 290 44.6 19.57 970 248 100 16.11 -28.7
Edge-stiffened offset hole
ITF 240x45x15-N50-ESOH 237.67 45.09 17.6 770 1.97 50 13.1 18.6
ITF 240x45x15-N75-ESOH 237.33 44.75 17.66 795 1.96 75 13.43 18.3
ITF 240x45x15-N100-ESOH 237.0 44.69 17.58 820 1.96 100 13.75 17.9
ITF 290x45x15-N50-ESOH 289.67 45.35 18.13 920 248 50 23.71 14.0
ITF 290x45x15-N75-ESOH 289.33 45.28 18.17 944 2.48 75 23.85 11.6
ITF 290x45x15-N100-ESOH 289.67 44.65 19.55 970 248 100 24.15 10.8
Unstiffened down hole
ITF 240x45x15-N50-USCH 236.00 44.84 17.66 770 1.98 50 7.27 -31.9
ITF 240x45x15-N75-USCH 236.00 45.57 17.64 795 1.96 75 7.59 -31.3
ITF 240x45x15-N100-USCH 236.00 45.16 17.7 819 1.96 100 7.89 -30.9
ITF 290x45x15-N50-USCH 289.00 44.59 20.33 919 248 50 15.77 -24.6
ITF 290x45x15-N75-USCH 289.00 44.62 20.24 944 247 75 16.72 -24.3
ITF 290x45x15-N100-USCH 289.00 44.6 20.23 970 247 100 17.02 -23.7
Edge-stiffened down hole
ITF 240x45x15-N50-ESCH 237.33 44.8 17.63 770 1.98 50 10.86 4.9
ITF 240x45x15-N75-ESCH 237.33 45.29 17.69 795 1.97 75 11.07 -5.9
ITF 240x45x15-N100-ESCH 237.00 45.11 17.77 819 1.96 100 11.26 -5.9
ITF 290x45x15-N50-ESCH 290.00 44.65 20.34 919 247 50 21.05 -4.1
ITF 290x45x15-N75-ESCH 290.00 44.72 20.25 944 247 75 21.63 -4.9
ITF 290x45x15-N100-ESCH 290.00 44.61 20.26 970 248 100 22.22 -4.6
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Table2  Average material properties of specimens

Section E (MPa) G, (MPa) o, (MPa) &u
1 199220 264.8 284.8 0.1900
240x45x15-11.85 2 203092 268.8 283.7 0.1857
3 206220 263.4 287.8 0.1923
Average 202844 265.7 2854 0.1893
1 206312 318.9 410.2 0.1722
290x45x15-12.5 2 201455 328.6 413.3 0.1770
3 205634 332.8 414.5 0.1680
Average 204467 326.8 412.7 0.1724

31



Table 3 ~ Comparison of the web crippling strength predicted from the finite element analysis with the experiment results for offset web holes

Specimen Web slenderness, Web hole ratio, Exp. load per web, Web_crippling strength per web ~ Comparison,
(h/t) (a/h) Pexp (KN) predicted from FEA, Peea (KN)  Pexp / Prea
Plain section
ITF 240x45x15-N50-NH 117.7 0 11.28 11.10 1.02
ITF 240x45x15-N75-NH 117.9 0 11.61 11.40 1.02
ITF 240x45x15-N100-NH 118.2 0 11.94 11.68 1.02
ITF 290x45x15-N50-NH 115.2 0 22.13 21.38 1.04
ITF 290x45x15-N75-NH 115.2 0 22.65 21.87 1.04
ITF 290x45x15-N100-NH 115.7 0 23.11 22.33 1.03
Unstiffened offset hole
ITF 240x45x15-N50-USOH 118.2 0.6 6.81 6.86 0.99
ITF 240x45x15-N75-USOH 117.7 0.6 7.16 7.21 0.99
ITF 240x45x15-N100-USOH 117.7 0.6 7.49 7.53 0.99
ITF 290x45x15-N50-USOH 115.4 0.5 15.1 14.93 1.01
ITF 290x45x15-N75-USOH 114.5 0.5 15.6 15.41 1.01
ITF 290x45x15-N100-USOH 115.9 0.5 16.11 15.93 1.01
Edge-stiffened offset hole
ITF 240x45x15-N50-ESOH 119.0 0.6 13.1 13.16 1.00
ITF 240x45x15-N75-ESOH 117.9 0.6 13.43 13.49 1.00
ITF 240x45x15-N100-ESOH 118.2 0.6 13.75 13.78 1.00
ITF 290x45x15-N50-ESOH 114.9 05 2371 24.37 0.97
ITF 290x45x15-N75-ESOH 1147 05 23.85 24.41 0.98
ITF 290x45x15-N100-ESOH 114.8 0.5 24.15 24.74 0.98
Mean 1.01
cov 0.02
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Table4  Comparison of the web crippling strength predicted from the finite element analysis with the experiment results for down web holes

