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Abstract

In the latest North American Specification for the design of cold-formed steel (CFS) structural
members and the Australian/New Zealand Standard for cold-formed steel structures, an empirical
approach is specified to design beams with web holes in shear. Recently, an alternative based on the
Direct Strength Method (DSM) of design for shear for perforated beams with the aspect ratio (shear-
span/web-depth) of 1.0 has been proposed. This paper presents a comprehensive review of the
proposal and an experimental validation using results from a test series on channels with a shear span
aspect ratio of 2.0 and with various square and circular web opening sizes conducted at the University
of Sydney, and other experimental data collected from the literature. It is proven that the earlier
proposal reliably predicts the shear strength of CFS perforated members with central square and
circular web holes and with an aspect ratio up to 2.0. An approximate equation to determine shear
buckling coefficients is derived to allow shear buckling forces, an input of the DSM design equation,
to be computed directly on the basis of geometrical dimensions of perforated members. Finite element
models of the tests are also developed and validated to study the variation of the shear strengths with
respect to the hole sizes where considerable shear strengths of members with substantially large web
holes extending up to the full depths of the webs are observed. Further, the experimental shear
strengths are used to calibrate the DSM-based proposal. It is confirmed that the resistance factors for
shear design being used in the current North American Specification and Australian/New Zealand
Standard are applicable.
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Introduction

For unperforated members subjected to shear force, the design rules in the AISI S100-16 Section
G2.2 (AIS12016) and the Australian/New Zealand Standard for cold-formed steel structures AS/NZS
4600:2018 (Standards Australia 2018) allow direct computation of the shear strength (V) as given
by Egs. (1) and (2). These equations were based on those for the Direct Strength Method in Appendix
1 of the AISI S100-12 (AISI 2012) but are now applicable to all methodologies.
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kv is shear buckling coefficient of the whole section including flanges and lips assuming an
average buckling stress in the web which is given in (Pham and Hancock 2009, 2012c) for
plain lipped channels based on the Spline Finite Strip Method (SFSM), h is the depth of the
flat portion of the web, t is the thickness of the web, E is Young's modulus of steel, and v is

Poisson's ratio of steel.
Vy is the yield shear load of the flat web, Vy = 0.6fyAw where Ay is the cross-sectional area of

the flat web element, fy is the design yield stress

However, for perforated members in shear, both the AISI S100-16 and the AS/NZS 4600:2018 still
adopt an empirical approach based on the experimental research by Shan et al. (1994), Schuster et al.
(1995), and Eiler et al. (1997). This method allows shear strengths of CFS members with web holes
to be computed as a product of a strength reduction factor (gs) and the shear strength of members

without web holes as follows:

When ¢/t > 54; gs=1 (3a)



When 5 <c/t < 54, gs=c/(54t) (3b)

where ¢ = h/2 — d/2.83 for circular holes; c= h/2 — d/2 for non-circular holes; h = depth of the flat
portion of the web measured along the plane of the web; t = web thickness; and d = depth of web

hole.
Alternative design methods for perforated cold-formed steel members in shear

Pham et al. (2014a, 2016) conducted eighteen shear tests on 200 mm deep channel sections with a
shear span aspect ratio of 1.0 and with square web hole sizes of 40; 80 and 120 mm. The beams were
loaded by a central point load which failed the members in a predominantly shear failure mode as
shown in Fig. 1(b).

Pham et al. (2014a, 2016) verified the shear design equations (Eqgs. 1(a) and 1(b)) against the
experimental results. The elastic shear buckling loads (Vcr) of channels with holes were determined
using the Spline Finite Strip Method (SFSM), whereas the shear yield loads (Vy) were based on either
the shear yield loads of the unreduced webs (Agweb) or the net webs (Anetweb). When the unreduced
webs are adopted to compute Vy, despite a close agreement for channels with a certain square hole
sizes of dn/h<"0.3, the equations severely over-predict the strengths of members with larger holes.
When the shear yield loads are based on the net sections of the webs, the equations underestimate the
shear strengths of channels with relatively small openings (dn/h<"0.3) while they overestimate the

strengths of channels with relatively large web holes (dn/h>0.6).

Keerthan and Mahendran (2013), on the basis of 32 similar shear tests on channel sections with
circular openings, proposed new empirical equations to determine the shear reduction factors relying
on the ratio of the circular web opening depth (D) to the clear web height (d1). The new design
formulae were generated by fitting the test results of members with circular openings as follows:

0<2 <030, g -1-062 (4)
dl 1
030<2 <070+ g =1215-1.316 2 (4b)
dl dl
0.70 < dB <0.85 g, =0.732— o.ezsdE (4c)
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Since these new formulae were solely based on the test results of members with circular openings,

their application for other perforation shapes requires further interpretation.



Nonetheless, the preceding approaches are not in line with the DSM design philosophy, which has
been implemented in the design for other resultant actions, i.e., bending, compression (for both
perforated and unperforated members), and shear (for unperforated members only). Therefore, a
DSM-based design approach for perforated members in shear is required to unify cold-formed steel

structural design.

