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Abstract

This thesis presents a comprehensive study on shear buckling and shear strength of high
strength G450 and G500 cold-formed steel sections with web holes and/or with intermediate
transverse web stiffeners. The primary aim is to develop a Direct Strength Method (DSM)
of design to predict the capacity of such sections. The study also suggests a new structural
application, the cold-formed steel girder, which could be potentially used as heavily loaded
cold-formed member such as a transfer beam.

The research involved the development of two new testing apparatuses that enable the
experimental shear study of cold-formed beams with an aspect ratio (shear span / web depth)
greater than 1.0. The first uses a single actuator similar to that used by Basler in the 1960s.
The second uses dual actuators and a sophisticated control system. The test rigs were designed
in such a way that they could minimize the bending moments applied to the shear span, thus
allowing shear strength close to pure shear to be achieved for shear panels with an aspect ratio
of 2.0. Three test series including thirteen tests on channel sections and SupaCee® sections
were conducted to validate the new test rig designs. The experimental results were also used
to validate the existing Direct Strength Method (DSM) of design for shear which was derived
from shear tests on beams with an aspect ratio of 1.0. It was found that the new test rigs,
which generated minimal moments in the shear span, significantly enhanced the shear strength
of relatively long shear panels. Further, close agreement between the DSM prediction and the
experimental shear strength confirmed the viability of the DSM for shear for structures with
an aspect ratio up to 2.0.

A test series including twelve tests on channel sections with various circular and square

holes was carried out using the dual actuator rig to study the shear strength reduction due
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to the occurrence of the web holes. Another six tests on channel sections with intermediate
transverse web stiffeners were conducted to investigate the shear strength of transversely
stiffened sections as well as the cross-section requirement of the stiffeners.

The finite element package Abaqus was employed to simulate the tests. The FE models
were calibrated against the experiments prior to being used to perform parametric studies.
The FE analyses extended the experimental database and provided insights into the stress
development and the full displacement fields. The numerical study was also used to study the
influence of such factors as flange restraints and moment to shear ratios on the shear strength
of cold-formed sections.

The experimental and numerical results were subsequently used to validate DSM shear
proposals to design beams with web holes and with intermediate transverse web stiffeners.
The proposal was first developed and validated by the tests on beams with web holes with an
aspect ratio of 1.0. It made use of the existing DSM design rules and introduced modifications
of the shear buckling load (V,) and the shear yield load (V) to account for the inclusion of
the web holes. The V,,; was determined via non-dimensionalised graphs or from a simple
expression derived by an artificial neural network. A practical model on the basis of a
Vierendeel plastic mechanism to determine Vy;, was introduced. The validation extends the

applicability of the DSM proposal to perforated members with aspect ratios up to 2.0.
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CHAPTER 1

INTRODUCTION

1.1 Background

Cold-formed steel structures have been used worldwide in the construction industry as a
result of their inherent advantages over conventional hot-rolled steel such as higher strength-
to-weight ratio and the ease of assembly. Their applications range from non-structural
elements such as facades, infill wall frames to the holistic cold-formed steel mid-rise buildings.
The design of cold-formed steel structural members is specified in the North American
specification for the design of cold-formed steel structural members AISI S100-16 (AISI,
2016) and the Australian/New Zealand Standard for cold-formed steel structures AS/NZS
4600:2018 (Standards Australia, 2018). These codes have incorporated the newly developed
Direct Strength Method (DSM) of design which substantially simplifies the design process as
compared to the conventional Effective Width Method (EWM). For structures subjected to
shear forces, the corresponding DSM design curve was constructed on the basis of thirty-six
shear tests on beams with an aspect ratio (shear span / section depth) of 1.0 conducted by
Pham & Hancock (2012a) using a central point load test setup. The design rules in the AISI
S100-16 Specification and AS/NZS 4600:2018 are deemed to be applicable to include the
moment - shear interaction for the design of beams with aspect ratios up to 2.0. At this aspect
ratio, a second test series by Pham & Hancock (2012a) observed combined bending and shear
failure modes adjacent to the loading points. Although this method has been proved to be
rational, an experimental verification of the DSM design for the shear strength of beams with
larger aspect ratios is of importance. This could be achievable by testing apparatuses that are

able to reduce the bending effects, allowing ultimate shear strength to be reached without
1
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premature bending failure at aspect ratios up to 2.0. Traditionally, methods are available in
the literature such as those by Basler et al. (1960).

In flooring systems, high-strength cold-formed steel beams are commonly used. The
beam webs are often perforated as shown in Fig. 1.1 to provide space for service systems
that go through the webs to increase the floor clearance height. The presence of the web

holes affects both the buckling capacities and strengths of structural members. Members

FIGURE 1.1. Cold-formed framing system (image courtesy of ClarkDietrich
Building Systems)

in compression and flexure with evenly spaced web holes have been studied in detail by
Moen & Schafer (2010b,a). The common cold-formed steel limit states including local,
distortional, and flexural-torsional buckling for members with holes were addressed, and
DSM design rules were also standardized in the North American specification AISI S100-
16 (AISI, 2016). For unperforated members subjected to shear forces, DSM design rules
were also included in the AISI S100-16 on the basis of the research by Pham & Hancock
(2012a). However, for perforated members in shear, both the AISI S100-16 and the Australian
standard AS/NZS 4600:2018 (Standards Australia, 2018) still adopt an empirical approach.

The method simply allows the shear strength of a member with holes to be determined
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as a fraction of the strength of the unperforated member through a reduction factor ¢s.
Despite the computational convenience, the method was proven to be conservative for lipped
channel sections with small web openings but unconservative for sections with large openings
(Keerthan & Mahendran, 2013a). Further, it is not in line with the DSM philosophy which has
been used for compression and bending where the buckling loads and yield loads accounting
for the holes are input to the DSM strength equations.

According to the AIST S100-16 and AS/NZS 4600:2018, the DSM of design for shear
for beams with transverse stiffeners which gives a higher tier shear strength can only be used
once the beams are properly stiffened by conforming transverse stiffeners. The specification
and standard provide a set of design rules to determine the minimum cross-section of the
stiffeners. The Specification for Structural Steel Buildings AISC 360-16 (AISC, 2016) also
specifies stiffener design formulae on the basis of the latest research (Kim & White, 2013)
which is fundamentally different from the one in the AISI S100-16. As a result, it is of interest
to study how the stiffened cold-formed steel beams behave and how appropriate these stiffener

design rules are.

1.2 Scope and Objectives

The research aims to provide an understanding of the behaviour of cold-formed steel shear
panels, especially for relatively long panels, with web holes and/or with intermediate trans-
verse stiffeners. Experiments and numerical simulation are conducted followed by proposals
for DSM design guidelines. To achieve these objectives, the following tasks were addressed:
(1) developing new experimental configurations in order to experimentally study the
shear behaviour of long shear panels without significant interference from bending
effects,
(1) validating experimentally and thus formally extending the existing DSM design rules
for shear to shear panels with an aspect ratio up to 2.0 using the test results obtained

by the new test rigs,
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(ii1) quantifying the shear strength reduction of shear panels with aspect ratios larger than
1.0 when web holes are introduced,
(iv) quantifying the shear strength enhancement achievable by transversely stiffened cold-
formed steel beams. Practical types of stiffener sections and means of connections

between stiffeners to beam webs are considered,

(v) proposing a DSM design rule for shear to predict the shear strength of cold-formed
steel sections with web openings,

(vi) employing the Finite Element Method (FEM) to extend the test database as well as
to conduct parametric studies in order to understand the influence of possible factors

on the ultimate shear strength.

1.3 Significance and innovation

The behaviour of structural members in shear is less clearly understood than compression
and bending and requires more insights into the nature of the subject in comparison to
structural behaviour of the other actions. Even though the shear buckling loads are universally
appreciated, the shear postbuckling strength owing to the Tension Field Action (TFA) can
still be considered as contentious. As a result, different design standards formulate the
contribution of the TFA in different ways based on different design models. For cold-formed
steel structures subjected to shear, the postbuckling shear strength can be predicted uniquely
by the DSM, which is a semi-empirical approach that has been calibrated against a series of
shear tests as described earlier. Noticeably, those shear tests were unable to isolate the state
of, or close to, pure shear without considerable bending effects at longer spans. Therefore,
another approach to study the shear response of cold-formed steel members is needed to
extend the boundary of the current knowledge.

Firstly, the research fills a considerable gap in the DSM design method for cold-formed

steel structures by providing guidelines to design perforated members in shear.
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Secondly, the research searches for experimental configurations to test longer span cold-
formed steel shear panels subjected to shear forces. The new test setups are able to minimize
the moments acting on the shear spans, thus allowing shear strengths close to pure shear to be
achieved.

Thirdly, the shear strength of transversely stiffened cold-formed steel beams with various
stiffener sizes is investigated. The research breaks new ground in developing a new type of
structural application, the cold-formed steel girder which is analogous to hot-rolled steel
plate girders. Slender thin-walled beams stiffened by transverse stiffeners to resist heavier
loads using TFA is the underlying principle of this new structural element. As a result, in
many such applications as transfer beams, footbridge girders, deep cold-formed steel sections

could potentially be used to replace heavier and expensive traditional hot-rolled steel beams.

1.4 Approach

A holistic approach including theoretical, numerical and experimental studies is implemented
to deal with the range of the problems.

A comprehensive experimental program is carried out on commercially available high
strength cold-formed steel sections including plain channel sections and SupaCee® sections.
The tests are performed using the new test setups that substantially minimize the applied
bending moments. This is of paramount importance in order to investigate the shear behaviour
of large aspect ratio shear panels. The experiments provide insights into the shear behaviour
of cold-formed sections, and they serve as the input for the development of a design method.
The experiments are conducted in the J. W. Roderick Laboratory for Materials and Structures
at the University of Sydney.

The Finite Element Method (FEM) has been proved to be a powerful tool to reliably predict
the shear strength of high strength thin-walled members in shear (Pham, 2010; Keerthan &
Mahendran, 2014). Numerical simulation using the common finite element package ABAQUS

6.14 (Dassault Systemes Simulia Corp., 2014a) is employed, first to predict and optimize
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the experimental setup prior to fabricating and testing the actual structural members. The
simulations are then refined and calibrated against the actual tests and are used to perform
parametric studies. The FEM package ABAQUS 6.14 is licensed to the University of Sydney.
A DSM proposal to predict the shear strength of structures with web holes and/or with
intermediate transverse stiffeners is introduced on the basis of the existing DSM shear
provision for structures without holes. The proposal suggests a modification of the input
parameters to the DSM to include the influence of the web holes. Experimental and numerical

results are subsequently used to validate the accuracy and reliability of the method.

1.5 Thesis Layout

Chapter 2 presents a comprehensive review of relevant research that has been performed
worldwide. Research gaps and useful ideas, conclusions are identified and thoroughly dis-
cussed.

Chapter 3 details the development of the new test rigs that enable the shear tests on beams
with aspect ratios greater than 1.0. Test series to validate the test rig design are presented.

Chapter 4 describes the test series on cold-formed steel channel sections with square and
circular web holes, and the tests on beams with intermediate cold-rolled transverse stiffeners.

Chapter 5 discusses the finite element models including such details as element type, mesh
and the solver. Parametric studies are performed to extend the test database and to investigate
the influence of the factors that are likely to significantly influence the shear strength such as
the restraints and the moment to shear ratio.

Chapter 6 presents the development of the DSM proposal to design structures with web
holes and/or with intermediate transverse web stiffeners subjected to shear forces. The
validation of the proposals using the experimental and numerical results is also presented.

Chapter 7 summarises the major findings of this project and recommendations for further

research.



CHAPTER 2

LITERATURE REVIEW

2.1 Elastic shear buckling of thin-walled structures

2.1.1 Elastic shear buckling of plates

For slender plates in shear, the ultimate strength is usually governed by shear buckling.
Timoshenko & Gere (1961) formulated the elastic shear buckling stress of an infinitely long
plate as follows

k,m?E
Ter = i (2.1)

-y

where k, is shear buckling coefficient, F is the Young’s modulus, x is Poisson’s ratio, A is the

depth of the plate, ¢ is the thickness of the plate element. The shear buckling coefficient, &,
depends on the support conditions along the edges of the plate and the aspect ratio, « = a/h,
in which a is the length of the plate element. For simply supported edges, the value of k, can

be determined by using the following formulae:

5.34

k, = 4.00 + — when o < 1 (2.2a)
«
4.00

k, =5.34 + — when o > 1 (2.2b)
o

2.1.2 Elastic shear buckling of unperforated cold-formed members

Cold-formed steel sections often consist of plate elements including webs, flanges and lips.
The traditional approach as mentioned in Section 2.1.1 only considers the shear buckling of
the web plate alone, thus ignoring the interaction between the plates within the assemblage.

Pham & Hancock (2009) employed the Spline Finite Strip Method (SFSM) to study the shear
7
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buckling behaviour of the whole channel section accounting for the contribution of the flanges
and the lips. Four different cases, referred to as Cases A, B, C and D, with different shear

flow distributions as shown in Fig. 2.1 were studied. It was found that sections with flanges

20 mm

20 mm
20 mm

20 mm

20 mm

20 mm

200 mm

b,

by .
0.01 -160 mm 0.01 -160 mm 0.01-160 mm

(a) Case A & Case B. (b) Case C. (¢) Case D.

FIGURE 2.1. Shear flow distribution in four case studies (Pham & Hancock, 2009)

and lips can have a significant influence on improving the shear buckling stress of thin-walled
channel sections. When the flanges are wide enough to provide elastic torsional restraint to
the web, the channel member buckles mainly in a local buckling mode. The shear buckling
coefficient (k,) for any channel sections can be determined based on the graphs reproduced in

Fig. 2.2 as an example for lipped channels with the ratio of the web depth to the shear span

(by/a) of 1.0.

FIGURE 2.2. The ratio of flange and web width (b, /b; ) and the shear buckling
coefficients for lipped channel with b, /a = 1.0 (Pham & Hancock, 2009)
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It is noted that Pham & Hancock (2009) studied channel sections with sharp corners, not
the rounded ones as commonly used in practice, thus b; is simply the depth of the web plate.
Consequently, the shear buckling force of the thin-walled section as a whole is determined as
follows
Vir = 7 Ay = k”W2EAwh ~ 2.3)
12(1 — 12) <?>

where F is the modulus of elasticity of steel, u is the Poisson’s ratio of steel, A, is the

cross-sectional area of the web, £ is the flat web depth and ¢ is the thickness of the web.
Hancock & Pham (2011) used the Semi-Analytical Finite Strip Method (SAFSM) to
produce the signature curve of the buckling stresses versus buckling half-wavelengths for

thin-walled sections under shear as shown in Fig. 2.3. The SAFSM assumes that the member’s
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FIGURE 2.3. SAFSM Signature Curves of Plain Lipped Channel (SC) and
Stiffened Web Channel (SWC) (Hancock & Pham, 2011)

ends are unrestrained against distortion, thus decreasing the buckling stress as compared to
the stress produced by the SFSM which assumes no cross-section distortion at both ends.
A computer program named bfinst7.cpp was written in Visual Studio C++ to successfully

implement the method. Later, Hancock & Pham (2013) improved the algorithm by considering
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multiple series terms to include the simply supported boundary conditions at two end sections.
It was updated in the bfinst8.cpp program, which produces the same buckling stresses as
does the SFSM. The SAFSM encoded in the computer programs provides an efficient tool to
determine the shear buckling force that is able to account for the behaviour of the cross-section
as a whole. Further, the development of a user interface and the graphical function by the
author allowed the three-dimensional buckling mode shapes of thin-walled structures to be

plotted as illustrated in Fig.2.4.