Web slenderness, ~ Web hole ratio, Exp. load per web, Web crippling strength per web  Comparison,

Specimen (hit) (a/h) Pexe (KN) predicted from FEA, Peea (kN)  Pexe / Prea
Plain section

ITF 240x45x15-N50-NH 117.7 0 11.28 11.10 1.02
ITF 240x45x15-N75-NH 118.6 0 11.61 11.40 1.02
ITF 240x45x15-N100-NH 119.1 0 11.94 11.68 1.02
ITF 290x45x15-N50-NH 116.0 0 22.13 21.38 1.04
ITF 290x45x15-N75-NH 115.1 0 22.65 21.87 1.04
ITF 290x45x15-N100-NH 115.7 0 23.11 22.33 1.03
Unstiffened down hole

ITF 240x45x15-N50-USCH 117.2 0.6 7.27 7.56 0.96
ITF 240x45x15-N75-USCH 1184 0.6 7.59 7.83 0.97
ITF 240x45x15-N100-USCH 1184 0.6 7.89 8.07 0.98
ITF 290x45x15-N50-USCH 1145 0.5 15.77 16.11 0.98
ITF 290x45x15-N75-USCH 115.0 0.5 16.72 16.55 1.01
ITF 290x45x15-N100-USCH 115.0 0.5 17.02 17.03 1.00
Edge-stiffened down hole

ITF 240x45%x15-N50-ESCH 117.9 0.6 10.86 10.55 1.03
ITF 240x45%x15-N75-ESCH 1185 0.6 11.07 10.73 1.03
ITF 240x45%x15-N100-ESCH 118.9 0.6 11.26 10.99 1.02
ITF 290x45x15-N50-ESCH 1154 0.5 21.05 20.50 1.03
ITF 290x45x15-N75-ESCH 115.4 0.5 21.63 20.80 1.04
ITF 290x45x15-N100-ESCH 114.9 0.5 22.22 21.30 1.04
Mean 1.01
cov 0.03
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Table 5

Dimensions and web crippling strengths predicted from FEA of a parametric study for 2.0 mm thickness under offset web holes