Recently, Pham et al. (2017a) proposed an approach based on the DSM to design channels with web
openings having a shear span aspect ratio of 1.0. The method allows the design rules for unperforated
members (Eqgs. 1&2) as per the AISI S100-16 and the AS 4600:2018 to be used but with modification
of the elastic shear buckling load (Vcrn) and the shear yield load (Vyn) to account for the reduction of
the shear strength due to the web holes. The buckling load can be determined by a rational linear
elastic buckling analysis using finite element computer packages such as Abaqus, Strand7 or spline
finite strip analysis software such as ISFSM (Eccher 2007). For shear spans with an aspect ratio of
1.0, designers are also able to calculate V¢rh 0n the basis of the shear buckling coefficient (kv) extracted
from non-dimensional graphs or fitted equations (Pham 2017). Alternatively, Pham et al. (2017b)
generated a database of buckling coefficients for channel sections with various central square web
hole sizes and aspect ratios using the finite element package Abaqus (Dassault Systéemes Simulia
Corp. 2014). This database was used by Pham et al. (2017b) to derive a simple expression for ky on
the basis of non-dimensional geometrical parameters as follows:

K, =5.39E—3.33d—“—17.75+11.9i+5.27 (5)
a h a A

where a is the length of the shear span; h is the flat web depth; Ly is the width of the web opening; dx
is the equivalent depth of the web opening, which is equal to the actual size of the square hole, or
equal to 0.825D where D is the diameter of the circular hole; A, is the surface area of the web opening;
A is the surface area of the flat web plate. The rationale behind the concept of the equivalent depth
(dn) to transform a circular shape to an equivalent square shape was explained by Pham et al. (2017a).
It is noted that Eq. (5) has a certain range of applicability including the limits of opening sizes and
the aspect ratios as Eq. (5) was derived from the specific database generated by Pham et al. (2017b).
Further, the equation does not consider the influence of the flange width on the shear buckling, which
is important for sections with narrow or wide flanges. This is not an issue for typical cold-formed
steel sections in Australia on which the database of buckling coefficients was based, but it is worth
addressing that common sections in other parts of the world, for example in the USA, might have

relatively narrow flanges.



In this paper, for elastic buckling analysis, the database is extended with more data points and to
cover the influence of the flange width. In total, seven hundred and sixty-eight finite element models
with central square web holes, as described in Pham et al. (2017b), were constructed and analysed,
aided by a customised Matlab code to generate the Abaqus input files, and a Python script to run the
eigenbuckling analyses using the Abaqus processor and to extract the buckling loads. The models
included 200 mm deep channel section beams with shear-span-to-web-depth aspect ratios of 1.0, 2.0
and 3.0; square hole sizes with the dn/h ratio ranging from 0.1 to 0.8; thicknesses of 1.2, 1.5, 2.4 and
3.0 mm and flange widths of 50, 60, 75 and 85 mm, i.e. the b¢/h ratio ranging from 0.27 to 0.45. The
buckling coefficients were subsequently back computed, and the database was used to generate the

following equation to approximate the values of ky:

K, =6.152—3.63d—h—19.585+13.88i+0.57b—f+4.86 (6)
a h a A h
For shear yield load, Pham et al. (2017a), on the basis of an underlying interpretation of the shear
yield load and finite element analyses, proposed a design model for the shear yield load for sections
with web holes (Vyn). The model ranges from the unreduced plastic shear capacity for members with
small holes to the shear yielding capacity derived from a Vierendeel plastic mechanism for members

with large web holes as mathematically described by:

When 0<S2<010, V=V, (7a)
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where Vyrq is determined by Eq. (8); and Vurd,0.6 is the value of Vg computed for the perforated section
with the ratio of dn/h= 0.6.

Vi =——- (8)

vrd
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where Mpy is the plastic bending capacity of the top (or bottom) segment above (or below) the
opening, as shown in Fig. 2, including the flanges and lips, provided that the hole is centrally located;
for cold-formed steel sections, the rounded corners are considered as squares for simplicity; and L is

the width of the web opening.



Fig. 2 shows three practical positions of the plastic neutral axis on the top half of a channel section at
the location of the web hole. Case 1 corresponds to the neutral axis passing through the top flange
with yn being the distance from the top fibre to the axis; Case 2 is associated with the neutral axis
lying below the top flange but located within the lip; and Case 3 has the neutral axis below the lip.

The distance yn is determined as follows:

Case 1: vy, =%(dm +d, —2t+b; )<t (9a)
f

Case 2: Y, =0.25(d,, +d, +2t—b;)>t and y, <d, (9b)

Case 3: Y, =0.50(d,, —d, +2t—b, )>d, (90)

Consequently, the plastic moments corresponding to the three cases are computed as follows:

Case 1:

M, =% fyt_be(yﬁ +(y, —tP )+ (d2 +d2 - 2t2)- 2y, (d,, +d, —2t)} (10a)
Case 2:

M, :% fyt_be [yn —%}r (a2 +d2 +2t?)-2y,(d, +d, + 2t)} (10b)
Case 3:
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The design equations (1) and (2) with the modified Vcrn and Vyh were validated against the experiments
of channel section beams with square and circular web openings and with a shear span aspect ratio
of 1.0 (Keerthan and Mahendran 2013; Pham et al. 2014a; Pham et al. 2016). It was found that the
proposal reliably predicted the shear strength of those perforated sections. However, its applicability
has been restricted to shear spans with an aspect ratio of 1.0. Further, the experiments as mentioned
used a central point load test rig which generated a constant shear force along the shear span and a
single curvature bending moment gradient. As discussed in greater detail in Pham et al. (2018a; b),
this moment gradient does not affect the shear strength of channels with an aspect ratio of 1.0. For
longer shear panels, however, a substantial strength reduction occurs due to bending effects (Pham
and Hancock 2012a).

Recent Developments of Shear Tests for CFS Members with Higher Aspect Ratios

Pham et al. (2018a) developed a new test rig, referred to as the Basler rig, to study the shear strengths
of cold-formed steel channels with an aspect ratio of 2.0. The rig, inspired by shear tests on plate
girders (Basler et al. 1960), bends the shear span of interest in double curvature with equal, reversed

applied moments at two ends of the shear span. As a result, the maximum moment to shear ratio along
7



the shear span is reduced to half of the ratio produced by the conventional central point load shear
tests. A test series on channel sections without web holes was carried out to verify the new test rig,
which saw a substantial shear strength enhancement, up to 40%, due to the low moment-to-shear
ratio. This philosophy was adopted for further development of a simpler and more economical test
rig, referred to as the dual actuator test rig (Pham et al. 2018b). The dual actuator rig is capable of
minimizing the bending-to-shear ratio, as does the Basler rig, but with much simpler specimen

preparation and reduced time and cost.