FIGURE 2.4. Shear buckling modes of a 200 mm deep stiffened channel at
the lengths of 200, 600 and 1000 mm (Hancock & Pham, 2013)

Aswegan & Moen (2012) provided manual solutions to approximate the critical elastic
shear buckling stresses for C- and Z- sections accounting for cross-section connectivity.
The edge rotational restraint of the lip-stiffened flanges, originally derived for distortional
buckling, was included in the classical shear buckling solution for plates with transverse
rotational restraint (Bulson, 1969) to account for the enhancement effect of the flanges and the
lips. As a result, the shear buckling force is determined by Eqn. 6.2 where the shear buckling

coefficient is computed as follows:

0.9 1
k, = L/h 2 2 1 . 9 24
Y sin2p [(L/h)20082(p + C1(L/h)“cos® + Cy(1 + sin“p) (2.4)

where

©= arccos(\/Cg +4/C2 4+ Cy)
5.143€¢2 + 64.58¢ + 108.6
O, =
! €2 1+ 20.57¢ + 108.6
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2.472¢% + 41.14¢ + 217.2

Gz = €2 1+ 20.57¢ + 108.6
L5 — 2
co (/P
° 7 4Cy + Cy(L/h)?
3
2
c, (L/h)

" 4C, + C1(L/h)?
L is the minimum of L.,4 and L,,, where L.,4 = 0.85h, L,, is the distance between discrete

restraints that restrict shear buckling.

kyreh ) . . . .
€ = Et3/[1;](cl =) where k. is the elastic rotational stiffness provided by flange to
flange/web juncture.

The research provides a simple and convenient approximation of the shear buckling of
cold-formed sections as a whole.

Keerthan & Mahendran (2013a) conducted finite element buckling analyses to investigate
the elastic shear buckling behaviour of lipped channel beams (LCBs). It was found that, for
LCBs, the restraint level at the web-flange juncture is about 23% of the fixed condition. Sets
of equations were proposed to determine the shear buckling coefficient (k- ) as functions
of the buckling coefficients associated with simple-simple boundary condition (k) and with
simple-fixed boundary condition (k). In this context, the simple-fixed condition relates to

the fixibility at the web-flange juncture and simple support at the two other edges.

b
krop = kas + 0.23(kys — kss), when d—f > 0.3 (2.5a)
1
by
krcp = ke, when -1 < 0.3 (2.5b)
1

where by is the flange width and d; is the clear web height, and the coefficients k, and k¢

are computed as follows where a is the shear span of the web,

4 a
kss =534+ ——— for — > 1 2.6a
@2 (2.62)
5.34
b =44+ —22 for L <1 (2.6b)

(a/dy)? dy
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5.61 1.99 a

ker = 898 + — for — >1 2.7a

s @) @y " a (2-72)
5.34 2.31 a a

kyr = + — 344 +8.39— for — < 1 (2.7b)
T (afd)? " (ady) 4 dy

2.1.3 Elastic shear buckling of perforated cold-formed members

Rockey et al. (1967) employed the finite element method to study the buckling of square plates
with centrally located circular web holes subjected to edge shear loads. A graph describing the
relationship between the critical shear buckling coefficients and the ratio of the hole diameters
to the plate sizes (d/a) was established as shown in Fig. 2.5 for both simply supported and
clamped edges. It was found that the shear buckling coefficients vary linearly with the d/a

ratio in the range of 0 < d/a < 0.5. Narayanan & der Avanessian (1984), by using the finite

, K

SHEAR BUCKLING COEFFICIE

0 02 04 06 08 10

FIGURE 2.5. The variation of shear buckling coefficients (Rockey et al., 1967)
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element method, studied the shear buckling of perforated rectangular plates with both circular
and square web cut-outs. The parameters of the study included the plate aspect ratios of
1.0 and 1.5, the dimensions of the cut-outs, the location of the holes and the edge boundary
conditions. For a plate with a central circular opening, the shear buckling coefficient can be

approximated as

k =k, {1 — QCL} (2.8)
h? + b?

where £k, is the buckling coefficient for an unperforated plate, d is the diameter of the circular
opening, i and b are the depth and the width of the plate respectively, . = 1.5 for clamped
edges and 1.8 for simply supported edges, and d/h does not exceed 0.5. For larger openings,

the following conservative estimation of k was suggested:

d
k =k, (1 — E) (2.9)

For plates with central rectangular cut-outs, the buckling coefficient was estimated as
k= k1 —a,.A./A] (2.10)

where «,, = 1.25 for clamped edges and 1.50 for simply supported edges, A. is the area of the
cut-out and A is the area of the unreduced plate. This equation is applicable for rectangular
openings within the range of d,/d < 0.5 and b,/b < 0.5 where d, and b, are the depth and
the width of the opening respectively. For other complex cases including the eccentric holes,
graphs were produced to estimate the critical stress coefficients.

Pham (2015) employed the Spline Finite Strip Method (SFSM) encoded in the Isopara-
metric Spline Finite Strip Method (ISFSM) program developed by Eccher (2007) to study the
buckling capacity of lipped channel section members with an aspect ratio (the ratio of the
shear span to the flat web depth) of 1.0 and with central square holes. Three cases (referred
to as Cases A, B and () as shown in Fig. 2.6 distinguished by different methods to apply
shear loads were examined. In Case A, uniform shear stress is applied throughout the web

panel edges. In Case B and Case C, a shear flow distribution resulting from a shear force
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FIGURE 2.6. Stress distribution of lipped channel with square hole (Pham, 2015)

parallel to the web is applied at the two end sections as occurs in practice. In order to maintain
equilibrium, longitudinal stresses caused by a bending moment (M = V.a, where a is the
member length) are applied at one end in an opposite way to balance with the moment caused
by the two coupling shear forces (Case B). In Case C, a pair of bending moments with
half value (M /2 = V.a/2) acting at both end sections in the same direction is applied to
balance with the longitudinal shear stresses caused by the two coupling shear forces. The

shear buckling coefficients (k,) corresponding to the d/b ratio of the opening size (d) to the



2.2 SHEAR STRENGTH OF SLENDER STEEL STRUCTURES 15

flat depth of the web (D) are shown in Fig. 2.7. The difference in k, between the three cases is

FIGURE 2.7. The variation of shear buckling coefficients in three cases (Pham,
2015)

relatively small, presumably because shear predominantly governs the buckling behaviour
over the bending effects for the small aspect ratio of 1.0. These values take into account
the influence of the cross-section as a whole including the contribution of the flanges and
the lips and the simply supported boundary conditions. It is of interest to observe that the
shear buckling reduction is not linear in relation to the increase of the hole size as reported by

Rockey et al. (1967) presumably due to the contribution of the flanges and lips.

2.2 Shear strength of slender steel structures

When considering the resistance of steel structures, particularly highly slender members
such as plate girders, to various applied actions, shear resistance is undoubtedly one of the
most controversial topics manifested in the number of analytical and practical models to
obtain the ultimate shear capacity. A common feature accepted by various researchers is that

subsequent to shear buckling, a stress redistribution in the web allows the development of a
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diagonal tension band termed Tension Field Action (TFA) that mainly contributes to the shear

postbuckling strength of stiffened shear panels. Fig. 2.8 illustrates the tension field action

FIGURE 2.8. Tension field action (Ziemian, 2010)

within a stiffened square shear panel where diagonal principal stresses were hypothesized to
concentrate in a diagonal band of a certain width. Further, the tension field was believed to be
anchored by the flanges and transverse stiffeners surrounding the shear panel. Consequently,
the collapse mechanism may involve the occurrence of plastic hinges at the flanges as shown

in Fig. 2.9. Throughout history, researchers including Basler (1961); Hoglund (1971b);

FIGURE 2.9. Possible failure mechanisms (Ziemian, 2010)

Porter et al. (1975); Evans et al. (1978); Marsh (1982); Hoglund (1997); Davies et al. (1999)

have developed different models to predict the shear strength of plate girders. These works
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investigated a wide range of factors that potentially influence the shear strength including
the width and the inclination of the tension band, the locations of the plastic hinges and the
stiffness of the flanges. The American Specification for Structural Steel Buildings AISC
360-16 (AISC, 2016) provides two methods to predict shear strength of I-shaped members and
channels with and without Tension Field Action (TFA), as specified in Section G2.1 and G2.2
respectively. The method in Section G2.1, based on a simplified form of Hoglund’s model
(Hoglund, 1997), accounts for the web shear strength of all types of web panels including
recognition of shear postbuckling strength in unstiffened panels and end panels. The method
in Section G2.2, based on the Basler’s shear model (Basler, 1961), accounts for additional
shear strength enhancement owing to the full development of the TFA. Thus, it is applicable
only for interior web panels with the span aspect ratios not exceeding 3.0. The European
standard EN 1993-1-5 for plated steel structures also implemented the method developed by
Hoglund (1971a; 1997). Recently, White & Barker (2008) provided an insightful review of 12
shear models and their accuracy was evaluated by a data set of 129 shear test results. It was
found that the Basler model provided a simple and sufficiently accurate prediction of the shear
strength. Meanwhile the Cardiff model is the most accurate one but it required substantially
more calculations.

In the context of cold-formed steel structures, as detailed in a greater extent in Section 2.3,
the North American specification for the design of cold-formed steel structural members AISI
S100-16 (AISI, 2016) and the Australian Standard for cold-formed steel structures AS/NZS
4600:2018 (Standards Australia, 2018) also provide two methods to determine shear strength
of web panels. For unstiffened panels, on the basis of web slenderness (h/t, where h is
the flat web depth and ¢ is the web thickness), shear strength is quantified as either shear
yielding, shear buckling in the inelastic range or elastic shear bucking strengths. This indicates
no postbuckling strength is recognised for unstiffened shear panel. On the other hand, for
stiffened panels, a different provision based on a Direct Strength Method (Schafer & Pekoz,

1998; Hancock et al., 1994) is used to allow for postbuckling shear strength enhancement
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owing to TFA. However, this provision limits the shear span aspect ratio to 2.0 only, which is
in line with the limit of the highest shear span aspect ratio being tested. Shear tests on spans
with higher aspect ratios have not been feasible due to the nature of cold-formed sections with
low flexural resistance as compared to hot-rolled I-shaped sections.

Although the hypothesis of the tension field action has been widely accepted, some
researchers provided distinctly different viewpoints. Lee & Yoo (1998), by performing finite
element parametric study, proved that the boundary condition at the web-flange junctions of
plate girders is much closer to a fixed support, and the flange rigidity has little effect on the
post-buckling strength of shear panels even though it is important to the buckling capacity
because of its restraints. Further, Lee & Yoo (1998) demonstrated that significant through
thickness bending stresses, which were commonly neglected in the above-mentioned shear
models, develop at failure, and these stresses notably reduce the shear strength of panels
with low slenderness. Glassman & Moreyra Garlock (2016) did not fully negate the tension
field but developed a compression-based model to predict the ultimate postbuckling shear
strength. The authors commented on the paradox of the issue that the buckling phenomenon
inherently originated from a compression problem, but for shear it was formulated on the basis
of tension. It was argued that, as demonstrated in Fig. 2.10, there were noticeable parallels
between the post-buckling mechanisms of a compressed plate and of a plate under pure shear.
That is, in the postbuckling range, tension fields developed perpendicular to the compression
fields in both cases, thus allowing postbuckling to develop. Further, it was recognised that
compressive stresses keep increasing and redistributing after buckling, and they are dependent
on the degree of out-of-plane buckling deformation. Therefore, at the equivalent condition at
the postbuckling stage (see Fig. 2.10(e-f)), the shear strength of a plate could be derived from
the capacity of the equivalent diagonal column with the length equal to the diagonal length of
the plate minus the width of the tension band. Finite element models of plates with different
aspect ratios undergoing pure shear were developed and validated. The stress states at various

sections across the panels were examined and closed form formulae were derived with several
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FIGURE 2.10. Parallels in load carrying mechanism of a compressed plate
and a plate in shear (Glassman & Moreyra Garlock, 2016)

simplifications to determine the width of the tension band, the axial load in the equivalent
column and the method to convert the axial strength to the shear strength. Finally, the new
compression-based model was validated against the FE results as well as 84 experimental
results. It was found that the model provided good correlation to experimental data, even
better than the Basler model for a certain practical range of geometric and material parameters.
However, the Basler model was found to be more consistent in predicting the shear strength
for the data outside the range as mentioned. Nonetheless, the compression-based model

provides a new perspective to the shear problem while it is still being investigated.

2.3 Shear strength cold-formed steel members to American
and Australian standards

Both the North American specification for the design of cold-formed steel structural members
AISI S100-16 (AISI, 2016) and the Australian Standard for cold-formed steel structures
AS/NZS 4600:2018 (Standards Australia, 2018) are very similar to each other since they have

been cross-referred except for several factors reflecting the unique characteristics of materials,
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loading or structural types of the individual nations. The shear strength is able to be computed

with and without Tension Field Action (TFA) as discussed in Section 2.2.

2.3.1 Shear strength of unperforated members

2.3.1.1 Members without transverse stiffeners

Where TFA is not included, the shear strength of unperforated webs is governed either
by elastic buckling, inelastic buckling or yielding depending on the slenderness (h /¢, where
h is the web depth and ¢ is the web thickness), geometries of cross-sections and boundary
conditions of the web elements. For beam webs with small &/t ratios, the shear strength is

determined based on web shear yielding as
V, = 0.64,f, (2.11)

where A, is the flat web area, f, is the yield stress of the web material and 0.6 is the rounded
number of 1/+/3 which is derived from the von Mises yield criterion for the pure shear case.
For webs with sufficiently large h/t ratios where elastic shear buckling governs the member

failure, the shear strength is computed as the shear buckling load as follows:

2
V= 1Ay = — T EA“’h g (2.12)
— 2\ =
-

Substituting the Poisson’s ratio (¢) of 0.3, the formula has the shorter form of V,, =
0.904Fk,/(h/t)* where F is the Young’s modulus and k, is the shear buckling coefficient.
For the webs without transverse stiffeners, £, is taken as 5.34 which is the shear buckling
coefficient of an infinitely long simply supported plate. For transversely stiffened webs, k.,

increases owing to the restraining effect of the stiffeners spaced at the distance of a,

Ifa/h < 1,k, = 4.00 + 5.34/(a/h)? (2.13a)

Ifa/h > 1,k, = 5.34 4+ 4.00/(a/h)? (2.13b)
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For webs with moderate h/t ratios, inelastic buckling governs shear failure. The inelastic shear
buckling stress (7..) has been adopted from the research by Basler (1961) as 7., = TprTeri
where 7,, = 0.8(f,/V/3) is the proportional limit in shear, 7., is the initial elastic shear
buckling stress. This takes into account the fact that when 7, exceeds the proportional limit,
the modulus of elasticity reduces, thus the initial value 7.,; has to be decreased accordingly.

As a result,

Vi = Ter A = \/TorTeriAw = 0.8154/V,,V,, = 0.64t*\/k,F,E (2.14)

This provision of design, in general, is viable for the shear design of unstiffened structural
members, and it conservatively covers the design of transversely stiffened structures in shear.
The shear buckling coefficients are computed based on the contribution of the flat web plate

only without considering other components of section assemblage such as flanges and lips.