Thickness Bearing Holes Holes Holes Holes
length  diameter diameter distance distance | Web crippling strength per web predicted from FEA, Prea (KN)
ratio, ratio,
t N A@h)  a X)) Without | With | \uitn Edge Stiffened holes
hole Circular
(mm) (mm) (mm) (mm) Holes Stiffened radius (rq)= 2 (mm) | Stiffened radius (rq)= 4 (mm) | Stiffened radius (rq)= 6 (mm)
Q0.04 QO0.06 QO0.08 Q0.04  Q0.06 QO0.08 Q0.04 Q0.06 Q0.08
2.0 50.00 0.40 94.40 0.20 47.20 11.39 8.26 11.56 1171 1177 11.61 11.75 11.80 11.68 11.82 11.87
2.0 50.00 0.60 141.60 0.20 47.20 11.39 6.47 12.31 13.04 1320 12.45 12.62 12.62 12.61 13.28 13.37
2.0 50.00 0.80 188.80 0.20 47.20 11.39 4.80 11.72 13.02 1324 11.92 12.78 13.28 11.97 13.08 13.29
2.0 75.00 0.40 94.40 0.20 47.20 11.49 8.53 11.67 11.81 1186 11.71 11.85 11.89 11.77 11.90 11.94
2.0 75.00 0.60 141.60 0.20 47.20 11.49 6.77 12.14 13.02 1320 12.28 13.13 13.28 12.48 13.26 13.40
2.0 75.00 0.80 188.80 0.20 47.20 11.49 5.17 11.64 13.60 1387 11.73 13.66 13.92 11.86 13.73 13.99
2.0 100.00 0.40 94.40 0.20 47.20 11.77 8.80 12.00 1215 1219 12.04 12.18 12.22 12.10 12.24 12.28
2.0 100.00 0.60 141.60 0.20 47.20 11.77 7.07 12.43 1329 1354 12.57 13.43 13.63 12.75 13.59 13.75
2.0 100.00 0.80 188.80 0.20 47.20 11.77 5.54 11.99 14.09 1445 12.05 14.20 14.52 12.23 14.32 14.61
2.0 50.00 0.40 94.40 0.40 94.40 11.39 8.56 12.00 1213 1218 12.06 12.18 12.22 12.14 12.25 12.29
2.0 50.00 0.60 141.60 0.40 94.40 11.39 7.00 12.75 1315 1292 12.84 13.18 13.25 12.94 13.22 12.53
2.0 50.00 0.80 188.80 0.40 94.40 11.39 5.59 12.32 1278 1322 12.33 13.08 13.23 12.33 13.11 13.24
2.0 75.00 0.40 94.40 0.40 94.40 11.49 8.86 12.09 1224 1230 12.15 12.29 12.34 12.23 12.36 12.41
2.0 75.00 0.60 141.60 0.40 94.40 11.49 7.32 12.82 1341 1352 12.93 13.50 13.58 13.06 13.56 13.65
2.0 75.00 0.80 188.80 0.40 94.40 11.49 5.95 12.62 1354  13.78 12.60 13.59 13.82 12.66 13.65 13.88
2.0 100.00 0.40 94.40 0.40 94.40 11.77 9.14 12.40 1255 1260 12.46 12.60 12.65 12.54 12.67 12.72
2.0 100.00 0.60 141.60 0.40 94.40 11.77 7.65 13.12 13.86  14.03 13.25 13.96 14.11 13.41 14.08 14.20
2.0 100.00 0.80 188.80 0.40 94.40 11.77 6.32 12.80 1418 1442 12.89 14.24 14.48 13.01 14.31 14.56
2.0 50.00 0.40 94.40 0.60 141.60 11.39 8.65 12.26 1237 1242 12.33 12.43 12.47 12.40 12.49 12.53
2.0 50.00 0.60 141.60 0.60 141.60 11.39 7.23 12.73 1297  13.04 12.77 13.00 13.06 12.72 13.03 13.08
2.0 50.00 0.80 188.80 0.60 141.60 11.39 5.99 11.54 12.96  13.06 11.55 12.69 13.07 11.60 12.98 13.07
2.0 75.00 0.40 94.40 0.60 141.60 11.49 9.01 12.40 1252 1257 12.46 12.58 12.63 12.54 12.65 12.70
2.0 75.00 0.60 141.60 0.60 141.60 11.49 7.68 13.02 1340  13.49 13.10 13.45 13.53 13.18 13.50 13.57
2.0 75.00 0.80 188.80 0.60 141.60 11.49 6.45 11.59 1324 1355 11.56 13.34 13.60 11.56 13.46 13.65
2.0 100.00 0.40 94.40 0.60 141.60 11.77 9.37 12.67 12.82 1288 12.75 12.89 12.94 12.84 12.97 13.03
2.0 100.00 0.60 141.60 0.60 141.60 11.77 8.08 13.43 1398 1410 13.52 14.05 14.14 13.65 14.11 14.19
2.0 100.00 0.80 188.80 0.60 141.60 11.77 6.88 11.85 1364  14.06 11.83 13.76 14.14 11.84 13.91 14.26
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Table 6

Dimensions and web crippling strengths predicted from FEA of a parametric study for 4.0 mm thickness under offset web holes