This paper introduces a test series on high strength cold-formed steel channels with an aspect ratio of
2.0 and with various central square and circular web holes using the newly designed dual actuator
test rig. As the details and the validation of the test rig can be found in the above-mentioned
references, only a brief introduction of the testing protocol is presented herein. Finite element models
are also developed and calibrated against the experimental results prior to being used for a parametric
study of channels with a wide range of hole sizes. The experimental results are used to validate and
extend the proposal of shear design for structures with web holes (Pham et al. 2017a) to shear spans
with aspect ratios up to 2.0. Available experimental results (Keerthan and Mahendran 2013; Pham et
al. 2014a, 2016) are combined and used to calibrate the DSM-based proposal for the design of cold-
formed steel channels with web holes in shear.

Dual Actuator Test Configuration

Fig. 3 shows a schematic diagram of the main features of the test setup. The cantilevered cold-formed
steel channel was bolted to a stocky column by a moment connection using high strength M12 bolts
on the web and M10 bolts on the flanges.

The beam was loaded by two actuators via two loading assemblies fabricated from 20 mm plates and
bolted to the beam web. Each MTS actuator has a capacity of 253 kN in compression and 162 kN in
tension, and has a stroke range of 508 mm. They are controlled simultaneously by an MTS FlexTest®
Controller. These actuators are able to move independently with different rates, thus the ratio of the
applied moments at the ends of the shear span of interest can be controlled by adjusting these moving
rates. In Fig. 3, only one channel is shown for clarity. The actual test comprised of two channels
bolted back to back to the two sides of the loading plates as seen in the 3D rendered images in Fig. 4.
In Fig. 4(b), the front supporting frame as well as the four turnbuckles connected to it are removed to
offer a clear view of the test setup.



Fig. 5 shows an actual test on cold-formed channels with a 145 mm diameter circular web hole. The
distortion of the flanges of the two channels was prevented by the 30x30x3EA equal angle straps
screwed to both top and bottom flanges as used by Pham and Hancock (2012a). The verticality and
lateral restraints of the system were maintained by means of four pairs of turnbuckles as seen in Fig.
4.

Instrumentation and Test Procedure

During the tests, ten linear variable differential transformers (LVDTs) were used to track the
deformation and displacements of the specimens. Of these, six were employed to track the vertical
displacements along the length of the beam, and two were mounted to the shear panel adjacent to the
opening along the diagonal tension band to measure the out-of-plane deformation. The other two
LVDTs were used to track the horizontal movement of the column to which the channels were fixed.
Further, two inclinometers were attached to the top flanges of the specimen pair. The locations of the
instruments are demonstrated in Fig. 3 and can be seen in Fig. 5. Vishay Model 5100B scanners and
the Vishay System 5000 StrainSmart software were used to record the measured data. The primary
aim of the test configuration was to minimize the applied bending moments in the shear span, thus
allowing ultimate shear strengths to be reached prior to premature bending failures. This was
accomplished by maintaining an applied moment ratio of Mc to Mg of -1.0 where Mc and Mg are the
moments at the connection and at the other end of the shear span, respectively. A default moment
rate of 0.5 mm/min was used for both actuators at the beginning. The rate was adjusted according to
the actual variation of the moments Mc and Mg monitored in real time so that the ratio of Mc/Ms

approached -1.0.

Test Matrix

The test series on channels with web holes comprised twelve tests on 200 mm deep and 1.5 mm thick
G450 (Standards Australia 2011) lipped channel sections with square and circular web holes and with
an aspect ratio of 2.0. It is worth noting that the term G450’ refers to a steel grade which has a
guaranteed minimum vyield strength of 450 MPa. Of these, six tests were performed on channel
sections with square hole sizes (dn) of 40 mm, 80 mm and 120 mm, consistent with the dimensions
used by Pham et al. (20144, 2016); and six tests on sections with circular web holes with the diameters
(D) of 50 mm, 100 mm and 145 mm. Those circular hole diameters were calculated and rounded from
the above-mentioned square sizes using the relation d\=0.825D. This conversion enables the shear
design of members with circular web holes by transforming the circles to the equivalent square

openings as discussed by Pham et al. (2017a). The test matrix is summarised in Table 1. The cross-
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sectional dimensions of individual channels are given in Tables 2 and 3 with the dimension notations
illustrated in Fig. 6. A typical test designation of “C20015- S40” is defined as follows

e “C200” indicates a channel section with the web depth of 200 mm,

e “15” indicates the thickness times 10 in mm,

e “S40” indicates a square hole size of 40 mm. Alternatively, “C50” indicates a circular hole with

the diameter (D) of 50 mm.

The material yield stress (fy) was measured by tensile coupon tests according to the Australian
Standard for metallic materials- Tensile testing at ambient temperature AS 1391-2007 (Standards
Australia 2005) and the average value is provided in Table 1.

Experimental Results

Fig. 7 shows typical failure mode shapes of the tests on channels with square and circular holes.
Diagonal shear bands across the whole shear span occurred for channels with small web openings
(40 mm square hole and 50 mm circular hole), whereas more localised shear bands were observed
for channels with substantially large openings (120 mm square hole and 145 mm circular hole). This
indicates that, for the channels with the large web holes, local effects at the areas close to the holes
have a significant role in dictating the shear failure bands. The channels with square holes fractured
in the direction perpendicular to the shear bands at the corners of the openings even though the corners
are rounded to 5 mm. The fracture, however, occurred after the peak load had been reached, and thus

is outside the scope of this study.

The ultimate shear forces (Vn7) of the test series are summarised in Table 4. The average shear
strengths of tests on the same section, aspect ratio and material but without web holes (Pham et al.
2018Db), designated as S2-C20015, is included in the first row for comparison. Further, the shear test
results on similar channel sections with an aspect ratio of 1.0 and with square web holes conducted

by Pham et al. (2014a) are reproduced in the last two columns.