2.3.1.2 Members with transverse stiffeners

When transverse stiffeners are used and they satisfy the minimum area and stiffness
requirements, the shear strength of members with relatively slender webs may be increased by
the inclusion of the TFA. The failure of stocky sections is still governed by the conventional
shear yielding as mentioned previously. Section G2.2 (AISI, 2016) uses the slenderness
index (\, = \/m) to classify the sections into stocky and slender categories and the

corresponding shear strength is determined as follows:

For A\, < 0.776,V,, =V, (2.15a)

0.4 0.4
1-0.15 (“//) (V—> v, (2.15b)
Y

Vy
These equations were proposed by Pham & Hancock (2012a) on the basis of a series of

For \, > 0.776,V,, =

predominantly shear tests on channel sections and SupaCee® sections with the aspect ratio of
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1.0. The shear buckling load V., is computed by

2
Vi = 1y = —07 EA“’h ~ (2.16)
— 2 =
w0

where k, is shear buckling coefficient of the whole cross-section assuming an average buckling
stress in the web which is given in Pham & Hancock (2009, 2012b) for plain lipped channels
based on the Spline Finite Strip Method (SFSM), b is the depth of the flat portion of the web,
t is the thickness of the web, F is Young’s modulus, and v is Poisson’s ratio. Currently, the
Specification only allows the maximum shear span between transverse stiffeners of twice
the web depth. The main reason is that the above design formulae were developed based on
experiments on members with an aspect ratio (shear span / web depth) of 1.0 and they are
deemed to be applicable to structures with the aspect ratios up to 2.0. In the latter case, the
aspect ratio of 2.0 value was validated by deducting the loss in strength caused by bending
using the combined bending and shear interation design equation, which is presented in
Section 2.5. Designers have to justify structural members to compute the shear strength
with or without TFA. The difference is negligible for relatively thick sections; however, it
is significant for thin, slender sections as seen in Fig. 2.11 where substantial post-buckling
shear capacity may develop because of the TFA. In Fig. 2.11, the abscissa represents the
section slenderness A, and the ordinate depicts the normalised strength, the ratio of the test
results V7 to the shear yield load V},. The black solid curve (AISI-Shear Curve-without TFA)
graphically shows the shear strength of members without TFA as expressed in Egs. (6.3),
(2.12), (2.14). Meanwhile, the red dashed curve, which mathematically expresses Eqn. (2.15),
is the DSM of design for shear curve in which the full TFA is accounted for. The experimental
outcomes obtained by Pham & Hancock (2012a) used to derive the DSM curve were included
in the graph. It is noted that only the shear tests on beams with an aspect ratio of 1.0 were
employed to calibrate the DSM design equations for shear. However, the design rules are
deemed to be applicable to the shear space of a moment - shear interaction approach to

design structures with aspect ratios up to 2.0. At this larger aspect ratio, another series of
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FIGURE 2.11. Shear design curves with and without TFA (Pham & Hancock,
2012a)

tests conducted by Pham & Hancock (2012a) observed combined bending and shear failure
modes adjacent to the loading points. Although the interaction method has been proven to be
rational, an experimental verification of the shear strength of beams with large aspect ratios is
of importance. Further, since the shear test series on beams with the aspect ratio of 1.0 was
conducted on simply supported beams with a central point load, a certain degree of bending
moment was involved in and it might have influenced the ultimate shear strength to a certain

extent. Consequently, it is also of interest to quantify the influence of the bending moment.

2.3.2 Shear strength of perforated members

For perforated members in shear, both the AISI S100-16 (AISI, 2016) and the Australian
Standard AS/NZS 4600:2018 (Standards Australia, 2018) still adopt an empirical approach on
the basis of the experimental research by Shan et al. (1994), Schuster et al. (1995) and Eiler
et al. (1997). The method allows the shear strength of a member with holes to be determined

as a fraction of the strength of the unperforated member via a reduction factor ¢, determined
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as follows

When ¢/t > 54, gs =1 (2.17a)

When 5 < ¢/t < 54, g = ¢/ (541) (2.17b)

where

¢ = h/2 — d/2.83 for circular holes,

¢ = h/2 — d/2 for non-circular holes,

h is the depth of flat portion of the web measured along the plane of the web, ¢ is the web
thickness and d is the depth of web hole.

As aresult, it is not necessary to determine the buckling load (V) and the shear yield load
(V) for perforated sections. Despite the computational convenience, the method was proved
to be conservative for lipped channel sections with small web openings while unconservative
for sections with large openings (Keerthan & Mahendran, 2013a). In addition, the above
strength reduction expressions are only applicable to a certain range of web opening sizes,

presumably due to the limited number of experiments. Fig. 2.12 compares the shear strength
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FIGURE 2.12. Shear reduction factor comparison between tests and standards
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reduction expression as per Eq. (2.17) with the experimental results obtained from tests
on cold-formed channels with web holes. The experimental data on channel sections with
the aspect ratio of 1.0 conducted by Pham et al. (2014a, 2016) at the University of Sydney
(USYD) and by Keerthan & Mahendran (2013a) at Queensland University of Technology
(QUT) has been used for comparison. The former test program used 200 mm deep channel
members with different thicknesses including 1.5, 1.9, 2.4 mm and square opening sizes
ranging from 40 to 120 mm. Meanwhile, the latter experimental program worked with a
wide range of C-section dimensions (the web depths include 120, 160 and 200 mm), various
circular opening sizes and included tests on low-strength specimens. Further, experimental
shear strengths (Shan et al., 1994; Schuster et al., 1995; Eiler et al., 1997) conducted on
channel sections with circular, slotted and diamond-shaped web openings which were used to
derive Eq. (2.17) are also included. The graph shows a relatively wide scattering of data that
the reduction factor approach is not able to accurately capture. In several cases, the approach
appears to be very conservative.

Keerthan & Mahendran (2013a), on the basis of experiments on lipped channel sections
with circular web holes, proposed new empirical equations to determine the shear reduction
factors that rely on the ratio of the circular web opening depth (D) to the clear web height

(by) as follows:

D D
When 0 < = < 0.30, go=1— 0.6(—) (2.182)
b b
D D
When 0.30 < = < 0.70, o = 1.215 — 1.316(-) (2.18b)
bl bl
D D
When 0.70 < = < 0.85, gs = 0.732 — 0.625 (b—> (2.18¢)
1 1

These new design formulae were generated by fitting the test results on members with circular
openings, thus their applications for other perforation shapes requires further interpretation.
Nonetheless, the above 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
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(for both perforated and unperforated members) and shear (for unperforated members only).
Therefore, a DSM design approach for perforated members in shear is in demand to unify

cold-formed steel structural design.

2.4 Intermediate transverse stiffeners

2.4.1 Strength and stiffness of intermediate transverse stiffeners

Where transverse stiffeners are required for shear, the AISI S100-16 (AISI, 2016) specifies
the ratio a/h shall not exceed [260/(h/t)]? nor 3.0 where a is the stiffener spacing, h is the
flat web depth and ¢ is the web thickness. These limits are identical to the limits specified in
prior AISC Specifications. The latest AISC 360-16 (AISC, 2016), however, has dropped the
[260/(h,/t)]? limit in recognition that I-shaped members develop the calculated resistances
without the need for this restriction (White & Barker, 2008; White et al., 2008). According to
the AISI S100-16, if the dimensions of a shear panel exceed the limits, the shear enhancement
effect by virtue of the tension field action is negligible and transverse stiffeners become
minimally effective. The AISI S100-16 provides equations to determine the minimum stiffness
(Eqg. (2.19)) and strength (Eq. (2.20)) requirements of intermediate transverse stiffeners. They
are mainly based on the assumptions that the stiffeners must be sufficiently stiff to maintain
the straight nodal lines if members buckle; and the stiffeners must have adequate strength
(thus cross-sectional area) to support the vertical component of the postbuckling shear strength

resulting from the tension field action.

h a h\4
Lyt min = 5ht L 0.7 h} > (50) (2.19)
1-C, |a (a/h)?
Aggmin = —20 |2~ Y Dht 2.20
t, 2 h a/h—|— /—1+(a/h)2 ( )
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where:

1.53Fk,
= 207 oh <0. 2.2
C, F (1) when C, <0.8 (2.20a)

1.11 |FEk,
=] h ) 2.2
C, nie\l F, when C, > 0.8 (2.20b)

Yield stress of web steel

(2.20c)

- Yield stress of stiffener steel

D = 1.0 for stiffeners furnished in pairs (2.20d)
= 1.8 for single angle stiffeners
= 2.4 for single plate stiffeners

k, is shear buckling coefficient, determined by Eq. (2.2b)

The history of the abovementioned stiffener requirements can be traced back to the early work
on the buckling problems of various researchers. Stein & Fralich (1949) studied theoretically
the shear buckling of infinitely long, simply supported plates stiffened by equally spaced
transverse stiffeners. The curves relating the shear buckling coefficients and the stiffness
ratios () were established corresponding to the aspect ratios of the panel (8 = h/a) of
1.0, 2.0 and 5.0. The stiffness ratio () is the ratio of the flexural rigidity of the stiffener to
that of a plate of the width a, as follows:

EI  12(1— )1

“haT =2y

Y

They showed that, beyond a certain value of + and thus /, the buckling coefficients only
increase slightly. In other words, the increase of the stiffener stiffness (/) above a certain value,
referred to [y has only a slight effect on shear buckling. The experimental data (Sandlin, 1948;
Levin & Sandlin, 1949) was included to verify the design buckling curves which showed fair
agreement. Bleich (1952) derived an approximate formula to compute the buckling coefficient

based on Stein and Fralich’s (1949) solutions, which is dependent on the stiffness ratio ()
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and the aspect ratio of the panel (5 = h/a),

k =534+ (550" 0.6)¢/ 7 (2.22)

(76% = 5)
The formula is valid for 1 < 5 < 5 due to the limit in the research by Stein & Fralich (1949),
and 0 < 7/(78% — 5) < 4. The minimum stiffness requirement for the transverse stiffeners is

derived from the expression /(7% —5) = 4 where v and {3 are defined as above. As a result,
Ip = 2.56ht* (h/a — 0.71a/h) (2.23)

This minimum value ensures straight nodal lines at the stiffeners when the webs buckle. If 1
is smaller than [, the stiffeners may buckle and deflect together with the plates. The AISI
S100-16, by specifying Eq. (2.19), has apparently doubled the stiffener’s stiffness requirement
derived by Bleich (1952).

According to Basler (1961), the transverse stiffeners are designed to resist the axial force

resulting from the development of the tension field. The axial force is computed as:

1 T, Q F
F, = —<1 _ ﬁ) (1— —)ht y 2.24
2 Ty \/1+042+Oé Fys ( )

where « is the panel width, £ is the flat web depth, ¢ is the web plate thickness, F), is the
yield stress of the web, 7, is the shear buckling stress, 7, is the shear yield stress and « is the
aspect ratio, « = a/h. The required cross-sectional area of stiffeners (Ay,) is simply equal
to the axial force divided by the yield stress of the stiffener material (F,). Let C, = 7., /7,
Y = F,/F,; and rearrange the above expression, then Eq. 2.20 is obtained. In addition, a
multiplier D greater than 1.0, as defined in Eq. (2.20), is used if stiffeners are one-sided to
account for their eccentricity.

Nevertheless, many researchers including Hendy & Presta (2008), Kim & White (2013)
have demonstrated that, for plate girders, the axial action in intermediate stiffeners is minor
compared to the lateral bending induced by the restraint they provide to the lateral deflection

of the web at the postbuckling state. Particularly, Kim & White (2013), by a comprehensive
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analysis of the design of transverse stiffeners, proposed a set of stiffener design guidelines
on the basis of the lateral bending stiffness requirement of the stiffeners. The AISC 360-16
(AISC, 2016) and the AASHTO (2017) have updated these new expressions but not the recent
AISI S100-16 (AISI, 2016). Specifically, to develop full tension field action, the stiffener

sizes must satisfy following requirements:

(b/t)e < 0.56 (2.25)
yst
Vi —=Va
Iy > Ly + (I — 1, [—] 226
¢ > T + (L2 1) Vo — Vo ( )

where

(b/t) is the width-to-thickness ratio of the stiffener,

fyst 1s the specified minimum yield stress of the stiffener material,

1, is the moment of inertia of the transverse stiffeners about an axis in the web centerline for
stiffener pairs, or about the face in contact with the web plate for single stiffeners,

I ¢4 1s the minimum moment of inertia of the transverse stiffeners required for the development

of the web shear buckling resistance,

Ly = b j (2.27)

where j = % — 2 > 0.5 and b is the smaller of the dimensions a and h,

I 1s the minimum moment of inertia of the transverse stiffeners required for the development

of the full web shear buckling plus the web tension field resistance,

h4 1.3
]st2 = ﬁ(

Fy\ 15
- —) (2.28)

E

V., 1s the larger of the required shear strengths in the adjacent web panels,
V.1 1s the smaller of the available shear strengths without tension field action in the adjacent
web panels,

V.o is the smaller of the available shear strengths with tension field action in the adjacent web
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panels,
pst is equal to the larger of f,,,/ fys and 1
fyw 18 the yield stress of the web material.

The slenderness limit, which is not available in the AISI S100-16, in Eq. (2.25) was set
to ensure that the compression stiffeners must retain their fully effective sections at yield.
Equation (2.25) can be converted into the stress form as shown in Eq. (2.29) to check the

stress of the stiffeners as specified by the AASHTO (2017) as follows

fost = T < bt (2.29)
However, the slenderness limit is somewhat inconsistent since, while the major change in the
stiffener design is the shift from compression (AISC, 2005) to bending (AISC, 2016) of the
stiffeners, Eq. 2.25 is still based on the buckling solution of an unstiffened plate in uniform
compression. It is believed that, however, the inconsistency is tolerable since litte economic
benefit could be gained by relaxing the slenderness limit of the transverse stiffeners under
out-of-plane bending. The stiffener requirements by the AASHTO (2017) are somewhat more
detailed. They include a stress check for the stiffeners as shown in Eq. 2.29 and limit the

projecting widths of transverse stiffeners to
bst > 50+ h/30 and 16ty > by > by/4 (2.30)

Nonetheless, the new approach to design transverse stiffeners proposed by Kim & White
(2013), that has been incorporated into the AISC (2016) and the AASHTO (2017), was a
significant move to reflect more closely the actual behaviour of transverse stiffeners. Such a
move could also be viable in the context of cold-formed steel structures and it is worth further

investigation.
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2.4.2 Connections of intermediate stiffeners to web plates

For hot-rolled steel beams or plate girders, the intermediate transverse stiffeners are often
welded to the beam webs and/or to the flanges. However, it appears that the AISC (2016) and
the AASHTO (2017) provide no design guidelines to check these connections. In addtition,
the recent change in the approach to design intermediate stiffeners as mentioned previously
should also be accounted for. The Australian standard for steel structures (AS 4100, 1998)
uniquely provides a minimum shear force per unit length used to design such connections.
It is included herein as a design basis: “The web connections of intermediate transverse
stiffeners not subject to external loading shall be designed to resist a design shear force per

unit length, in kiloNewtons per millimetre (kN /mm), of not less than

0.0008(t)2f,

2.31
b (2.31)

where b, is the outstand width of the stiffener from the face of the web, in mm, and ¢,, is the
web thickness, in mm.”