Thickness Bearing Holes Holes Holes Holes
length  diameter diameter distance distance | Web crippling strength per web predicted from FEA, Prea (KN)
ratio, ratio,
t N A(a/h) a Xxh)y (X Without | With With Edge Stiffened holes
hole Circular
(mm) (mm) (mm) (mm) Holes Stiffened radius (rq)= 2 (mm) | Stiffened radius (rq)= 4 (mm) | Stiffened radius (rq)= 6 (mm)
Q0.04  Q0.06 QO0.08 Q0.04 Q0.06 QO0.08 Q0.04 Q0.06 Q0.08
4.0 50.00 0.40 92.80 0.20 46.40 45.27 32.90 42.99 4596  43.30 44.10 45.99 43.31 44.14 46.05 45.17
4.0 50.00 0.60 139.20 0.20 46.40 4527 26.69 36.86 4556  45.98 36.74 4554 45.97 36.69 44.75 43.04
4.0 50.00 0.80 185.60 0.20 46.40 45.27 20.67 31.07 4192 45.08 30.94 41.87 45.08 30.90 41.88 44.46
4.0 75.00 0.40 92.80 0.20 46.40 45.49 34.00 43.50 4621  46.32 43.42 46.31 46.40 43.43 46.38 46.48
4.0 75.00 0.60 139.20 0.20 46.40 45.49 27.86 37.92 4659  47.35 37.82 46.58 47.36 37.78 46.58 47.37
4.0 75.00 0.80 185.60 0.20 46.40 45.49 21.89 32.37 4188  46.01 32.26 41.84 46.06 32.23 41.87 46.14
4.0 100.00 0.40 92.80 0.20 46.40 46.19 35.14 44.33 46.73  46.80 44.27 46.78 46.86 44.27 46.82 46.89
4.0 100.00 0.60 139.20 0.20 46.40 46.19 29.09 39.28 46.85  47.54 39.20 46.86 47.56 39.16 46.89 47.60
4.0 100.00 0.80 185.60 0.20 46.40 46.19 23.24 33.69 4308  47.12 33.59 43.05 47.17 3357 43.11 47.24
4.0 50.00 0.40 92.80 0.40 92.80 45.27 33.92 45.07 4496  43.26 45.06 45.83 45.95 45.08 45.46 45.01
4.0 50.00 0.60 139.20 0.40 92.80 45.27 28.44 39.39 4297 4575 39.34 45.38 45.73 39.31 45.38 43.04
4.0 50.00 0.80 185.60 0.40 92.80 45.27 24.47 34.14 4393 4531 34.08 4391 44.97 34.13 43.92 44.93
4.0 75.00 0.40 92.80 0.40 92.80 45.49 35.00 44.73 46.84  46.93 44.72 46.89 46.98 44,77 46.93 47.03
4.0 75.00 0.60 139.20 0.40 92.80 45.49 29.83 39.81 4673 47.27 39.76 46.75 47.27 39.78 46.77 47.29
4.0 75.00 0.80 185.60 0.40 92.80 45.49 26.00 35.83 4417 47.00 35.78 44.19 46.98 35.82 44.24 46.98
4.0 100.00 0.40 92.80 0.40 92.80 46.19 36.11 45.49 4721 4735 45.49 47.25 47.38 4555 47.29 47.43
4.0 100.00 0.60 139.20 0.40 92.80 46.19 31.31 41.18 4724 47177 41.12 47.27 47.80 41.14 47.31 47.83
4.0 100.00 0.80 185.60 0.40 92.80 46.19 27.70 37.46 4550  47.65 37.39 4557 47.65 37.43 45.67 47.67
4.0 50.00 0.40 92.80 0.60 139.20 45.27 35.70 45.11 4562  44.95 45.09 45.62 44.95 45.10 45.60 45.43
4.0 50.00 0.60 139.20 0.60 139.20 45.27 31.97 41.39 4529 4561 41.35 45.25 45.54 41.35 44,58 44.72
4.0 50.00 0.80 185.60 0.60 139.20 45.27 28.85 37.77 4455 4441 37.69 4452 44.38 37.73 44.47 44,77
4.0 75.00 0.40 92.80 0.60 139.20 45.49 37.14 45.22 4671 46.93 45.23 46.74 46.95 45.28 46.78 46.98
4.0 75.00 0.60 139.20 0.60 139.20 45.49 33.62 41.90 4650  46.95 41.88 46.51 46.96 41.88 46.53 46.96
4.0 75.00 0.80 185.60 0.60 139.20 45.49 30.66 39.06 4532 46.64 39.01 45.33 46.61 39.01 45.37 46.59
4.0 100.00 0.40 92.80 0.60 139.20 46.19 38.58 46.11 4714 47.37 46.12 47.17 47.40 46.22 47.21 47.44
4.0 100.00 0.60 139.20 0.60 139.20 46.19 35.28 43.26 47.02 4748 43.22 47.04 47.50 43.25 47.08 4752
4.0 100.00 0.80 185.60 0.60 139.20 46.19 32.44 40.69 46.45  47.32 40.63 46.47 4731 40.64 46.50 47.31
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Table 7