It is noted that there is a difference in the yield stresses of these two test series. Therefore, the ultimate
shear strength is normalised to the shear yield load (Vy) of the corresponding unreduced sections. The
equivalent square hole size (dn) is the actual size of the square hole or the value of 0.825D for the
circular hole with a diameter of D; h is the flat web depth. As can be seen, with the inclusion of the
web holes, the shear strength reduction varies from approximately 10% to 70% when the ratio of the
equivalent square hole size to the flat web depth (dn/h) ranges from 0.21 to 0.63. In comparison with

the aspect ratio of 1.0 tests (Pham et al. 2014a), there is little discrepancy between the shear strength
10



of the tests with large web openings regardless of the aspect ratios. The difference is approximately
8.8% for the 120 mm square holes. This is contrary to the case of channels with smaller openings
where the difference in the shear strength is more substantial, approximately 16% for channels with
40 mm square holes. As a result, it can be concluded that the large aspect ratio has a noticeable
influence on the shear strength of structures with relatively small holes. The ratio, however, causes
little effect on channels with substantial web holes. This is because the local stresses around the large
holes followed by a Vierendeel failure mechanism, as discussed by Pham et al. (2017a), govern the
overall behaviour of the members. Further, it can be observed from the normalised shear strength in
Table 4 that the strength of channels with circular openings is very close to the strength of channels
with corresponding square openings. For instance, the difference is of a maximum of circa 5% for
the pair of 80 mm square hole size and 100 mm diameter circular hole. This close agreement proves
that, in terms of the shear strength, the circular holes can be transformed into square ones using the
relation dn = 0.825D.

Numerical simulation
Non-linear simulations of the tests were completed using the Finite Element Method (FEM)-based
package Abaqus/Standard (Dassault Systéemes Simulia Corp. 2014). The models were calibrated

against the test results before being used for a parametric study.

Model Details

The linear, 4-node doubly curved shell elements (S4R) in Abaqus’ element library were chosen to
model cold-formed sections. This element type has been proven to be reliable in capturing the post-
buckling behaviour of thin-walled sections (Pham and Hancock 2010, 2015; Pham et al. 2018a).
Meanwhile, 8-node linear brick elements (C3D8R) were selected to model other components

including the column, plates, angle stiffeners and the straps.

The three-dimensional model of a shear test is shown in Fig. 8, with several simplifications compared
with the actual test. First, because of the symmetry of the two channels bolted to two sides of the
loading plates, only one channel was modelled, and symmetry boundary conditions about the yz-
plane were imposed on the back ends of the angle straps. Secondly, the displacements applied by the
two actuators on the loading plates were simulated by the displacement boundary conditions on the
top of these two plates. Finally, the M12 threaded bars and bolts were modelled by discrete fastener
elements in Abaqus. Discrete fasteners make use of attachment lines to create connectors and

couplings between selected faces (Dassault Systemes Simulia Corp. 2014). The attachment line was
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created at the location of the bolt by projecting a point through all connected surfaces along the
direction of the bolts. A connector section was subsequently assigned to the attachment line. A
generic "cartesian + rotation" connector section was adopted, and a nonlinear elastic behaviour was
assigned for these connectors. This nonlinear elastic property was defined using the full force-
displacement curve obtained by bolted connection tests for cold-formed steel sections (Phan and
Rasmussen 2018). The actual diameters of the bolts (12 mm on the web and 10 mm on the flanges)
were accounted for by specifying the influence radius of the connectors. They are demonstrated by
the green circles in Fig. 8. The welded connection between the 20 mm web side plate as well as the
20 mm top and bottom plates and the column’s surface was modelled using a surface-to-surface tie
constraint which restrains all the translational and rotational degrees of freedom (DoF). The fixity at
the column base was simulated by imposing an “ENCASTRE” boundary condition which also
prevents all the DoFs. True stress-strain curves derived from engineering stress-strain curves obtained
by coupon tests are input to the material property of the cold-formed steel component to account for

material nonlinearity during analyses.

Validation of the FEM
The accuracy of the finite element simulation is verified by both shear buckling and ultimate shear

strength analyses.

Firstly, eigenvalue buckling analyses were performed and the shear buckling loads were compared
with those obtained by the Spline Finite Strip Method (SFSM). The shape function for the SFSM is
expressed as the product of a polynomial and a spline function, typically a basic cubic B-3 spline
(Fan 1982; Fan and Cheung 1983). The method was applied by Eccher et al. (2008) for linear analysis
of perforated thin-walled structures. Pham (2017) compared the shear buckling loads of perforated
plates and of perforated channel sections with an aspect ratio of 1.0 obtained by both the SFSM and
the FEM. It was found that the two methods produce similar results despite different underlying shape
functions. Therefore, it is meaningful to use the SFSM to benchmark the FEM eigenvalue buckling

analysis.

Fig. 9 contains an illustration of the shear buckling mode shapes of a 200 mm deep, 1.5 mm thick
channel section with an 80 mm square opening or a 100 mm in diameter circular opening produced
by the SFSM and by the FEM. Clearly, similar buckling patterns are observed regardless of the
analysis methods. The values of the shear buckling forces summarised in Table 5 show a slight

difference of less than 9% between the results generated by the two methods. This difference is,
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however, expected since the FEM simulates the actual test rig which has a certain degree of rigidity
at the two ends of the shear span, as opposed to the idealised simply supported boundary conditions
used in the SFSM. Therefore, the FEM is considered as capable of capturing well the shear buckling
behaviour of cold-formed steel members.