In cold-formed steel structures, however, welded connections of the transverse stiffeners
to the beam webs are not the preferred practice due to the low thickness of the cold-formed
members. Instead, bolted or screwed connections are more common. As a result, design
guidelines to determine the numbers, sizes and spacing of these connectors to ensure the
development of the TFA are desirable. Further, most of the hot-rolled steel design standards
(AS 4100, 1998; AISC, 2016) include several detailing requirements for the transverse
stiffeners. For instance, they are required to be connected to the top flange, but not necessary
to the bottom flange. The cold-formed steel design specifications have no such detailing
guidelines. Therefore, it is clear that more research should be carried out to facilitate the

design of transversely stiffened cold-formed steel structures.
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2.5 Design for combined bending and shear

For beams without shear stiffeners (transverse stiffeners), the design bending moment (M *)

and the design shear force (V*) have to satisfy the AISI interaction equation (Eq. H2-1) as

2 2
M* %
(¢belO> " (¢an> = 10 (232)

For beams with transverse web stiffeners, a higher tier interaction equation (Eq. H2-2) is used

below

provided that M*/(¢p My,) > 0.5 and V*/(¢,V;,) > 0.7, then
M* V*
0.6 + <13 (2.33)
<¢belo> <¢vvn>

My, is the nominal member moment capacity for a globally braced member,

where

V,, is the nominal shear strength with consideration of shear alone.

The two equations 2.32 and 2.33 are shown graphically in Fig. 2.13.
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FIGURE 2.13. Moment-shear interaction curves

If Eqn. (2.15) is used to compute V,,, My, is the lesser of the nominal member moment

capacity for local buckling (M,,) with M,,. = M, and nominal member moment capacity
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for distortional buckling (M,,4). This reflects an observation (Pham & Hancock, 2012a) that,
when TFA is utilized, the flange distortion of unrestrained flanges must be considered. To
provide futher information, the provisions to determine the nominal member moment capacity
for local buckling (M,,;) and the nominal member moment capacity for distortional buckling

(M) are also included herein.

2.5.1 Member moment capacity for local buckling
2.5.1.1 Members without holes

The nominal member moment capacity for local buckling (M,,;) for members without

holes (AISI Section F3.2.1) is determined as follows:

For \; < 0.776, M,y = M, (2.34a)

Mcr 0.4 Mcr 0.4
For)\l>0.776,Mnl:[1—0.15< ’) ]( l) M, (2.34b)

Mne Mne

where

N = /3o 3o

M, is the mominal flexural strength for lateral-torsional buckling. The use of M,,. in the
above-mentioned equation indicates a local-global interaction has been taken into account. In
the interaction equations as presented previously, M, is taken as M,,

M., is the critical elastic local buckling moment. Equations to approximate M., are provided
in the AISI S100-16. Otherwise, computer packages using the finite element method or finite
strip method can be employed to obtain more accurate buckling loads. Public domain
computer programs such as CUFSM (Li & Schafer, 2010) or THIN-WALL?2 (Nguyen et al.,

2015) are useful to perform such buckling analyses.

2.5.1.2 Members with holes

The nominal member moment capacity for local buckling for members with holes (AISI

Section F3.2.2) is determined in accordance to Eqn. 2.34 except for M,,; which must include
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the influence of holes. Further, as members may fail by net cross-section yielding (Moen &
Schafer, 2010b), the member capacity is capped at the yield moment of the net cross-section
as M, < M, net. To determine M., Moen & Schafer (2009) suggested an approximation
using the finite strip method, or more specifically using computer programs such as CUFSM

or THIN-WALL?2. For beams with holes,

Mcrl - min(Mcrlnha Mcrlh) (235)

where

M 1 1s the local buckling moment of the gross section by a finite strip analysis,

M., 1s the local buckling moment of the net section by a finite strip analysis but restraining
the deformations to local buckling and examining only those buckling half-wavelengths

shorter than the length of the hole.

FIGURE 2.14. Guidelines for restraining beam net cross-sections in CUFSM
(Moen & Schafer, 2009)

Fig. 2.14 provides a guideline to restrain a channel section under bending to local buckling

alone.
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2.5.2 Member moment capacity for distortional buckling

2.5.2.1 Members without holes

The nominal member moment capacity for distortional buckling (M) for members

without holes (AISI Section F4.1) is determined as follows:

For A\ < 0.673, M,,q = M, (2.36a)
Mcrd 04 Mcrd 04
For A\ ) M= 1-0.22 M, 2.36b
or Ay > 0.673, d [ 0 (My) ](My Yy ( )
where
>\d - My/Mcrd

M, 1s the yield moment of the full unreduced cross-section referenced to extreme fibre in first
yielding. The use of M, shows that no noticeable interaction between distortional and global

modes are observed, thus it is not included.

2.5.2.2 Members with holes

For members with holes, the flexural strength for distortional buckling (AISI Section F4.2)

is determined as follows:

For >\d < )\dla Mndh = Mynet (2373)
M yper — M

For Ai1 < Ag < Aao, Myan = Myner — (M) (Ad2 — Aa1) < M,q  (2.37b)
)\d2 - )\dl

For \g > )\d27 Man = Mg (2.37¢)

where

M4 is determined in accordance to Eqn. (2.36) but with M4, which is the distortional
buckling moment including influence of holes,

N = /M, [,

a1 = 0.673(Mypnet/M,)?,

A2 = 0.673[1.7(M,/Myper)*" — 0.7],
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Mao =1 —0.22(1/Aa2) (1/ Xa2) M, ].

It can be seen that Eqn. (2.37) limits the distortional buckling strength of a beam with holes
to the capacity of the net cross-section (M) for stocky sections. The strength of more
slender sections which experience inelastic buckling is predicted by the linear transition from
the net capacity to the elastic distortional buckling capacity. Moen & Schafer (2009) also
proposed an approach to obtain the M,,.4, of beams with holes using the finite strip method.
The approach can be interpreted that the holes are smeared along the beam web, thus a section
with hole is equivalent, in terms of distortional buckling, to a section without holes but with a
thinner web. Consequently, the elastic buckling analysis using the finite strip method can be
easily run on the equivalent section with the reduced web thickness of

Lh 1/3
t,=t({1— 2.38
( Lcrd) ( )

where Ly, is the length of the hole, L., is the the distortional buckling half-wavelength of the
unreduced gross section obtained by the finite strip analysis. The finite strip analysis on the
reduced thickness section shall be performed only at the wavelength of L., to determine the
Meran-

Since the buckling analyses performed by the finite strip method do not include moments,
its enhancement effect needs to be considered separately especially for distortional buckling.
In contrast, the moment gradient often has little effect on local buckling due to the short
half-wavelength of the local buckling mode. The AISI S100-16 Section 2.3.3.3 allows a factor
B larger than 1.0 to be multiplied to the distortional buckling stress to account for the benefit

of moment gradient.
1.0<B=1+04(L/Ly,)" (1 + M /My)*" < 1.3 (2.39)

where
L is the minimum of L., and L,,,, where L,, is the distance between discrete restraints that

restrict distortional buckling (for continuously restrained members L, = L¢.q),
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M, and M, are the smaller and the larger end moments, respectively, in the unbraced segment
(Lyy,) of the beam. M; /M, is positive when the moments cause reverse curvature and negative

when bent in single curvature.

2.6 Experimental Investigation of Steel Beams in Shear

2.6.1 Structures without web holes

Early work on welded plate girders with transverse stiffeners in shear by Basler et al. (1960)
clearly proved the existence of significant diagonal tension action. Experiments with various
shear panel aspect ratios including 0.5; 0.75; 1.0 and 1.5 were carried out with a unique test
configuration to minimize the bending effect as seen in Fig. 2.15. Each girder consisted
of a test section with 3/16 inches (4.76 mm) thick web as marked in Fig. 2.15 and two
end sections with thicker web plate (3/8 inches or 9.53 mm). The test segment, in which
failure was expected to occur, was at one panel further from the loading or support points.
The flanges were strengthened at high moment areas. Their tailored setup possesses two
important advantages, () the test section was subjected to a constant shear force and a small
amount of bending moment gradient, (iz) completely eliminating any restraining effect at the
supporting and loading points, i.e. the transverse stiffeners were fully functional as they were
not involved in bearing or transferring applied forces. Basler (1961) defined “intermediate
stiffeners as transverse elements through which no external forces are introduced into the
girder. Their function is two-fold: to preserve the shape of the girder’s cross section and to
ensure postbuckling strength”.

Yu & LaBoube (1978) used a simply supported beam test setup, loaded at the mid-span as
seen in Fig. 2.16 to investigate the shear strength of thirty-six cold-formed lipped channel
members with aspect ratios of 1.0 (referred to as Test Setup A). The maximum moment to
shear ratio (M /V') experienced by testing members was equal to the shear span and thus
the web depth (b). Shear failure was clearly observed as depicted in Fig. 2.16(c) despite a

minor bending failure at the top flange. For long shear span, considerable moment might
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FIGURE 2.15. Test configuration for shear tests (Basler et al., 1960)

have interferred at an early stage, causing flexural premature failure to occur before reaching
the shear capacity. Therefore, two tests on members with the aspect ratio (a/b) of 3.23 were
conducted using another test configuration (referred to as Test Setup B) as shown in Fig.
2.17 which is, to some extent, analogous to the test configuration employed by Basler et al.
(1960). The maximum M /V ratio along the test span reached (L — (a + 3”)). Using the
length L = 2.5a used in those two tests, the M /V is equal to approximately 4.8b. This ratio
is even larger than that using the Test Setup A which is b. No further information regarding
the failure modes was found in the record.

Yu & Phung (1978) employed a similar experimental configuration as the Test Setup A

used by Yu & LaBoube (1978) to test eleven specimens with an aspect ratio of 1.0. Further,



2.6 EXPERIMENTAL INVESTIGATION OF STEEL BEAMS IN SHEAR 39

r

Hydraulic Jack
Load Cell
Hot-Rolled Channels
: Beam Specimen
A-:-\ [
o No o o |
N © I\ o o o
o o o o
o o] o o
A e ]
[ — J
[ 2 a
/Il /]I Section A-A
P| |P
F3 l 11
P I
12 3
P
( [z
v 5! ]
Pa/2
MM

AN e
St

(b) Test under loading (c) Shear failure mode

FIGURE 2.16. Shear Test Setup A (Yu & LaBoube, 1978)

three specimens with an aspect ratio of 3.0 were tested using a test setup similar to the Test
Setup B used by Yu & LaBoube (1978). Noticeably, for these experiments with the large
aspect ratio (a/b = 3.0), Yu & Phung (1978) selected the length L such that L = 1.5a, thus

reducing the M /V ratio to 0.5a or 1.5b, significantly smaller than the values obtained in
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FIGURE 2.17. Shear Test Setup B (Yu & LaBoube, 1978)

T
‘M

Yu & LaBoube (1978) tests. The small M /V is essential to investigate the shear behaviour
since it minimizes the influence of bending, thus preventing premature flexural failure. The
shear failure for a long shear span was successfully achieved as reproduced in Fig. 2.18.
The effect of intermediate stiffeners was also investigated by 16 tests using the different test
configuration as reproduced in Fig. 2.19. For this test series, the test specimens included an
unstiffened test section in the middle where shear failure was expected to occur and other
stiffened sections as shown in Fig. 2.19(b). Intermediate transverse stiffeners were fabricated
from hot-rolled angles while bearing stiffeners were fabricated from small cold-formed steel

U shapes. The test segment with mainly an aspect ratio of 1.0 was considered in this series.
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FIGURE 2.18. Shear failure of member with large aspect ratio

(a) Test setup with intermediate stiffeners (b) Stiffened cross-section

(c) Intermediate stiffener sections (d) Bearing stiffener sections

FIGURE 2.19. Shear test details by Yu & Phung (1978)

This configuration freed the intermediate stiffeners from other roles, i.e. bearing, transferring

loads, thus it is appropriate to study the behaviour of stiffeners and their contribution to the
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shear failure, especially the formation of TFA. Bolt diameter of 3/4 in. was used throughout
all the test series. The numbers of bolts and their spacing were reported to be designed
appropriately to carry the shearing force caused by the vertical component of the tension field
stress. Also, the intermediate stiffeners satisfied the moment of inertia and cross-sectional area
requirements studied by Basler (1961). Remarkably, by selecting appropriate span lengths
and the length of the test segment, this test setup reduced the maximum M /V ratio at the test
shear span to 0.5b, the smallest among the tests which have been reviewed. However, as seen
in Fig. 2.19(a), the channels were stiffened up to the location of the transverse stiffeners at
the test section, thus they may produce additional restraints on the test span.

There were several main pertinent conclusions and observations from the experimental

programs by Yu & LaBoube (1978) and Yu & Phung (1978) as follows:

(i) The postbuckling strength of web elements due to TFA increases as the b/t ratio of

the web, the aspect ratio of the web and the yield point of the material increase,

(i) Considerable shear postbuckling strength existed for web panels possessing large

aspect ratios,
(ii1) No plastic hinges were formed in the flanges between two transverse stiffeners.

(iv) The cold-formed steel intermediate stiffeners perform properly and the ultimate

shear capacity can be fully developed,

(v) The flanges had little or no effect on the post-buckling strength of the transversely
reinforced beam webs. This conclusion was based on the observation that members

with wider or stiffened flanges did not clearly produce higher ultimate shear strength,

(vi) For the beam webs with the b/t ratio larger than 150, the beam specimens cannot

develop shear yielding.

Pham & Hancock (2012a) employed the Test Setup A used by Yu & LaBoube (1978) to
investigate the shear behaviour of cold-formed channel members with an aspect ratio of 1.0
and the combined bending and shear interaction of members with an aspect ratio of 2.0 as
shown in Fig. 2.20. In their tests, Pham & Hancock (2012a) used five rows of bolts spanning

over the full depth of the sections, thus they found that higher shear strength was achieved as
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compared to Yu & LaBoube (1978)’s tests by virtue of the development of the full tension
field action. As mentioned, the M /V ratio for this setup is equal to the shear span (a). For
members with an aspect ratio (a/b) of 1.0, since bending is relatively small (M/V = a = b),
shear failure was obtained clearly as seen in Fig. 2.20(b). However, for the tests with an
aspect ratio of 2.0, the M /V ratio increased to 2b, thus bending interfered and governed the

failure mode as shown in Fig. 2.20(c). In summary, throughout the literature, researchers

FIGURE 2.20. Shear test details by Pham & Hancock (2010a)

have developed several test rigs to experimentally study the shear behaviour of steel beams
with various aspect ratios. The common approach was to achieve a minimal bending moment
scenario. This was successfully performed by Basler et al. (1960), Yu & LaBoube (1978), Yu
& Phung (1978) and Pham & Hancock (2012a). For cold-formed steel structures, however,
the test rig could be optimized further by carefully selecting the spans to fit a particular testing

apparatus and to produce a minimal M /V ratio.
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2.6.2 Structures with web holes

Narayanan & Rockey (1981) conducted two series of tests on thin-walled plate girders with
circular web cut-outs. Simply supported girders were loaded by a point load at mid-span. The
web slenderness (h/t) included 250 and 360, and the size of the hole relative to the depth of
the web (d/h) ranged from 0.25 to 0.67. It was found that the failure mechanism occurred
in the plates girders with web holes, as reproduced in Fig. 2.21, was similar to that of the
unperforated girders except for the location of the hinges. Further, the experiments showed a
linear reduction of the ultimate shear strength with respect to the increase of the hole sizes.