Dimensions and web crippling strengths predicted from FEA of a parametric study for 6.0 mm thickness under offset web holes

Thickness Bearing Holes Holes Holes Holes
length  diameter diameter distance distance | Web crippling strength per web predicted from FEA, Prea (KN)
ratio, ratio,
t N A(a/h) a Xxh)y (X Without | With With Edge Stiffened holes
hole Circular
(mm) (mm) (mm) (mm) Holes Stiffened radius (rq)= 2 (mm) | Stiffened radius (rq)= 4 (mm) | Stiffened radius (rq)= 6 (mm)
Q0.04 Q0.06 QO0.08 Q0.04 Q0.06 QO0.08 Q0.04 Q0.06 Q0.08
6.0 50.00 0.40 91.20 0.20 45.60 92.60 69.13 86.36 9314 9077 85.84 93.18 93.66 85.29 93.15 84.98
6.0 50.00 0.60 136.80 0.20 45.60 92.60 58.43 70.97 86.83  91.93 70.67 86.50 91.83 70.32 86.12 91.78
6.0 50.00 0.80 182.40 0.20 45.60 92.60 46.08 59.74 7150  86.85 59.43 71.41 86.77 59.11 71.33 86.71
6.0 75.00 0.40 91.20 0.20 45.60 92.47 72.09 85.00 9268  93.22 84.77 92.68 93.25 84.53 92.67 93.28
6.0 75.00 0.60 136.80 0.20 45.60 92.47 61.35 73.97 85.61  91.46 73.69 85.35 91.36 73.36 85.11 91.27
6.0 75.00 0.80 182.40 0.20 45.60 92.47 48.81 62.70 76.07  86.92 62.42 75.99 86.90 62.12 75.88 86.88
6.0 100.00 0.40 91.20 0.20 45.60 93.00 74.91 87.74 93.04 9351 87.52 93.04 93.54 87.30 93.03 93.56
6.0 100.00 0.60 136.80 0.20 45.60 93.00 63.93 76.80 88.61 9247 76.53 88.55 92.50 76.21 88.50 92.55
6.0 100.00 0.80 182.40 0.20 45.60 93.00 51.52 65.38 80.29  91.34 65.10 80.19 91.38 64.80 80.09 91.42
6.0 50.00 0.40 91.20 0.40 91.20 92.60 72.06 90.05 9259  93.22 89.91 92.54 93.18 89.74 92.51 93.13
6.0 50.00 0.60 136.80 0.40 91.20 92.60 62.08 74.65 89.40  91.99 74.50 89.29 91.88 74.30 89.14 91.79
6.0 50.00 0.80 182.40 0.40 91.20 92.60 54,72 67.42 80.35  90.36 67.24 80.10 90.23 67.10 79.97 90.12
6.0 75.00 0.40 91.20 0.40 91.20 92.47 75.32 88.08 9255  93.12 87.88 92.55 93.12 87.65 92.55 93.12
6.0 75.00 0.60 136.80 0.40 91.20 92.47 66.38 78.60 8855  92.06 78.47 88.42 92.04 78.28 88.29 92.00
6.0 75.00 0.80 182.40 0.40 91.20 92.47 59.25 71.89 83.60  90.23 71.71 83.45 90.13 71.59 83.37 90.04
6.0 100.00 0.40 91.20 0.40 91.20 93.00 78.78 90.19 93.01 9362 90.10 93.03 93.63 89.99 93.04 93.65
6.0 100.00 0.60 136.80 0.40 91.20 93.00 70.48 82.66 9149 9295 82.45 91.47 92.92 82.33 91.49 92.92
6.0 100.00 0.80 182.40 0.40 91.20 93.00 63.78 75.98 87.68  92.06 75.78 87.58 92.04 75.65 87.54 92.04
6.0 50.00 0.40 91.20 0.60 136.80 92.60 78.05 90.80 9217  92.80 90.70 92.16 92.77 90.57 92.07 92.72
6.0 50.00 0.60 136.80 0.60 136.80 92.60 71.18 82.25 90.82  91.83 81.96 90.73 91.75 81.74 90.66 91.67
6.0 50.00 0.80 182.40 0.60 136.80 92.60 65.20 75.76 87.33 9050 75.60 87.13 90.37 75.43 86.92 90.23
6.0 75.00 0.40 91.20 0.60 136.80 92.47 81.37 89.82 9221  92.83 89.67 92.19 92.80 89.52 92.17 92.78
6.0 75.00 0.60 136.80 0.60 136.80 92.47 75.40 84.42 90.57  92.02 84.28 90.46 91.95 84.16 90.41 91.90
6.0 75.00 0.80 182.40 0.60 136.80 92.47 69.76 79.93 86.95  90.79 79.76 86.81 90.68 79.59 86.67 90.56
6.0 100.00 0.40 91.20 0.60 136.80 93.00 85.19 91.77 92.95  93.46 91.75 92.95 93.45 91.73 92.95 93.45
6.0 100.00 0.60 136.80 0.60 136.80 93.00 79.37 88.34 92.05  92.92 88.21 92.04 92.88 88.11 92.04 92.87
6.0 100.00 0.80 182.40 0.60 136.80 93.00 74.15 83.97 90.66  92.17 83.78 90.60 92.14 83.61 90.52 92.12
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Table 8