Secondly, the ultimate shear strength analysis results including the peak shear forces, the shear failure
modes and the load versus displacement curves obtained by the FEM are compared with the
corresponding experimental outcomes. The actual dimensions of the test specimens as well as their
nonlinear material properties are input to the FE models. The sensitivity of the ultimate shear strength
to the initial geometrical imperfections is also investigated. The imperfections are incorporated into
the FE models using the normalised displacement fields obtained by buckling analyses scaled by a
factor of 0.15t or 0.64t where t is the thickness of cold-formed members. These scale factors have
been used consistently by Pham and Hancock (2010, 2012b) and Pham et al. (2014b). It was found
that the ultimate shear strengths are not sensitive to the initial geometrical imperfections, which is
also in line with the findings by the aforementioned researchers. The inclusion of the imperfections
only decreases the shear strengths by less than 1.1%. FE models with a scale factor of 0.64t produced
the shear strengths which are the best match with the experimental results, and thus it is used
throughout this study. Fig. 10 shows the shear failure modes produced by the FEM in comparison
with the experimental modes for channels with a circular or a square web hole. Von Mises stress
distribution at the peak shear forces is displayed on the FE models together with the corresponding
colour scale charts. Clearly, the FEM, resembling well the experimental failure modes, is able to
capture the characteristic post-buckling shear behaviour of cold-formed steel channels with web
holes. It is also useful to observe the development of the full stress field along the members.

A comparison of the load versus displacement curves obtained by the tests and by the FE simulation
for the cases mentioned previously is provided in Fig. 11. Overall, the FEM is capable of tracking the
full load-displacement progress of the test specimens. The slight mismatch is mainly attributed to the
inability to accurately simulate the variable movement rates of the two actuators which were adjusted
multiple times during the tests. Further, the mathematical modelling of the connectors in Abaqus was

not able to fully capture the local plastic deformation around the bolt holes.

Nonetheless, close agreement between the numerical and experimental results in both the linear
elastic buckling analyses and the nonlinear strength analyses proves the validity of the FEM

simulation using the Abaqus software package.
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Parametric study using the FEM

As presented previously, experiments were performed on channels having square and circular web
holes of certain dimensions including the square hole sizes of 40, 80 and 120 mm; and the circular
holes of 50, 100 and 145 mm in diameter. The FE simulation is employed herein to extend the test

database, thus the behaviour of channels with a full range of the web holes can be investigated.

Table 6 shows the hole dimensions studied by the FEM to complement the experimental results. The
diameters of the circular holes as shown in brackets are computed and rounded from the relation dh
= 0.825D where dn is the equivalent square hole size and D is the diameter of the circular hole. For
the largest square hole size of 180 mm, the equivalent circular hole diameter exceeds the web depth,
thus it is excluded from the table.

Table 7 contains a summary of the shear strengths of channel sections with the full range of square
and circular web openings obtained both from the experiments and from the FE simulation. The
equivalent square hole sizes (dn) are the actual sizes of the square holes and are the diameters of the

circular holes multiplied by the conversion factor of 0.825.

A graphical illustration of the data in Table 7 is provided in Fig. 12. The abscissa represents the ratio
of the equivalent square size of the perforation (dn) to the flat web depth (h), while the ordinate depicts
the ultimate shear strength obtained by either the experiments or the numerical analyses. The
experiment data is plotted by solid squares and circular dots for the square and circular opening cases,
respectively. In the same manner, the FEM results are plotted by hollow points. A third-order
polynomial curve fitting the data set is also included. This variation trend is consistent with the
observation by Pham et al. (2017a) for perforated channels with an aspect ratio of 1.0. For the beam
with a substantial web opening (S180) of which over 80% of the web depth is taken out, 8.6% of the

full shear strength is still retained by virtue of the contribution of the flanges and the lips.

Validation of the proposal of design for shear for channels with web holes

The shear design proposal for channels with holes having an aspect ratio of 1.0 (Pham et al. 2017a)
employs the existing design formulae for unperforated members described by Egs. (1) and (2), but
with modified shear buckling force (Vcrh) and with the yield shear force (Vyn) reformulated to account
for the influence of the web holes. The experimental results of perforated channels with a higher
aspect ratio of 2.0 as presented previously are used to validate this design proposal.

14



Table 8 contains a summary of the shear strengths predicted by the proposal compared with the
experimental shear strengths. In this table, Vi1 is the experimental shear strength of channels with
holes and with the shear span aspect ratio of 2.0; Vyn is the yield shear force determined in accordance
with Egs. (7) and (8); Vern1 and Vern are the shear buckling forces determined by two methods namely
the eigen-buckling analysis using the computer package Abaqus, and the approximation using Eqg.
(6) and (2), respectively. Details of the finite element eigen-buckling analysis to determine Vcr1 was
discussed by Pham et al. (2017b). Associated shear strengths (Va1 and Vi) predicted by the design
proposal using the modified shear buckling forces (Vern1 and Vernz) and modified yield shear force
(Vyn) are included. The ratios of the test results (Vn1) to the predicted values (Va1 and Vi) are
computed in conjunction with their mean values and coefficients of variation (CoV). It was found that
the proposed formulae predict reliably and consistently shear resistance of perforated sections
regardless of the methods used to determine the shear buckling forces, which is indicated by fairly
good mean values and low CoV. Further, shear buckling forces computed on the basis of Eq. (6)
slightly enhance the accuracy of the prediction which is credited to the favourable variation of the ky
approximation using Eq. (6) for this specific web opening range. This paper, however, uses Vcrh1
afterwards to evaluate the DSM design rules as these shear buckling forces are more accurate than

the approximate Vernz.