Narayanan & Der-Avanessian (1985) studied the shear buckling and shear strength of slender

FIGURE 2.21. Failure mode shapes of a shear test (Narayanan & Rockey, 1981)

mild steel plates with both central and eccentric holes using the test setup shown in Fig. 2.22.
The heavy rectangular steel boundary members created an ‘edges-kept-straight’ condition,
and they transferred uniform shear forces to the panels. The shear buckling forces were
computed using the load versus square of the deflection method proposed by Yoshiki & Fujita
(1967) and the inflection point method proposed by Schlack (1964). Fig. 2.23 illustrates the
shear failure modes of panels with central square holes and of panels with eccentric circular
holes. For panels with centrally located web holes, Narayanan & Der-Avanessian (1985)

suggested an empirical formula to estimate the shear buckling coefficients as follows:

kS = k°[1 — 1.4(A./A) +0.6(A./A)?] (2.40)
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FIGURE 2.23. Plates with square and circular holes after buckling (Narayanan
& Der-Avanessian, 1985)

where £? is the shear buckling coefficient of plate without holes, A, is the area of the central
circular or square hole. Meanwhile, for a plate with a circular or square hole in the tension

diagonal, the following formula can be used to estimate £¢:
kS = k°[1 — 1.4(A.JA) + 0.6(A./A)?][1 — 12(e/a)(A./A)?) (2.41)

where e is the distance from the centre of the hole to the centre of the panel, a is the size of the

panel. Shan et al. (1994) conducted 26 shear test on beams with slotted holes using a central
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point load test setup as shown in Fig. 2.24. A wide range of the slenderness ratio of the web
(h/t) and the ratio of web opening depth to web depth (a/h) were considered. The beam
specimens had either a 4x1.5 inch (102x38 mm) or 2x0.75 inch (51x19 mm) web openings

located at the mid-height of the web. On the basis of experimental results, Shan et al. (1994)
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FIGURE 2.24. Shear test setup and typical shear failure (Shan et al., 1994)

proposed formulae to determine the shear strength reduction factor gs. As a result, the strength
of a channel with a web hole is computed as a proportion of the strength of the unperforated
beam via the factor ¢5. Poologanathan & Mahendran (2012), Mahendran & Keerthan (2013);
Keerthan & Mahendran (2013a) used a similar test setup to study the shear behaviour of
LiteSteel beams with stiffened and unstiffened web openings, and of plain lipped channel
sections with circular openings. New sets of formulae to determine the shear reduction factor
were proposed. Pham et al. (2014a, 2016) tested lipped channel sections in shear with an
aspect ratio of 1.0 and with square central openings. The experimental results were plotted
against the DSM design curve as specified in the standards. It was found that for beams with
large web openings, the data points lie in between the shear curves with and without TFA.
Degtyareva & Degtyarev (2016) employed a three-point bending (central point load) test
setup as used by other researchers to investigate the shear strength of longitudinally slotted
channels. Due to the slotted patterns, shear failure of the channels occurred in conjunction
with the lateral-torsional buckling of the small strips of sheeting between the slots as shown

in Fig. 2.25.
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FIGURE 2.25. Failure mode of slotted web in shear

2.6.3 Dual actuator test rig for tests on shear connections

Although shear connections appear to be irrelevant to this study, novel experiments by Astaneh
& Nader (1991); Astaneh-Asl et al. (2002) on tee shear connections and single plate shear
connections have drawn great attention to the loading protocol which enabled a flexible

control of arbitrary combinations of bending and shear applied to the connections. Fig.

|Daia Acquisition

A

TO INSTRUMENTS

Beam J /
Shear Connection

Column

FIGURE 2.26. Test set-up used to apply shear and rotation protocol (Astaneh-
Asl et al., 2002)

2.26 illustrates the test protocol where two actuators, indicated as "R" and "S" attached to
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a cantilever beam. With one actuator, R, located at the free end of the beam and the other,
S, located close to the connection, any arbitrary combinations of bending moment and shear
force can be applied to the connection, and they can be controlled and monitored during the
tests via the data acquisition and the computer control system. This high flexibility of the
dual actuator testing system created a unique way to test structural members under complex
loading conditions. This rig is used later in this thesis with significant results for shear testing

with minimal bending moments.

2.7 Numerical Study

2.7.1 Finite Strip Method

The Finite Strip Method (FSM) is a numerical method that subdivides a cross-section into
longitudinal strips. For thin-walled structures, the Semi- Analytical Finite Strip Method
(SAFSM) and the Spline Finite Strip Method (SFSM) are the most common use. The SAFSM
uses harmonic functions and polynomial functions to approximate the displacement fields in
the longitudinal and the transverse directions respectively. Meanwhile, the SFSM employs
polynomial functions for transverse displacements and spline functions in the longitudinal
direction. For shear, Hancock & Pham (2011) implemented the SAFSM into the bfinst7.cpp
computer program to study shear buckling of cold-formed steel section. To account for the
simple support boundary condition, Hancock & Pham (2013) extended the method to consider
multiple series terms, and compiled the bfinst8.cpp program. The power of this program in
producing the shear buckling loads and the 3D buckling mode shapes has been illustrated in
Section 2.1.2. The SAFSM is also the underlying method behind the commercial program
THIN-WALL2 (Nguyen et al., 2015) and the public domain program CUFSM (Li & Schafer,
2010). Researchers (Pham et al., 2012; Pham & Hancock, 2012b, 2013; Pham, 2015) have
successfully used the above-mentioned computer programs to investigate the shear buckling

behaviour of cold-formed steel sections including beams with and without web holes. Fig.
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FIGURE 2.27. Shear buckling mode of lipped channel sections (Pham &
Hancock, 2013)

2.27 illustrates the shear buckling mode shapes of lipped channel sections produced by the

SAFSM and the SFSM where the buckling displacement fields are clearly visible.

2.7.2 Finite Element Method

The Finite Element Method (FEM) has become an integral part of the research world. Aided
by rapid advancement in computing power, the FEM is a reliable and powerful tool to predict
the experimental work in advance, to validate the tests and to extend the test database. In steel
structural research, Abaqus (Dassault Systemes Simulia Corp., 2014a) and Ansys (ANSYS
Inc., 2016) are such tools which are often used by researchers worldwide. Particularly,
for the cold-formed steel structures pertaining to shear behaviour, the FEM has been used
successfully to predict the buckling capacity and to track the full load-displacement response
of test specimens up to the post-peak and collapse stages. Pham & Hancock (2010b) used
Abaqus to simulate high strength cold-formed purlin tests in combined bending and shear.
Thorough studies of the effects of boundary conditions, geometric imperfection, and element
types as well as mesh sizes were included. It was concluded that the initial geometric
imperfection has little influence on the ultimate shear strength of the shear and combined
bending and shear models. Further, the S4R shell element in the software’s library was proved

to be suitable to capture the behaviour of thin-walled members. In general, a fair agreement
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between the test and the simulation results was achieved including the peak loads and the

failure mode shape as illustrated in Fig. 2.28. For cold-formed beams with web openings

FIGURE 2.28. Failure mode shapes of a test and of an Abaqus model (Pham
& Hancock, 2010b)

subjected to shear loads, Pham et al. (2014a) employed the FEM to simulate the tests, and the
simulation results agreed well with the tests except for the stiffness of the load-displacement
curves produced by the test and by Abaqus. They pointed out that since the "tie" constraints
were used to model the contacts between the channel sections and the rig at the location of the
bolts, they were not able to capture the slip induced by the bolt hole’s tolerance. However, this
might be overcome by using other connector elements provided by the software. Keerthan
& Mahendran (2012, 2013b, 2014) also successfully used the FEM to model cold-formed
steel beams with web holes with and without stiffening plates around the holes. Extensive
parametric studies were performed to cover a wide range of design parameters that would have

been expensive to study experimentally. Degtyarev & Degtyareva (2017a,b) used Ansys to

FIGURE 2.29. Failure mode shapes of slotted webs (Degtyarev & Degtyareva,
2017a)
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simulate shear tests on cold-formed steel beams with slotted webs. Both buckling and ultimate
strength analyses were performed, and a parametric study was also conducted to study various
perforation patterns. Fig. 2.29 reproduces the failure mode shapes of the channels with slotted

webs in these studies.

2.7.3 The application of artificial neural network

The artificial neural network is a computational model inspired by the biological neural
network in the brain of the human being (Gershenson, 2003). The human brain contains
billions of neurons. A neuron consists of a cell body, dendrites for receiving signals at one end
and an axon that stretches away in the other direction. The axon branches out into multiple
axon terminals for sending signals. These axon terminals are located close to the dendrites of
another neuron, forming connections known as synapses, as illustrated in Fig. 2.30(a). When
the electrochemical signals received by the dendrites are sufficiently strong, they activate the
neuron to emit signals via axon terminals. These signals are then acquired by another neuron

through the dendrites and may activate that neuron (Bushwick, 2012; BrainFacts.org, 2012).

FIGURE 2.30. a) Biological and b) artificial neural networks

The ANN simulates the way the brain works. An artificial neuron receives information
from inputs (dendrites), then multiplies weights (strength of corresponding signals) and uses
a mathematical function (activation function) to compute and determine the activation of the
neuron. The data is then transmitted to other neurons to be further processed. ANN combines
multiple neurons, arranged in layers to process information. The weights of a network can be

adjusted to generate the desired output. For networks with a large number of neurons and
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layers, this adjustment is facilitated by a process known as learning or training in order to find
optimal values for the weights. Once the network has been trained appropriately, an entirely
new set of inputs that is in the range of data that the network has learnt can be presented
and the network is able to produce answers. The accuracy of the outcomes depends on such
factors as how the network is trained, the amount of training data, the training algorithm and
the number of layers and neurons (Gershenson, 2003). Fig. 2.30(b) shows an example of
a neural network with three layers. The number of neurons in the input layer depends on
the number of input parameters provided. The number of hidden layers and the number of
their neurons are dependent on the complexity and nonlinearity of the problem. The networks
implementing the backpropagation algorithm (Rumelhart & McClelland, 1987) combine data
to feed forward neurons using the summation A of a weighted sum (the sum of the inputs X

multiplied by their respective weights w) and a bias b as follows:
i=1

The transfer functions (activation function or threshold function) might be as simple as
the identity but it has limitations due to its linear nature. More common output functions
are the log-sigmoid and hyperbolic tangent which are real-valued and differentiable. They
have the output ranging from 0 to 1 and —1 to 1 respectively. The ANN has such wide
applications as function approximation, pattern recognition and robotics. Recent advanced
technology including voice recognition, autonomous vehicles and artificial intelligence have
been powered by the ANNS. In structural engineering, ANN has been applied to such problems
as optimization (Park & Adeli, 1997, 1995; Tashakori & Adeli, 2002), damage detection
(Fatemeh et al., 2016). Recently, Pham et al. (2014a) have successfully employed the ANN to
predict stress and strain of FRP-confined columns based on a database of testing results. This
suggests the application of ANN to approximate buckling coefficients for cold-formed steel

beams with holes utilizing the data obtained by finite element buckling analyses.



CHAPTER 3

NEW EXPERIMENTAL CONFIGURATIONS WITH MINIMAL
BENDING MOMENTS TO STUDY BEAMS WITH LARGE ASPECT

RATIOS IN SHEAR '

3.1 Introduction

This chapter summarises the development of two new test setups to experimentally study the
shear behaviour of cold-formed steel members with aspect ratios greater than 1.0. Details of
the test rig design are presented, and test series were performed to confirm the validation of
the new designs. As mentioned previously, as the shear spans become longer, conventionally,
bending moment comes into play and it is likely to govern the ultimate strength of the
structures as seen in Fig. 2.20(c). Despite the numerical feasibility (Pham et al., 2014c¢), it is a
challenge to perform an almost pure shear test on actual structures using a standard laboratory
loading apparatus. Therefore, test configurations aiming to minimize bending effects were
developed and validated. In this study, two test setups were designed to produce such a low
moment condition. The first one, referred to as the Basler rig, was inspired by the early
experiments on plate girders in shear conducted by Basler et al. (1960). A test series, prefixed
by "B-", including three tests on lipped channel sections and two tests on SupaCee® sections
were conducted to validate the test setup. It was found that the Basler test rig was able to
significantly reduce the moment to shear ratio, thus allowing a state close to pure shear to be
attained. This was achievable as the test segment was centred at the point of contraflexure
(see Fig. 2.15), thus avoiding a high moment located at one end of the test span as occurred

A part of this chapter was published in the 8" International Conference on Thin-Walled Structures, Lisbon,
Portugal; and a part was submitted to the Journal of Constructional Steel Research for review
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in the conventional point load tests (see Fig. 2.20a). Further, the ratio of the span between
supports to the span of the test segment was carefully designed to fit the available testing
machine and to further decrease the applied bending moment as it declines towards zero at
the point of contraflexure.

In the meantime, in the J. W. Roderick structural laboratory at the University of Sydney,
another research program commenced which equipped the laboratory with two actuators. It
was realised that the two actuators could simulate the way that shear connections were tested
(Astaneh & Nader, 1991; Astaneh-Asl et al., 2002) in which the magnitudes of moment and
shear applied to the connections were pre-defined by controlling the actuators’ movements. It
is therefore feasible to distribute the moment gradient so that the practical minimal scenario as
discussed previously is achievable. A second new test setup was designed and pilot tests were
carried out to examine the feasibility of the new concept as it is much simpler to assemble the
specimen and operate than the Basler test rig. The results showed that the dual actuator test
configuration successfully produced the same results as does the Basler rig. In addition, the
test preparation, especially the assembly was substantially faster, and the turnover increased
almost three-fold. As a result, the dual actuator test protocol was selected to perform the
remainder of the experimental program including the sections with holes and transverse
stiffeners. For this reason, this chapter presents details of this test configuration first, then
the Basler test rig is detailed later as a cross-reference. All tests were performed in the J. W.
Roderick Laboratory for Materials and Structures of the School of Civil Engineering at the

University of Sydney.

3.2 Dual Actuator Test Rig

3.2.1 Test rig design

Fig. 3.1 shows a schematic diagram of the test apparatus and the corresponding idealized
bending moment and shear force diagrams. The test involves two actuators transferring the

loads to a cantilever cold-formed steel beam. The underlying idea is that the rig produces a
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pair of equal and opposite sign moments at the two ends of the right-hand side shear span,
which was the segment of interest. As a result, the maximum moment to shear ratio (M /V)
along the shear span generated by this test rig was only a half of the ratio which occurred in
the conventional central point load tests as can be seen by comparing Fig. 2.20(a) and Fig.

3.1. The test specimens were bolted to a stocky column via 20 mm thick plates on both the

FIGURE 3.1. Schematic sketch of the test rig

web and the flanges using M 12 and M 10 high strength bolts, respectively. The 5 rows of
bolts in the web allowed full tension field action in the shear span to be developed (Pham &
Hancock, 2012c), whereas the bolt groups on the flanges ensured the connection was able to
carry moments. Two actuators transferred loads to the beam through 20 mm thick loading
plates which were bolted to the cold-formed beam webs using five rows of M 12 high strength
bolts. Each MTS actuator has the capacity of 253 kN in compression and 162 kN in tension,
and has the stroke of 508 mm. They are controlled simultaneously by an MTS FlexTest®
Controller. The two actuators were able to move independently with different rates and the

rates could be adjusted during the tests. Thus the applied moments at the two end of the shear
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span could be controlled towards the desired scenario where this ratio is equal to —1.0 (i.e.