Dimensions and web crippling strengths predicted from FEA of a parametric study for down web holes

Thickness Bearing Bearing  Holes Holes
length length diameter diameter | Web crippling strength per web predicted from FEA, Perea (KN)
ratio, ratio,
t N (N/h) A(@@/h) a Without | With With Edge Stiffened holes
hole Circular
(mm) (mm) (mm) Holes Stiffened radius (rq)= 2 (mm) | Stiffened radius (rq)= 4 (mm) | Stiffened radius (rq)= 6 (mm)
Q0.04  Q0.06 QO0.08 Q0.04 Q0.06 QO0.08 Q0.04 Q0.06 Q0.08
2.0 50.00 0.21 0.40 94.40 11.39 9.38 10.95 11.08 1113 10.95 11.08 11.13 10.95 11.09 11.14
2.0 50.00 0.21 0.60 141.60 11.39 7.62 9.76 1047 1076 9.77 1053 10.80 9.79 10.63 10.88
2.0 50.00 0.21 0.80 188.80 11.39 6.66 7.83 9.74 10.19 7.80 9.89 10.36 7.95 10.14 10.63
2.0 75.00 0.32 0.40 94.40 11.49 9.66 11.14 11.26 1130 11.14 11.26 11.29 11.15 11.27 11.30
2.0 75.00 0.32 0.60 141.60 11.49 7.86 10.02 1070 10.97 10.03 10.74 11.00 10.04 10.83 11.06
2.0 75.00 0.32 0.80 188.80 11.49 6.90 8.11 9.69 10.05 8.08 9.81 10.17 8.06 10.00 10.39
2.0 100.00 0.42 0.40 94.40 11.77 9.88 11.41 1153 1157 11.41 1153 1157 11.42 1155 11.58
2.0 100.00 0.42 0.60 141.60 11.77 8.10 10.28 1098  11.27 10.29 11.03 11.32 10.31 11.12 11.39
2.0 100.00 0.42 0.80 188.80 11.77 7.17 8.38 9.92 10.31 8.36 10.04 10.44 8.32 10.23 10.64
4.0 50.00 0.22 0.40 92.80 45.27 35.87 41.02 4464 4487 40.77 44.63 43.30 40.59 44.65 44.90
4.0 50.00 0.22 0.60 139.20 45.27 30.77 33.72 4215  43.62 33.54 42.26 43.69 33.33 42.37 43.82
4.0 50.00 0.22 0.80 185.60 45.27 26.20 28.03 35.79  42.05 27.90 35.89 42.40 27.77 36.10 42.86
4.0 75.00 0.32 0.40 92.80 45.49 36.81 40.93 4294 4325 40.76 42.90 43.22 40.64 42.89 43.22
4.0 75.00 0.32 0.60 139.20 45.49 31.98 34.81 4116 4210 34.63 41.20 42.15 34.43 41.29 42.27
4.0 75.00 0.32 0.80 185.60 45.49 27.34 29.30 3637 4211 29.15 36.41 42.34 29.02 36.54 42.61
4.0 100.00 0.43 0.40 92.80 46.19 38.11 42.02 4379  44.03 41.87 43.75 43.99 41.74 43.73 43.99
4.0 100.00 0.43 0.60 139.20 46.19 33.30 36.23 4216 43.30 36.07 42.23 43.36 35.85 42.35 43.48
4.0 100.00 0.43 0.80 185.60 46.19 28.50 30.72 37.62  43.28 30.58 37.64 4352 30.44 37.74 43.84
6.0 50.00 0.22 0.40 91.20 92.60 73.67 81.57 9048  90.90 80.99 90.30 91.10 80.32 90.02 91.30
6.0 50.00 0.22 0.60 136.80 92.60 62.88 66.97 7827  85.07 66.63 78.02 85.16 66.28 77.79 85.25
6.0 50.00 0.22 0.80 182.40 92.60 53.11 57.34 67.81  73.68 57.10 67.98 74.22 56.90 68.65 74.55
6.0 75.00 0.33 0.40 91.20 92.47 75.91 81.19 86.80  88.02 80.78 86.63 87.92 80.35 86.48 87.83
6.0 75.00 0.33 0.60 136.80 92.47 65.58 69.77 79.93  84.44 69.44 79.74 84.52 69.09 79.56 84.69
6.0 75.00 0.33 0.80 182.40 92.47 54.93 60.45 70.92 8252 60.19 70.76 82.79 60.00 70.68 83.05
6.0 100.00 0.44 0.40 91.20 93.00 78.71 83.71 89.44  90.37 83.37 89.35 90.32 82.96 89.22 90.25
6.0 100.00 0.44 0.60 136.80 93.00 68.66 72.48 8341  88.22 72.15 83.23 88.30 71.79 83.10 88.44
6.0 100.00 0.44 0.80 182.40 93.00 59.94 63.30 7448  89.34 63.05 74.33 89.66 62.86 74.27 90.15
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Table 9