The test results are normalised and plotted against the design curve (Eg. 1) as shown in Fig. 13. The
abscissa depicts the section slenderness (Av), whereas the ordinate represents the ratio of the
experimental shear strength (Vn1) to the modified shear yield force (Vyn). In this figure, the
experimental results of the members with an aspect ratio of 2.0, as shown in Table 8, are plotted as
the solid circles and solid squares for the tests with circular and square web holes, respectively. The
test results on perforated channels with an aspect ratio of 1.0 conducted by Pham et al. (20144, 2016)
and by Keerthan and Mahendran (2013) are also included as hollow points. The graph clearly
indicates that the design curve for shear is able to predict well the shear strength of cold-formed steel
channel sections with circular and square web holes, and with aspect ratios up to 2.0. Furthermore,
the test results on longer shear spans seem to better follow the curve in comparison with the tests on
channels with a shear span aspect ratio of 1.0. The explanation is based on the fact that the former
test series was subjected to a minimal moment gradient, thus the shear strength was consistently close

to pure shear strength.
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The mean value, standard deviation and the coefficient of variation of the Vi 1/ Vi1 ratios for 30 tests
of perforated channels with an aspect ratio of 1.0 (Pham et al. 20144, 2016; Keerthan and Mahendran
2013) and 12 tests of perforated channels with an aspect ratio of 2.0 as presented in Table 8 are 1.04;
0.063 and 6.04%, respectively.

Comparison with the AISI S100-16

The AISI S100-16 Section G3 allows the shear strength of C-section webs with holes to be determined
in accordance with Section G2, with V¢ computed using Section G2.3, multiplied by the strength
reduction factor gs. It is therefore interpreted that Section G2.2 can be used to obtain the shear strength
of transversely stiffened channels using the elastic shear buckling force of the flat web alone, not the
shear buckling force of the full cross-section. The shear strength measured during the tests (V1) is
compared with the strength predicted by the AISI S100-16 Section G3 (Vng3) in Table 9. It can be
seen that the predictions are close for channels with relatively small web openings. However, for
members with large web holes, the AISI provision for shear with holes over-estimates the shear
strength, as high as 72% above the experimental result. Further, the CoV of 16.4% indicates the

inconsistency of the prediction.

Calibration of the design proposal for channels with square and circular web holes
The resistance factor (¢) associated with the shear strength determined by the proposal as per Egs.
(1) and (2) is computed using the AISI S100-16 Eqg. K2.1.1-2 as follows:

¢=C¢(|\/| Ep ) efﬂoqlvhﬁ+v§+cpv§+v<§ (11)

m-m"m

where
Mnm is the mean value of material factor with its associated coefficient of variation of Vu;
Fm is the mean value of fabrication factor with its associated coefficient of variation of Vr;
Pm is the mean value of professional factor taken as 1.04 as mentioned previously in Fig. 13;
Vp is the coefficient of variation of the test results, computed as the ratio of the standard deviation
of the test-to-predicted ratios to Pm. These two values are mentioned previously in Fig. 13, thus
Vp takes a value of 0.061 but a minimum value of 0.065 is adopted as per the specification;
Vq is the coefficient of variation of the load effect, taken as 0.21 for the Load and Resistance
Factor Design (LRFD) as specified by the AISI S100-16;

Cr is the correction factor for sample size,C,, = (1+1jm/(m —2), where n=42 is the number
n

of tests, m=n-1=41 is the degree of freedom; as a result, Cp=1.076;
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For LRFD, the calibration coefficient (C¢) is taken as 1.52, and the target reliability index (,) is

2.5 for structural members as per the AISI S100-16. The values of Mm, Vm, Fm and VFr are 1.192;
0.031; 1.000 and 0.010 respectively. These values are taken from 1,207 tests for steels from 1.0 mm
to 3.0 mm over a 12-month period from the mill of BlueScope Steel Ltd. (Pham and Hancock 2012a).
These are compared with the set of values extracted in the AIS1 S100-16 of 1.100; 0.100; 1.000 and
0.050 which show that statistical results obtained from the BlueScope Steel Ltd test program are
slightly higher and more consistent. With the target reliability index of 2.5, a resistance factor (¢) of
1.08 is obtained, which is greater than the factor of 0.95 in the AISI S100-16 and of 0.9 in the AS/NZS
4600:2018.

Conclusion

This paper contains a summary of the proposal for shear design for cold-formed steel channels with
circular and square web openings having shear span aspect ratios up to 2.0. It is based on the
philosophy of the Direct Strength Method (DSM) but is general to the approach in the AISI S100-16
specification. The proposal is supported through the use of available test series of perforated channels
with a shear span aspect ratio of 1.0. It is further validated by a new experimental program on channels
with a shear span aspect ratio of 2.0 and with various square and circular opening sizes using a dual
actuator test setup. The dual actuator test rig minimizes applied bending moments along the shear
span, thus allowing ultimate shear strengths to be reached without premature flexural failures. Finite
element models were constructed, and they were calibrated using experimental data. The FEM was
used subsequently to expand the experimental database to investigate the variation of the shear
strength with respect to a wide range of web hole sizes. It was shown that once the shear buckling
force and the yield shear force are reformulated to include the influence of the web holes, the existing
design rules in the AISI S100-16 are capable of predicting reliably the shear strength of perforated
members with shear span aspect ratios up to 2.0. In addition, experimental shear strengths were used
to calibrate the design proposal for use with LRFD. It was confirmed that the current resistance factors
implemented in the AISI S100-16 and the AS/NZS 4600:2018 are sufficient.
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NOTATION

The following symbols are used in this paper:

a = shear span (mm);

bt = overall width of flange (mm);

d = size of square web hole (mm);

dn = equivalent size of square or circular opening (mm),

= actual size of the hole (d) for square hole,
= 0.825D for the circular hole;

D = diameter of circular opening (mm);

do = overall depth of lip (mm);

dy = clear depth of web (mm);

h = depth of flat portion of web (mm);

ho = overall depth of web (mm);

kv = shear buckling coefficient;

gs = shear strength reduction factor;

t = thickness of cold-formed section (mm);

or = elastic buckling shear force of unreduced section (kN);