Mp=-M¢). Fig. 3.2 shows a 3D rendered image of the actual test configuration. It comprises

FIGURE 3.2. 3D rendered image of the test rig

of two channel sections bolted back-to-back to two faces of the loading plates. M 16 bolt nuts
were used as spacers between these plates and the test specimens as shown in Fig. 3.3 in order
to avoid large contact areas, thus a more accurate shear span dimension could be achieved.
Two horizontal, rotating-free plates were slotted to vertical threaded rods which were fixed to
the top and bottom of the loading assembly. These horizontal plates were connected to four
pairs of turnbuckles to maintain the verticality of the system during testing. The ends of the
turnbuckles had a special detail with the inside spherical joint able to freely rotate relative to
the fixed outer sphere as shown in Fig. 3.4. The other ends of the turnbuckles were connected

to a rigid frame using similar details with a spherical joint.

The two servo-controlled actuators were connected to the loading assemblies by rotary ball-

joints. The other ends of the actuators were mounted to the supporting frame using hinged
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FIGURE 3.3. Side view of the test assembly

(a) (b)

FIGURE 3.4. Details at the ends of the turnbuckles

connections. The distortion of the flanges of the two C-section beams was prevented by the
30x30x3EA straps screwed to both top and bottom flanges as used by Pham & Hancock
(2012a). The actual test assembly is shown in Fig. 3.5.

3.2.2 Instrumentation

During the tests, ten linear variable displacement transducers (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 centre of
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FIGURE 3.5. Typical test configuration

the shear panel to measure the out-of-plane deformation. The other two LVDTs were used to
track the horizontal movement of the column to which the beams were fixed. Further, two
inclinometers were attached to the top flanges of the specimen pairs. The locations of the
instruments are shown in Fig. 3.5. Vishay Model 5100B scanners and the Vishay System

5000 StrainSmart software were used to record the measured data.

3.2.3 Experimental procedure

The aim of the tests was to maintain an applied moment ratio (M¢/Mp) of —1.0 where M
and Mp are the bending moments at the column connection and at the other end of the shear
span, respectively. During the tests, the rate of change of the moment M at the connection
varied significantly as soon as plastic deformation occurred at the bearing surfaces of the
holes in the cold-formed beams. To maintain the bending moment ratio of —1.0, the values of

the moments M and Mp were monitored in real time and the movement rates (mm/min)
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of the two actuators were adjusted accordingly during the test. Fig. 3.6 shows the screenshots

FIGURE 3.6. Screenshots of the data logger and MTS control software

of the MTS controlling software and of the data logger display. The data logger retrieved
information from the ten transducers, two inclinometers attached to the test specimens and
data from the MTS testing machine including the force and displacement of each actuator.
The software allows customised formulae to be input to compute bending moment values
at the ends of the test span and the corresponding shear force, and display these values in
real time as shown in Fig. 3.6. Once the moment ratio significantly deviated from the target
value, the MTS controlling software allows the test to be paused, then new movement rates
were manually changed before resuming the test. Fig. 3.7 shows the variation of the moments
at the two ends of the shear spans during a test. At the beginning of the test, a default rate
of 0.5 mm/min was applied to both actuators. The ratio of M to Mp depending on the
stiffness of the connection might greatly differ from the target value of —1.0. This ratio,
however, approached the target at the peak loads as the rates of the two actuators were adjusted

properly during the tests.

3.2.4 Experimental results using dual actuator test rig — Series 1 and 2

Two test series were conducted to validate the accuracy and reliability of the new testing
apparatus. Series 1 included four tests, two on plain C and two on SupaCee® sections and
with an aspect ratio of 1.0. The ultimate shear capacity, in comparison with the conventional

central point load test results (Pham & Hancock, 2012a), reveals the performance of the



60 3 NEW EXPERIMENTAL CONFIGURATIONS WITH MINIMAL BENDING MOMENTS

6

I
T

N
T

Moment at end of shear span (kNm)
o

—M_B
_2 L _M_C
-4
_6 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Vertical displacement at mid-shear span (mm)
FIGURE 3.7. The variation of moments at the ends of the shear span during a test

new apparatus as well as the influence of bending moment on the shear strength. Series 2
comprised of four tests on plain C and SupaCee® section beams with an aspect ratio of 2.0.
The test results are also compared with the shear strength obtained from the tests using the
Basler rig to confirm the viability of the new test configuration. Details regarding the Basler

test rig are presented in the following section. The test matrix is shown in Table 3.1 as below.

TABLE 3.1. Text matrix for Series 1

Shear

Te.s t Test designation Number — Asp ?Ct span Section Steel

series of tests ratio grade
(mm)

1 S1-C20015 2 1.0 200 Plain Cee G450

1 S1-SC20012 2 1.0 200 SupaCee® G500

2 S2-C20015 2 2.0 400 Plain Cee G450

2 S2-SC20012 2 2.0 400 SupaCee® G500

Note: Test designation is explained below

3.2.4.1 Specimen nomenclature and dimensions

The test specimens were labelled in order to express the series, channel sections, depths

and thicknesses. Typical test label “S1 — C20015 — 17 is defined as follows:
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’S1’ indicates the test series 1

’C'200” indicates a channel section with the web depth of 200 mm

15’ indicates the thickness times 10 in mm

’1’ indicates the test number 1 in the Series

(a) Plain channel section (b) SupaCee section

FIGURE 3.8. Dimensions of plain channel section and SupaCee section

Fig. 3.8 shows the cross-sectional shapes of the plain-C and SupaCee® sections as well as
their dimension notations. These dimensions were measured and are listed in Table 3.2 and
Table 3.3 for plain-C and SupaCee® sections, respectively. The yield stresses of materials
are also included and the coupon tests to determine these stresses are presented in the next

chapter.

3.2.4.2 Experimental results-Test Series 1

Fig. 3.9(a) shows the failure mode of a plain channel section and Fig. 3.9(b) compares
the shear failure modes between a plain channel section beam and a SupaCee® section beam.
The shear bands span diagonally and symmetrically across the shear spans which are identical
to an idealized pure shear failure. Overall, only one shear buckle was observed for both
section types. However, the failure mechanisms are distinct from each other where a roof

mechanism (Murray, 1984) which involves a symmetrical folding pattern occurred on the
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TABLE 3.2. Dimensions of plain channel section specimens—Series 1 and 2

Test t(mm) D (mm) B (mm) L (mm) f, (MPa)

S1.C20015-1 1.51 201.0 77.23 17.07 490.0
1.52 199.0 77.18 17.89
sy 13 M0 7B 0T o
comst 13 M0 BE 1 s
coms: |5 M0 B0 00

TABLE 3.3. Dimensions of SupaCee® section specimens—Series 1 and 2

Test ¢ b B I I, Gs S S 6 0 f
(mm) (mm) (mm) (mm)(mm) (mm) (mm) (mm) (°) (°) (MPa)
125 204.1 559 7.50 8.00 113.6 407 399 49.0 78.5
S1-SC20012-1 1 23 202.6 54.6 7.10 830 1140 413 412 475 805 3842
124 205.1 543 7.60 790 111.8 424 426 465 775
S1-SC20012-2 1 23 2045 542 720 820 1124 43.1 428 455 76 842
124 2052 556 720 8.10 112.5 42.0 405 48.0 77.5
S2-SC20012-1 123 2035 543 7.00 820 1132 415 425 470 765 3842
124 2025 550 690 8.10 1145 422 395 465 755
S2-SC20012-2 1 25 204.0 562 7.10 850 112.0 43.5 41.0 450 80.5 5842

plain channel, and a flip-disc mechanism (Murray, 1984) which involves two asymmetrical

folding patterns occurred on the SupaCee® section. Fig. 3.10 shows the load- displacement

curves of the Series 1 Tests on both the plain channel and SupaCee® sections. The vertical

axis depicts the ultimate shear force of a single section and the horizontal axis shows the

vertical displacement at the end of the shear span. Despite the variation of the initial stiffness

due to bolt slip, the ultimate shear loads are consistent. These peak loads can be seen in Table

3.4. In this table, the experimental results obtained by Pham & Hancock (2012a) on the same

section sizes and aspect ratio but with the conventional central point load tests are included

for comparison. S is the shear span of interest, which is equal to 200 mm for 200 mm deep

sections; V), s+ are the ultimate shear forces of individual sections obtained from the tests;
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(a) Failure mode of a plain channel section

(b) Failure modes of a plain channel and of a SupaCee® section

FIGURE 3.9. Shear failure mode shapes of plain channel and SupaCee® beams

M7 mae 18 the maximum moment at the end of the shear span, accounting for the fact that
it is not always possible to achieve precisely equal moment values at the two ends; V7 p 1s
the average shear forces obtained from the conventional predominantly shear tests (Pham
& Hancock, 2012a). As can be seen, the M /V ratio obtained by the new test apparatus is

less than 60% of the ratio produced by the central point load tests conducted by Pham &
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FIGURE 3.10. Load - displacement curves for the tests in Series 1

Hancock (2012a). This means that the influence of bending moments on the shear forces had
been significantly reduced. It is noted that while the M /V ratios are constant for the tests
by Pham & Hancock (2012a) by virtue of the statically determinate nature of the test setup,
they vary slightly in the Test Series 1 due to the change of the connection stiffness which
was dealt with by adjusting the rates of the actuators. Although the shear strength (V}, ;cs) 1S
numerically smaller than the V7 p, a direct comparison is not sensible due to the yield stress
difference. The yield stresses in the tests by Pham & Hancock (2012a) were 513.4 MPa and
593.3 MPa for the plain C and SupaCee® sections, respectively. Meanwhile, the yield stresses
of the materials used in the Test Series 1 were 491.2 MPa and 584.3 MPa for the two section
thicknesses, respectively. As a result, the shear strength is normalised to the shear loads at
yielding (V,, = 0.6A,, f,)) as shown in Table 3.4 to facilitate the comparison between the two
tests series. V;, is computed on the basis of the measured yield stresses. The normalisation is
also performed on the average values for the Pham & Hancock (2012a) tests. The normalised
shear strength shows that there is little difference, up to a maximum of 5.7%, between the

outcomes produced by the Test Series 1 using the dual actuator test rig and by the V-series
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TABLE 3.4. Experimental results - Series 1

S Aspect Test Series 1 V-series (Pham & Hancock,

Designation (mm) ratio 2012a)

Vn,test Vn,test/ MT,maz/ VT,P VT,P/ MT,P/
(kN) Vy  Vagest (m) | (kN) Mpp Vrp(m)

S1-C20015-1 200 1.0 525 063  0.114
S1-C200152 200 1.0 543 064 o115 |29 063 020

S1-SC20012-1 200 1.0 44.2 0.53 0.117

SI-SC20012-2 200 1.0 456 055 0115 | 46> 056 020

using the conventional central point load test configuration. Taking the moment to shear ratios
into consideration, it can be seen that although the dual actuator testing apparatus induced
a ratio of approximately a half of the one produced by the conventional test rig, the shear
strength obtained from the two series was very similar despite slight variations. This proves
that, for the tests with an aspect ratio of 1.0, the influence of bending moments on shear forces

is negligible. This assertion, however, might not hold for longer shear spans.

3.2.4.3 Experimental results-Test Series 2

The Test Series 2 included two tests on plain channel sections and two tests on SupaCee®
sections, and with an aspect ratio of 2.0 or 400 mm shear span. The test procedure and the
instrumentation were identical to the ones used in the Test Series 1. Fig. 3.11 shows the failure
modes of a SupaCee® and a plain channel member. The failure modes involved a diagonal
shear band across the whole shear span, and they are similar to the modes observed from the
tests on aspect ratio of 1.0 beams. In addition, a roof mechanism (Murray, 1984) occurred on
the plain channel and a flip-disc mechanism (Murray, 1984) was observed on the SupaCee®
section. It is worth noting that at the peak shear forces, no plastic mechanisms occurred at
any locations on the flanges along the shear spans. Fig. 3.12 shows the load-displacement
curves for the Test Series 2. As discussed previously, the stiffness of the structures depends
largely on the stiffness of the bolted connections which varies case by case. However, the

consistent peak loads obtained were a reliable indicator of successful tests. The test results
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(a) SupaCee® SC20012

(b) Plain Channel C20015

FIGURE 3.11. Shear failure mode shapes of SupaCee® and plain Cee section
beams

are summarised in Table 3.5 along with the experimental results obtained from the B-Test
Series using the Basler rig which is described later and the test results by Pham & Hancock
(2012a) using the conventional central load tests which involved twice the moment to shear
ratio produced by the dual actuator rig and the Basler rig. The details regarding the Basler
setup are detailed in Section 3.3. In Table 3.5, S is the length of the shear span, AR stands
for the aspect ratio, V/, ;s 1s the shear strength obtained by the tests using the dual actuator
rig, M7 e 1S the maximum moment at the end of the shear span, accounting for the fact that
it was not always possible to achieve precisely equal moment values at the two ends, V7 p
is the average ultimate shear force obtained by the Basler rig corresponding to the average
moment at the end of the shear span of My p. Similarly, V- p and M7 p are the average shear

strength and average moment generated by the central point load tests by Pham & Hancock
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FIGURE 3.12. Load- displacement curves for shear tests on members with
aspect ratio of 2.0

TABLE 3.5. Experimental results

MV-Series-Pham

Eeess:[i nation (rrslm) AR Test Series 2 B—Serle353()S ection & Hancock
g ' (2012a)
Vn,test Vn,test/ VT; . VT,B VT,B/ V;Z:7§ VT,P VT,P/ V;’II:

S2-C20015-1 400 2.0 478 051 0212
$2-C20015-2 400 2.0 475 050 0213 |47-1 051 020 1342 036 040

S2-SC20012-1 400 2.0 343 041 0213
$2.SC20012-2 400 2.0 36.1 043 0224 |47 042 020 1271 033 0.40

(2012a). Due to the difference in the yield stresses of the materials used in the three test series,
the shear strength was normalised to the corresponding yield shear loads (V) to facilitate
the comparison. Firstly, it is clear that the moment to shear ratios (M /V') obtained by the
first two test apparatuses are approximately half of the ratio produced by the conventional

test configuration. As a result, for this relatively high aspect ratio of 2.0, the shear strength
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enhancement effect by virtue of the lesser influence of bending moments is substantial, up
to approximately 40% for plain-C sections and 27% for SupaCee® sections. The significant
enhancement indicates a large influence of bending moments on the shear strength of beams
with an aspect ratio of 2.0. This is contrary to the case of structures with an aspect ratio of
1.0 for which bending moments have negligible effects on the shear strength as discussed
previously. Secondly, there is only minor discrepancy between the shear strength obtained
by the dual actuator rig and the Basler rig on beams with the same aspect ratio. Therefore, it
can be concluded that they are reliable to be used for further study for the shear behaviour of
cold-formed steel structures. It is noted that the Basler rig and the central point load test rig
operate on statically determinate structures, thus the M /V ratio is always equal to the length
of the shear span. The tests using the dual actuator rig, on the other hand, operate on statically

indeterminate structures, therefore only an M /V ratio close to the target value was obtained.