Statistical analysis for the comparison of the strength reduction factor for offset web holes

Statistical parameters RosH [Test& FEA] / Re (osH) [1.01-0.16 (a/h)+0.06 (x/h)+0.04(rq/t)+0.31(q/h)]
Mean, Pm 1.00
Coefficient of variation, V, 0.09
Reliability index, S 2.66
Resistance factor, ¢ 0.85
Table 10

Statistical analysis for the comparison of the strength reduction factor for down web holes

Statistical parameters RosH [Test& FEA] / Rp (psH) [1.02-0.39 (a/h)+0.02 (N/h)+0.04(rq/t)+0.49(q/h)]
Mean, Pm 1.00
Coefficient of variation, Vp 0.08
Reliability index, g 2.72
Resistance factor, ¢ 0.85
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(a) Plain webs (b) With unstiffened holes (c) With edge-stiffened holes

Fig.1 CFS channel sections
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Fig.2 IOF and EOF loading conditions with offset web holes studied by Uzzaman et al.
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Fig.3 ETF loading condition with offset and down web holes studied by Uzzaman et al.
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Fig.5 Schematic view of test set-up for ITF loading condition
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Fig.6 Comparison of experiment and finite element analysis for offset web holes
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Fig.7 Comparison of experiment and finite element analysis for down web hole
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(d) Comparison of deformation shape for down unstiffened hole

45

.04733

47.1106
94.1739
141.237
188.301
235.364
282.427
329.49

376.554
423.617

.058356
41.6077
83.157

124.706
166.256
207.805
249.354
290.904
332.453
374.002

134269
49.9184
99.7026
149.487
199.271
249.055
298.839
348.623
398.408
448.192

.072443
41.9097
83.747

125.584
167.422
209.259
251.096
292.934
334.771
376.608



047273
44.9758
89.9044
134.833
179.762
224.69

269.619
314.547
359.476
404.404

(e) Comparison of deformation shape for down edge-stiffened hole

Fig.8 Comparison of the deformation shape for ITF loading condition
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Fig.9 Comparison of web deformation curves for specimen 290x45x15-t2.5N50
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Fig.10 Variation in reduction factors with a/h and x/h for offset web holes
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Fig.11 Variation in reduction factors with rq/t and g/h for offset web holes
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Fig.12 Variation in reduction factors with a/h and N/h for down web holes
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Fig.13 Variation in reduction factors with rq/t and g/h for down web holes
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Fig.14 Variation in reduction factors with a/h
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Fig.15 Comparison of the reduction factors for web holes offset to bearing plate
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Fig.16 Comparison of the reduction factors for web holes down the bearing plate

53