Verh = elastic buckling shear force of section with web hole (kN);

Vern1 = elastic buckling shear force of section with web hole computed by FE eigen-buckling
analysis (kN);

Verh2 = elastic buckling shear force of section with web hole computed by approximation
method (KN);

Vn,1 = ultimate applied shear force obtained by experiment (kN);

Vh = shear strength computed by the new design proposal (kN);

V1 = shear strength computed by the new design proposal, using Vern1 (KN);

Vn2 = shear strength computed by the new design proposal, using Vern2 (KN);

Vira = shear yield force derived from a Vierendeel plastic mechanism (kN);

Vy = shear yield force of unreduced section (kKN);

Vyn = shear yield force of section with web hole (kN);
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Fig. 1. Shear test on channel sections with 40 mm square web holes
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Fig. 2. Practical location of plastic neutral axis on the top half of a net channel section
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Fig. 3. Schematic diagram of the test setup



a) Overall view (b) Close-up view with front frame removed

Fig. 4. Three-dimensional rendered images of the test setup



Fig. 5. Test specimen during loading
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Fig. 6. Dimension notation of lipped channel section
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Fig. 7. Shear failure of channels with square and circular web holes



Fig. 8. Finite element model of a shear test
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Fig. 9. Buckling mode shapes produced by the SFSM and the FEM



b) Beam with a 100 mm diameter circular hole

Fig. 10. Shear failure modes by test and by FEM

' Mises
SHEG, (fraction = -1.0)

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+5,9900+02

l +5.491-02

FL 44804002

-+
+3.4570402
+2.99%0+02
+2.501e+02
+2.002e+02

& +1.50d4e-02
+1.005e+02
+5.071e<01
+8.671e-01



Shear strength (kN)

30

25

20

——53-C20015-580-1
———53-C20015-580-2

0 2 4 6 8

Vertical displacement at end of shear span (mm)

a) Specimens with square holes

10

Shear strength (kM)

7 —— 53-C20015-C100-1
— 53-C20015-C100-2

0 2 4 6 8 10

Vertical displacement at end of shear span (mm)

b) Specimens with circular holes

Fig. 11. Comparison of load vs. displacement curves for perforated beam specimens
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Fig. 12. Shear strength versus di/h ratio of channel sections with holes

50

¢ - -q,
.
40 | S~
.
30 N
'o\

5o | °FEM- Square opening RN

o FEM - Circular opening g

= Experiment - Square opening o
10 e Experiment - Circular opening o

~~Qn
+ Experiment - No opening ST (8]
O 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
dp/h



1.2

°o P,=1.04
1.0 CoV=6.04%
- 08
>>\
= 06
>
——DSM for shear
04
B Square web hole - AR2
e Circular web hole - AR2
0.2 O Square web hole - AR1 (Pham et al. (2014a, 2016))
o Circular web hole - AR1 (Keerthan and Mahendran (2013))
00 1 1 1 1 1

0.0 0.5 10 15 2.0 25 3.0

ﬂ'\/ :\j ;yh /Vcrhl

Fig. 13. Experimental results in comparison with the DSM shear curve



Table 1. Test matrix - Channels with web holes

Shear Hole Equivalent Nominal Measured
Test Hole . square yield yield Number
o span size X
designation (mm) shape (mm) size (dn) stress stress (fy)  of tests
(mm) (MPa) (MPa)
C20015-S40 400 Square 40 40 450 538.9 2
C20015-S80 400 Square 80 80 450 538.9 2
C20015- S120 400 Square 120 120 450 538.9 2
C20015-C50 400  Circular 50 41.3 450 538.9 2
C20015-C100 400  Circular 100 82.5 450 538.9 2
C20015-C145 400  Circular 145 119.6 450 538.9 2




Table 2. Measured cross-sectional dimensions of specimens with square holes

i i ho bf do

Test Designation t (mm) mm)  (mm)  (mm)
C20015-$40-1-Front 153 2045 >3 109
756 162

C20015-540-1-Back 1.55 2042 48 160
752 165

C20015-S40-2-Front 1.55 2051 >3 166
753 163

C20015-540-2-Back 1.50 2046 >4 161
751 166

C20015-580-1-Front 154 2043 >0 158
751 162

C20015-S80-1-Back 153 2042 /49 161
751 165

C20015-S80-2-Front 1.50 2049 >3 164
756 162

C20015-S80-2-Back 1.55 2045 [>8 161
753 166

C20015-5120-1-Front 1.55 2048 >3 DO
757 160

C20015-$120-1-Back 1.54 2046 29 162
761 163

C20015-$120-2-Front 153 2044 28 158
753 157

C20015-8120-2-Back 1.54 2051 >3 160

75.7 16.4




Table 3. Measured cross-sectional dimensions of specimens with circular holes

. . hO bf do

Test Designation t (mm) mm)  (mm)  (mm)
C20015-C50-1-Front 1.54 2052 > 160
754 165

C20015-C50-1-Back 153 2046 >3 161
757 162

C20015-C50-2-Front 1.54 2040 22 163
756 162

C20015-C50-2-Back 1.55 2045 >0 160
754 161

C20015-C100-1-Front 1.54 2042 26 161
757 158

C20015-C100-1-Back 1.55 2046 >0 101
759 163

C20015-C100-2-Front 154 2040 >4 160
757 161

C20015-C100-2-Back 153 2050 >4 159
758 163

C20015-C145-1-Front 1.54 2044 > 161
755 165

C20015-C145-1-Back 1.54 2045 26 161
754 159

C20015-C145-2-Front 1.50 2043 03 163
757 158

C20015-C145-2-Back 1.50 2048 />0 163

75.1 16.0




Table 4. Experimental results

Current Test Pham et al.
Series - (2014a) -
shear  Ol€ AR 2.0 AR 1.0
Designation span Size dn/h
(mm) (d, D) Vot Vit V1 Vi
(mm) (kN) /Ny (KN) Ny
S52-C20015 400 0 0.00 476 0.50
C20015-540-1 400 40 0.21 421 0.44
C20015-540-2 400 40 0.21 427 0.45 46.5 0530
C20015-S80-1 400 80 042 290 0.31 300 034
C20015-S80-2 400 80 042 286 0.30 ' '
C20015-S120-1 400 120 0.63 148 0.15 148 0170
C20015-5120-2 400 120 063 15.2 0.16 ' '
C20015-C50-1 400 50 0.22 419 0.44
C20015-C50-2 400 50 0.22 418 0.44
C20015-C100-1 400 100 043 275 0.29 na
C20015-C100-2 400 100 043 279 0.29 h
C20015-C145-1 400 145 0.63 150 0.16
C20015-C145-2 400 145 062 157 0.17