3.2.5 Remarks

The dual actuator test rig is proven to be reliable to experimentally study the shear strength of
structures with aspect ratios of 2.0. It redistributes the moment gradient along the shear span
such that a minimum applied moment scenario was achieved, thus allowing the structures to
reach their shear capacity prior to any other limit states. The effectiveness of the new test rig
was affirmed by comparing with the shear strength obtained by the conventional point load
tests. The following section describes the Basler rig, the testing apparatus inspired by the test
rig used by Basler et al. (1960) which was also able to produce the minimal bending moment

scenario as achieved by the dual actuator test rig.

3.3 Basler Test Rig

3.3.1 Test Rig Design

The underlying idea came from the plate girder tests by Basler et al. (1960) which were

able to minimize the applied bending moments. The sketch of the test configuration and the
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corresponding bending moment and shear force diagrams are reproduced in Fig. 3.13. The
simply supported plate girder was loaded at the two overhanging ends by a pair of the same
force magnitude but with reversed direction. The test section, or the shear span of interest,
was centred at the point of contraflexure at the middle of the beam. As can be seen, this shear

span was subjected to a constant shear force and a moment gradient. The maximum moment
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FIGURE 3.13. The test configuration used by Basler et al. (1960)

at the end of the test section reduces as the test span becomes shorter. The sections outside
the test span were stiffened by transverse stiffeners on the web and by stiffening plates on the
flanges to prevent premature failures at high bending moment and shear regions. This test
rig was adopted with several modifications as well as the re-selection of the spans in order to
further minimize the moment to shear ratio and to fit the testing machine at the University of

Sydney’s structural laboratory. A diagram of the test set-up is shown in Fig. 3.14. The beam
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FIGURE 3.14. Shear test setup

was simply supported by two half-rounds at the left end and at the three-quarter point of the
beam from the left support. Meanwhile, two loading points were located at the quarter point
and at the right end of the beam. The load was transferred from the crosshead of an MTS
Dartec® machine with 2000 kN actuator via a spreader I-beam. The crosshead was situated at
the third point of the spreader beam from the left, and thus at the centreline of the whole test
specimen. The supporting and loading conditions in this test configuration are principally
similar to the one used by Basler et al. (1960), but it facilitated tests using only one actuator.
The beam specimen comprised of two channel sections bolted back-to-back with 20 mm
steel block spacers in between to ensure inside assembly was possible. To prevent premature

bending or combined bending and shear failures, the beam was stiffened on both the web and
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the compression flanges in the areas outside the test span. The stiffeners included 65x83x8
unequal angles bolted to the webs and 6 mm mild steel plate fixed to the channel flanges by
M8 bolts. The stiffening plates on the flanges were extended up to the shear span, while on
the web they stopped at 50 mm before the test span to eliminate any possibilities of stiffening
effects. On the web, unequal angles stiffeners were bolted to the inside faces of the channels
by five rows of high strength A/12 bolts at the locations of the block spacers as mentioned
previously. At the two supports and the two loading points, T section structures made up by
20 mm plates transferring the loads were bolted through the webs of the channel sections by

five rows of M 12 high tensile bolts as shown in Fig. 3.15.

FIGURE 3.15. Detail at the support

M 16 nuts were inserted between the channels and the support/loading plates to avoid
large contact areas which might influence the structural behaviour. The load bearing plates
rested on the half rounds of the DARTEC supports to simulate a set of simple supports. At the
loading point at the mid-span, the DARTEC loading ram has a spherical head to ensure that
the load is applied uniformly on the bearing plate, and moved at a constant stroke rate of 2

mm /min downwards during testing. The test specimens were also connected by 30x30x3E A
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equal angle straps screwed on the top and bottom flanges especially at the test span as used
by Pham & Hancock (2012a) to prevent sectional distortions. Along the member length,
intermediate rows of M12 bolts on the webs and M8 bolts on the flanges were employed to tie
the stiffening plates to the cold-formed channel section beams. This ensured the workability
of the composite sections. Lateral bracing was provided at critical locations along the beam

as shown in Fig. 3.14. The test configuration was designed as three modules as shown in

FIGURE 3.16. Shear test setup in modules

Fig. 3.16. The two end modules were assembled separately and they were reusable. The
middle module including the test span was replaceable and the new module could be prepared
independently, then it was slotted into and bolted to the two end modules to start a new test.

Fig. 3.17(a) shows all the components of the left module including the two channel section

(a) Test setup-Left module (b) Details of left module

FIGURE 3.17. Left end module

members, web stiffeners, flange stiffeners and the loading rigs. It is noted that the bottom
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flange stiffeners were shorter than the top stiffeners since the bottom fibres were in tension.
The ratio of the shear span to the web depth was 2:1. This shear span was formed by 2
rows of M12 high strength bolts which resembles the end connections of the shear tests by
Pham & Hancock (2012a). Tension field action was reported to be fully developed using
this end boundary conditions (Pham & Hancock, 2012c). All tests were performed in the
2000 kN capacity DARTEC testing machine, using a servo-controlled hydraulic ram in the J.
W. Roderick Laboratory for Materials and Structures at the University of Sydney. Fig. 3.18

shows an actual test on a plain C-section under loading.

FIGURE 3.18. Overall test configuration for a plain channel member

3.3.2 Instrumentation

Ten Linear Variable Displacement Transducers (LVDTs) were used to track the displacements
throughout the test series. Eight LVDTs mounted directly to the base of the DARTEC testing
machine were used to record the vertical displacements. Of these, four LVDTs were situated
at the two ends of the test span (shear span) and the other four were installed at the two

supports to measure the bolt slip. The remaining two LVDTs were mounted to the spreader
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I-beam to measure the lateral deformation at the middle of the shear span. Fig. 3.18 shows

the locations of the LVDTs along the test specimen.

3.3.3 Specimen nomenclature and dimensions

The test specimens were labelled in order to express the series, channel section, depth,

thickness and test number. Typical test label “B — C'20015 — 1” is defined as follows:

e '3’ indicates the test series name (Basler rig)

e *C200’ indicates a plain channel section (or SC200 for a SupaCee® section) with
the web depth of 200 mm

e ’15’ indicates the thickness times 10 in mm (alternatively *12”)

e ’1’ indicates the test number 1 in the test series

TABLE 3.6. Dimensions of plain channel section specimens

Test Designation ¢ (mm) D (mm) B (mm) L (mm) f, (MPa)
1.51 202.0 75.51 16.28

B-C20015-1 450 2005 7578  16.04

152 2038 7675 1656 5395
B-C20015-2 1 54 203.5 75.84 16.31

152 2030 7574  16.46
B-C20015-3

1.53 203.5 75.50 16.57

TABLE 3.7. Dimensions of SupaCee® section specimens

Test t D B l L, Gs S Ss 0, 0o fy
Designation (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (°) ®) (MPa)

124 2025 5487 727 683 111.8 43.00 41.52 57.5 852
B-SC20012-1 1 53 2020 5436 7.35 657 1117 4325 41.13 563 84.8 >542

123 2032 55.14 7.17 6.62 112.1 4355 41.63 58.1 85.5
B-SC20012-2 | 55 9037 5544 729 6.17 112.6 44.12 42.04 58.6 85.9 °>542

The dimensions of the plain channel section specimens are given in Table 3.6. In this

table, D is the overall depth, B is the average overall flange width, L is the overall lip depth
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and f, is the average measured yield stress. Table 3.7 shows the dimensions of the SupaCee®

section specimens. The dimension notations are illustrated in Fig 3.8.

3.3.4 Experimental results — B-Series

The test results and relevant parameters for the tests using Basler rig are shown in Table
3.8 including the shear span (.5), the aspect ratio (AR), the applied load (Pr ), the shear
strength of individual section (V7.5 = Prp/6), the moment at the end of the shear span

(Mr,g) and the moment to shear ratio (Mr g /Vr ). As discussed previously, the normalised

TABLE 3.8. Experimental results

Test S (mm) AR Prp(N) Mrpg (&Nm) Vig (kN) Mrg/Vrp
B-C20015-1 400 2.0 291.0 9.70 48.5 0.20
B-C20015-2 400 2.0 287.8 9.59 48.0 0.20
B-C20015-3 400 2.0 269.2 8.97 44.9 0.20
B-SC20012-1 400 2.0 204.0 6.80 34.0 0.20
B-SC20012-2 400 2.0 211.8 7.06 35.3 0.20

shear strength obtained by the Basler rig is close to the values obtained by the dual actuator rig
as they essentially produced the same loading conditions in the shear spans. Fig. 3.19 shows
the load-displacement curves of all of the tests. The abscissa depicts the vertical displacement
at the end of the shear spans, while the ordinate represents the ultimate shear forces of single
plain channels or SupaCee® sections. It can be seen that the initial stiffness of the tests on
the same sections varies noticeably. In fact, with this test rig, it is not feasible to obtain a
consistent initial stiffness due to the tolerance of the bolt holes. Further, since the two end
modules including the stiffeners were reused, small plastic deformation from previous tests
was carried forward and accumulated to the next tests, thus it exacerbated the differences.
This is proven in the third test on the plain channel sections (B-C20015-3) where the initial
stiffness is significantly smaller than the stiffness of the other two. In addition, during this
test, the lateral restraints had to be adjusted to restore the verticality of the system, and this

interference might have contributed to the slightly lower shear strength. Fig. 3.20 shows the
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FIGURE 3.19. Load versus vertical displacement relations of the B-Series

FIGURE 3.20. Test configuration and shear failure mode of plain channel test
segment

overall test configuration under loading and the shear failure mode at the test segment for a
plain channel section. Clearly, the typical shear failure characterised by the diagonal shear

band across the shear span was achieved. This failure mode reflected the fact that the test
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setup was successful to produce a loading state close to pure shear on the test segment. This
compares with the combined bending and shear failure mode obtained by Pham (2010) from
the tests on the same section sizes and aspect ratio but with larger bending to shear ratio (see

Fig. 2.20(c)). Fig. 3.21 illustrates the test setup and a close-up image of the failure mode at

FIGURE 3.21. Test configuration and shear failure mode of SupaCee® test segment

the central shear span of a test on a SupaCee® section. Clearly, the shear failure characterised
by the diagonal band was observed. The failure mode, referred to as a flip-disc mechanism
(Murray, 1984), however, was slightly different from the mode which occurred in the test on

the plain channel which is commonly referred to as a roof mechanism.

3.4 Chapter Conclusion

This chapter demonstrates the new test configurations to study the shear strength of cold-
formed steel structures with an aspect ratio of 2.0. Two testing apparatuses including the dual
actuator rig and the Basler rig were developed and validated by three series of shear tests on

plain channel sections and SupaCee® sections. The new test rigs produced practically minimal
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bending moments, thus enabling the shear tests on aspect ratio of 2.0 structures which were
not possible by using the conventional central point load test. It was shown that the two test
rigs generated reliable and consistent shear strength, and therefore following conclusions can

be reached:

(i) Bending moments have negligible effects on the shear strength of cold-formed steel
beams with an aspect ratio of 1.0. As a result, the simple central point load test is

sufficiently reliable for shear study of beams with this aspect ratio.

(i) The influence of bending moments on the shear strength of beams with an aspect ratio
of 2.0 is substantial. Therefore, test configurations that minimize bending effects
are required for experimental shear studies. The conclusion is, however, influenced
by the ratio of the actual moment capacity of the specimens to the shear capacity of
the specimens. It was reached on the basis of the particular types of sections tested
which are conventional Australian stock channels with the ratio of the flange width
to the web depth of approximately 40%. For other substantially different sections,
other limit states could occur and they must be dealt with appropriately. Nonetheless,
in general, it is necessary to minimize applied bending moments to obtain shear

strength of shear spans with high aspect ratios.



CHAPTER 4

EXPERIMENTAL INVESTIGATION OF COLD-FORMED STEEL

BEAMS WITH HOLES AND WITH TRANSVERSE STIFFENERS '

4.1 Introduction

This chapter provides details about the experimental program conducted at the University
of Sydney using the dual actuator rig. Firstly, tensile coupon tests to determine the material
properties including yield stresses and Young’s modulus are described. Secondly, the chapter
introduces an experimental series on beams with an aspect ratio of 2.0 and with various web
hole shapes and sizes. Lastly, tests on beams with intermediate transverse web stiffeners are
described. These experimental results serve as the input to the Direct Strength Method (DSM)
of design proposal for sections with web holes discussed in the following chapter. The tests

with intermediate transverse stiffeners are used to validate a revised design method.

4.2 Tensile coupon tests

Coupon specimens were taken longitudinally from the web of the cold-formed steel members
from each batch of material. The tensile coupon dimensions conformed to the Australian
Standard AS 1391 (Standards Australia, 2005) for the tensile testing of metals using 12.5 mm
wide coupons with the gauge length of 25 mm. The tests were performed in a 50 kN capacity
MTS Criterion testing machine operated in a displacement control mode as shown in Fig.
4.1(a). A constant displacement rate of 0.5 mm/min was maintained during the tests. The
coupons were secured in a pair of vice grips as shown in Fig. 4.1(b) and an extensometer was

A part of this chapter was published in the Wei-Wen Yu International Specialty Conference on Cold-Formed
Steel Structures 2018, St. Louis, U.S.A
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(a) The MTS testing machine (b) Extensometer attached on coupon
specimen

FIGURE 4.1. Coupon test set-up

used to record the elongation. The extensometer has a displacement range of 3.0 mm. The
yield stress f, was obtained by determining the 0.2% nominal proof stress.

The coupons were identified by a label which indicates the test series, test section and
the coupon test number. For instance, “S1-C20015-T1” means the first coupon was cut
longitudinally at the centre of the web of a channel of 200 mm deep and 1.5 mm thick taken
from the material batch used in the Test Series 1. Three coupon tests were conducted for
each batch of material, and the material properties obtained from these tests were averaged to
determine the representative properties of the batch. Table 4.1 summarises the results obtained
from 12 coupon tests. Since different test series might involve specimens from different
material batches, Table 4.1 separates the material properties including the yield stress ( f,) and
the Young’s modulus (£) for two types of sections including the 1.5 mm G450 plain channel
and 1.2 mm G500 SupaCee® sections. For the plain-C, there are totally three material batches

ordered for five test series. It is noted that the B-series refers to the test series conducted
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TABLE 4.1. Coupon test results

Coupon Nominal f B
Material batch (Test Series) . thickness Grade Y
Specimen (MPa) (MPa)
(mm)

B-series  B-C20015-T1 1.5 532.9 204723
B-C20015-T2 1.5 G450 5351 204729
B-C20015-T3 1.5 532.6 204675
Mean 532.5 204709
Test series 1  S1-C20015-T1 1.5 491.7 206487
$1-C20015-T2 1.5 G450 4950 202628
S1-C20015-T3 1.5 483.2 200956
Mean 490.0 203357
Test series 2; 3and4  S2-C20015-T1 1.5 539.0 204319
$2-C20015-T2 15 G450 5393 207210
S2-C20015-T3 1.5 538.4 203941
Mean 538.9 205157
All series SC20012-T1 1.2 586.1 201332
SC20012-T2 12 G500 5840 202057
SC20012-T3 1.2 582.4 199463

Mean 584.2 200951

using the Basler test rig, the Series 3 and 4 refer to the tests on beams with web holes and on
beams with intermediate transverse stiffeners which are presented in this chapter. Meanwhile,
for the , only one material batch was used throughout the experimental program. In general,
consistent Young’s moduli of approximately the nominal value of 200000 MPa were attained.
The yield stresses, however, saw a more significant fluctuation. For the 1.5 mm thick material,
the yield stress varied as low as 490 MPa and as high as 539 MPa. Nonetheless, the stresses
still far exceed the guaranteed minimum values of 450 MPa and 500 MPa for the G450 and

G500 steel, respectively.
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FIGURE 4.2. Stress versus strain curves of 1.5 mm thick material

Fig. 4.2 shows the stress-strain curves of the 1.5 mm thick cold-formed steel material
used in the Test Series 2; 3 and 4. These graphs are also typical for cold-formed steel material
with unclear yield plateaus and a little strain hardening. The tests were paused several times

so that the static values of the yield stresses can be obtained.