Table 5. Shear buckling loads produced by the SFSM and the FEM

Ve -FEM V¢ -SFSM  Variance
(kN) (kN) (%)

C20015-S80 13.5 12.4 8.9

C20015-C100 13.1 12.1 8.3

Designation




Table 6. Matrix of the FE simulation for channels with web holes

L Dimensions of square and circular web holes
Investigation

20 40 60 80 100 120 140 160 180

methods 0 (25* (50) (75) (100) (120) (145) (170) (195) ()
Test X X X X
FEM X X X X__X X

*Note: The first number is the size of the square hole (mm), the number in brackets is
the diameter of the circular hole (mm)




Table 7. Shear strength by FEM simulation

Equivalent
Desi _ Shear Asp_ect H_ole square Vi VoV cooos
gnation span  ratio  size : dn/h
(mm) (AR) (mm) size dn (kN) (kN)
(mm)

EXP-C20015 400 2.0 0 0 0.00 476 1.00
FEM-C20015-S20 400 2.0 20 20 0.10 46.8 0.98
EXP-C20015-S40 400 2.0 40 40 021 424 0.89
FEM-C20015-S60 400 2.0 60 60 031 3538 0.75
EXP-C20015-S80 400 2.0 80 80 042 2838 0.60
FEM-C20015-S100 400 2.0 100 100 052 225 0.47
EXP-C20015-S120 400 2.0 120 120 063 15.0 0.31
FEM-C20015-S140 400 2.0 140 140 0.73  9.00 0.19
FEM-C20015-S160 400 2.0 160 160 0.84  6.40 0.13
FEM-C20015-S180 400 2.0 180 180 094 410 0.09
FEM-C20015-C25 400 2.0 25 21 011 46.9 0.98
EXP-C20015-C50 400 2.0 50 41 022 419 0.88
FEM-C20015-C75 400 2.0 75 62 032 352 0.74
EXP-C20015-C100 400 2.0 100 83 043  27.7 0.58
FEM-C20015-C120 400 2.0 120 99 052 221 0.46
EXP-C20015-C145 400 2.0 145 120 062 154 0.32
FEM-C20015-C170 400 2.0 170 140 0.73  8.30 0.17
FEM-C20015-C190 400 2.0 190 157 0.82  6.90 0.14




Table 8. Shear strength of channels with holes with an aspect ratio of the shear span of 2.0

Shear Hole Vv V. DSM with Verha DSM with Verh2
Designation span  size (k?\f) (kKT) Vernm Vi Vol Vene Vi Vadl
(mm) (mm) (KN)  (kN)  Vm (KN)  (KN) Vi
C20015-S40-1 400 40 421 80.7 20.7 428 098 19.7 420 1.00
C20015-S40-2 400 40 427 812 202 426 100 192 418 1.02
C20015-S80-1 400 80 29.0 542 138 286 101 132 281 1.03
C20015-S80-2 400 80 286 544 135 285 100 129 28.0 1.02
C20015-S120-1 400 120 148 276 93 161 0.91 8.9 159 0.93
C20015-S120-2 400 120 152 274 9.2 16.0 0.9 8.7 15.7 0.97
C20015-C50-1 400 50 419 799 20.0 420 100 194 415 101
C20015-C50-2 400 50 418 804 205 425 098 198 419 1.00
C20015-C100-1 400 100 275 525 134 278 099 131 275 1.00
C20015-C100-2 400 100 279 527 132 277 101 128 273 1.02
C20015-C145-1 400 145 150 276 9.2 161 0.94 8.8 158 0.95
C20015-C145-2 400 145 157 271 8.7 156 101 82 152 1.03
Mean 0.98 1.00
SD 0.03 0.03
CoV (%) 3.29 3.27




Table 9. Shear strength predicted by the AISI S100-16 Section G3

Hole

. . a . t h VT VhG3
Designation (mm) (?r:ine) mm)  (mm)  (kN) Os (kN) Vn1/Vncs
C20015-S40-1 400 40 1.54 191.3 421 091 438 0.96
C20015-S40-2 400 40 153 191.8 427 0.92 438 0.98
C20015-S80-1* 400 80 154 191.2 29.0 0.67 322 0.90
C20015-S80-2* 400 80 153 1917 286 0.68 32.2 0.89
C20015-S120-1* 400 120 155 1916 148 0.43 20.8 0.71
C20015-S120-2* 400 120 154 1917 152 0.43 208 0.73
C20015-C50-1 400 50 1.54 1918 419 094 453 0.92
C20015-C50-2 400 50 155 191.2 418 093 453 0.92
C20015-C100-1 400 100 155 1913 275 0.72 35.1 0.78
C20015-C100-2 400 100 153 1914 279 0.73 349 0.80
C20015-C145-1 400 145 154 1914 150 054 258 0.58
C20015-C145-2 400 145 150 1916 157 055 254 0.62
Mean 0.82
SD 0.13
CoV (%) 16.35

Note: * Hole dimensions are out of the limits as per the AISI S100-16 Section G3
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