4.3 Experiments on cold-formed steel beams with web holes
and with an aspect ratio of 2.0 — Test Series 3

The Test Series 3 included 12 tests on cold-formed steel channel sections with the aspect
ratio of 2.0 and with various unstiffened square and circular central web holes. The test
configuration used in this test series was identical to the one used in the Test Series 2 as
detailed in Section 3.2, except for the introduction of the web holes at the centre of the
shear spans. Plain cold-formed channel sections of 200 mm deep, 1.5 mm thick were used
throughout the Series. The square hole sizes included 40, 80 and 120 mm, identical to the

hole sizes which had been tested previously by Pham et al. (2014a) on beams with an aspect
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ratio of 1.0. The diameters of circular holes including 50, 100 and 145 mm were derived
from the expression d = 0.825D, where d is the size of square holes and D is the diameter
of circular holes, to give approximately equivalent size holes. This conversion allows the
circular web holes to be converted into square holes and vice versa. Chapter 6 proves and
discusses the viability of this expression to a greater extent. All the holes were cut by a water
jet cutter to ensure their accuracy. In total, there were twelve tests as summarised in the test

matrix as follows:

TABLE 4.2. Text matrix for Series 3

Test . . Number  Aspect Shear Opening Op ¢ nlln g
. Test designation . span size
series of tests ratio shape
(mm) (mm)
3 C20015-AR2-S40 2 2.0 400 Square 40
3 C20015-AR2-S80 2 2.0 400 Square 80
3 C20015-AR2-S120 2 2.0 400 Square 120
3 C20015-AR2-C50 2 2.0 400 Circle 50
3 C20015-AR2-C120 2 2.0 400 Circle 100
3 C20015-AR2-C145 2 2.0 400 Circle 145

Note: ! Width (or depth) for square hole, diameter for circular hole

4.3.1 Specimen nomenclature and dimensions

The test specimens were labelled in order to express the series, channel section, depth,
thickness, and hole shape and sizes. Typical test label “S3 — C'20015 — S40” is defined as

follows:

e ’S3’ indicates the test series 3,
e "(200’ indicates a channel section with the web depth of 200 mm,
e 15’ indicates the thickness times 10 in mm,

e ’ 5S40’ indicates a square hole with its size of 40 mm. Alternatively, ’C'50’ indicates

a circular hole with the diameter of 50 mm.

The dimensions of the test specimens are shown in Appendix A.
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4.3.2 Test setup and test procedure

FIGURE 4.3. Test configuration for beams with web holes

Fig. 4.3 shows the overall test setup for beams with web holes. It is identical to the one used
in the Test Series 2 except for the introduction of the web holes at the centre of the shear span.
Also, the test procedure was identical to the procedure used in the Test Series 2 as presented
in Section 3.2.3. A default movement rate of 0.5 mm/min was used to start the two actuators.
The rates were altered subsequently depending on the actual development of the moments at

the ends of the shear spans.

4.3.3 Instrumentation

During the tests, ten linear variable displacement transducers (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 beams 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 LVDTSs were used to track the horizontal movement of the column
to which the beams are fixed. Further, two inclinometers were attached to the top flanges of

the specimen pairs. The typical locations of the instruments are shown in Fig. 4.3. Vishay
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Model 5100B scanners and the Vishay System 5000 StrainSmart software were used to record

the measured data.

4.3.4 Experimental results — Series 3

Fig. 4.4 and Fig. 4.5 show the failure mode shapes of tests on beams with square and circular
holes, respectively. Diagonal shear bands across the whole width of the shear spans occurred
for beams with small web openings (40 mm square hole and 50 mm circular hole), whereas
more localised shear bands were observed for beams with substantially large openings (120
mm square hole and 145 mm circular hole). This indicates that, for beams with large web
holes, local effects at the areas close to the holes have a significant role in dictating the shear
failure bands. The beams with square holes fractured in the direction perpendicular to the
shear bands at the corners of the openings even though they have a 5 mm internal radius at the
corners. The fractures, however, happened after the peak loads and thus are out of the scope
of this study. The ultimate shear forces, V;, ;. of the Test Series 3 are summarised in Table
4.3. The average shear strength of the tests on the same section, aspect ratio and material but
without web holes (Test Series 2), designated as S2-C20015, is included for comparison in
the first row of Table 4.3. Further, the shear test results on beams with an aspect ratio of 1.0
and with and without 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 test
series. Therefore, the ultimate shear strength is normalised to the corresponding shear yield
load of an unreduced section. The equivalent square hole size (d.,) 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 appearance 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 (d.,/h) ranges from 0.2 to 0.6. In comparison with the aspect ratio of 1.0
tests (Pham et al., 2014a), there is little discrepancy between the shear strength of the tests
with large web openings regardless of the aspect ratios. The difference is approximately 8%

for the square size of 120 mm cases. This is contrary to the cases of beams with smaller
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(a) Square hole size of 40 mm

(b) Square hole size of 80 mm

(c) Square hole size of 120 mm

FIGURE 4.4. Shear failure of beams with square holes

openings where the difference in the shear strength is more substantial, approximately 16%
for beams 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 beams with substantial web holes. This is possibly
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(a) Circular hole with a diameter of 50 mm

(b) Circular hole with a diameter of 100 mm

(c) Circular hole with a diameter of 145 mm

FIGURE 4.5. Shear failure of beams with circular web holes

because the local stresses around the large holes govern the overall behaviour of the structures.

This phenomenon is discussed further in Chapter 6. Further, it can be observed from the
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TABLE 4.3. Experiment results - Series 3

Hole
Shear e Pham et al
Designation span (d.D) deq/h Series 3 -AR 2.0 (20142) - AR 1.0
(mm)
(mm)

Vn,test Vn,test/ Vn,test Vn,test/
(kN) Vy (kN) Vy

S2-C20015 400 0 0.00 47.6 0.50

S3-C20015-S40-1 400 40 0.21 42.1 0.44

$3-C20015-S40-2 400 40 021 427 045 4065 033
$3-C20015-S80-1 400 80 042 290 031 oo oo
$3-C20015-S80-2 400 80 042 286 030 : :
$3-C20015-S120-1 400 120 063 148  0.15

$3-C20015-S120-2 400 120 063 152 o016 148 017
$3-C20015-C50-1 400 50 022 419 044

$3-C20015-C50-2 400 50 022 418 044

$3-C20015-C100-1 400 100 043 275 029
$3-C20015-C100-2 400 100 043 279 029 na

S3-C20015-C145-1 400 145 0.63 15.0 0.16
S3-C20015-C145-2 400 145 0.62 15.7 0.17

normalised shear strength in the table that the strength of beams with circular openings is
very close to the strength of beams with corresponding square openings when the equivalent
diameter d., = 0.825D is used. For instance, the difference is of maximum of circa 3.4% 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 d., = 0.825D.

Fig. 4.6 illustrates the variation of the shear strength of the beams with web holes relative
to the increase of the hole sizes. The abscissa depicts the ratio of the equivalent square hole
size to the flat web depth (d.,/h) and the ordinate represents the ratio of the shear strength
of beams with web holes to the shear strength of the beam without web holes. The dotted
curve is the third order polynomial fit of the test data. In general, the data encapsulates a
reduction trend of the shear strength when the hole becomes larger. It is of interest to see

that the reduction of the shear strength is not linearly related to the increase of the hole
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FIGURE 4.6. Shear strength reduction due to the occurrence of web holes
(AR=2.0)

sizes as reported by Narayanan & Rockey (1981) for the plates with holes. It is therefore
hypothesized that the rigidity provided by the flanges and the lips and their strength in shear
contribute mainly to this difference. However, more data is needed to accurately capture
the full variation of the curve, especially at transition points. Finite element simulation is
employed for such a purpose, and more details are given in Chapter 5. Fig. 4.7 and Fig.
4.8 show the loads versus vertical displacements at the end of the shear span for the tests on
beams with square and circular web holes using the dual actuator test rig. As can be seen,
similar to the Test Series 1 and 2, a similar initial stiffness was unattainable for each test
pair due to the local bearing at the bolt holes, especially on the cold-formed beam flanges.
However, by adjusting the actuators’ rates during the experiments, consistent peak shear
forces were obtained. Furthermore, it appears that the shear strength of beams with square
holes reached the peaks at larger vertical displacements as compared to the displacements at

peaks of the tests on beams with circular holes. This is probably attributable to the high stress
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concentration at the square hole corners that caused plastic deformation to occur slightly

earlier than in the case of circular openings.

4.4 Experiments on cold-formed steel beams with

intermediate transverse stiffeners — Test Series 4

Slender beam webs stiffened by transverse intermediate stiffeners are commonly used in
steel bridge girders. The transverse stiffeners subdividing the webs into shear panels with
the aspect ratios usually not exceed 3.0 help increase the shear buckling and shear strength
of the girders. This is because shear buckling is confined to individual shear panels with a
higher degree of restraints along all four boundary edges. Further, appropriate stiffened panels
allow shear post-buckling strength, also known as tension field action, to be developed, thus
enhancing the ultimate shear strength of members. This concept can be viable for cold-formed
steel beams as the cold-rolled beam webs are often highly slender. Welding, however, is
challenging for thin-walled structures as opposed to relatively thick plate girders. Therefore,
screwing or bolting is one of the most practical solutions to attach transverse stiffeners to
cold-formed beam webs. This section describes an experiment series, referred to the Test
Series 4, on cold-formed channel sections stiffened by angle-section transverse stiffeners
subjected to shear loads. Hex washer head self-drilling screws were used as the connectors
to fix the stiffeners to the beam webs. The Series comprised six tests on four different angle

stiffener sizes.

4.4.1 Transverse stiffener sections

The dimensions of the stiffeners are illustrated in Fig. 4.9 and summarised in Table 4.4. They
were fabricated mainly from high strength steel plates of the same thicknesses. It is noted that
L4 is the leg in contact with the web. Other properties of the stiffeners including the second

moment of area about z-axis (), cross-sectional area (Ay;) and the yield stress (f,s) are
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FIGURE 4.9. Cross-section of angle stiffeners

TABLE 4.4. Intermediate transverse stiffener cross-sectional sizes and properties

Test Stiffener L 1 L2 R]_ R2 t Ist Ast fyst
Designation Designation (mm) (mm) (mm) (mm) (mm) (mm®) (mm?) (MPa)

S4-C20015-ST1 UA20x25x2.4  18.8 252 475 2.00 2.40 12818 95.62 483.5
S4-C20015-ST2 EA20x20x1.9-1 19.9 20.2 3.75 1.50 1.92 5277 70.67 567.0
S4-C20015-ST3 EA20x20x1.9-2 19.8 19.3 3.75 1.50 1.93 4654 69.03 567.0
S4-C20015-ST4 EA20x20x1.2-1 19.5 20.2 3.00 1.75 1.27 3476 47.47 564.2
S4-C20015-ST5 EA20x20x1.2-2 194 20.2 3.00 1.75 1.27 3502 47.34 564.2
S4-C20015-ST6 UA20x25x1.5  20.0 25.3 4.75 3.25 1.51 8175 63.09 3169

also provided. In the stiffener designation, “UA” stands for Unequal Angle and “EA” stands
for Equal Angle, the first dimension is L followed by Ls and then the thickness.

The selection of these stiffener sizes takes consideration of both the AISI S100-16 (AISI,
2016) and the AISC 360-16 (AISC, 2016) specification rules. It is worth emphasizing that the
AISI S100-16 specifies the minimum flexural stiffness (/s ) Of the stiffeners to allow the
buckling capacity to be developed, and it requires the minimum cross-sectional area (A )
of the stiffeners to allow the post-buckling shear strength, (i.e the tension field action) to be

developed, as follows:

h a h\4
Tatmin = Dht3 | = = 0.7=| > (— 4.1
b ° |:CL 07h} (50) “.h
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where £ is the flat web depth, ¢ is the section thickness and a is the distance between transverse

web stiffeners.

1-C, |a (a/h)? f
As min — R v Dht 4.2
b 2 |h a/h+\/1+ (a/h)?| fyst “2
where:
1.53FEk,
=9 h < 0. 4.2
C, F (1) when C, <0.8 (4.2a)
1.11 |FEk,
= —/— h ) 4.2
C, ni 7 when C, > 0.8 (4.2b)
D =1.0 for stiffeners furnished in pairs (4.2¢)

= 1.8 for single angle stiffeners
= 2.4 for single plate stiffeners

k, is shear buckling coefficient

On the other hand, the AISC 360-16 requires flexural stiffness /4;; and ;5 for the development

of the buckling and postbuckling capacities, respectively, as follows:
L > btj (4.3)

where j = %2 — 2 > 0.5 and b is the smaller of the dimensions «a and h,

Ripld /N 15
Ty = 2 Pst (ﬂ) 44
12 10 5 4.4)

pst is equal to the larger of f,,,/ fys: and 1
fyw 1s the yield stress of the web material.

In addition, according to the AISC 360-16, to develop full tension field action, the stiffener
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sizes must also satisfy the slenderness requirement as follows:

E
fyst

)\st == (b/t)st S )\l - 056 (45)

where (b/t), is the width-to-thickness ratio of the stiffener. Table 4.5 summarises the stiffener

TABLE 4.5. Stiffener requirements by the specifications

AISI S100-16 AISC 360-16
tst fyst fyw I A
(mm) (MPa) (MPa) st,min st,min 6 6
(mmG) (mm2) Istl (mm ) [st2 (mm )
2.4 483.5 538.9 626.0 116.9 317.6 4862
1.9 567.0 538.9 657.8 100.1 319.3 4313
1.5 316.9 538.9 683.4 179.8 320.6 8770
1.2 564.2 538.9 702.7 101.2 321.6 4442

cross-section requirements according to these specifications. It is interesting to observe that
the minimum moments of inertia of the stiffeners required to develop the buckling capacity,
i.e. the nodal lines remain straight, specified by the AISC 360-10 (/) are approximately
half of the values as per the AISI S100-16 (/) regardless of the stiffener thicknesses and
yield stresses. The origin of these requirements can be traced back to Bleich (1952), and it has
been discussed in Section 2.4 that the AISI apparently doubled the stiffness requirement. The
stiffener sizes in Table 4.4 were selected such that they could verify the accuracy of the both
sets of stiffener design guidelines according to the two specifications. The first stiffener (ST1)
has a cross-section of UA20x25x2.4 which has the flexural stiffness (/;) far exceeding the
AISI value of I . and the cross-sectional area A, approximately 82% of the AISI value
of Ay min- It was expected that this stiffener provided adequate stiffness and strength to the
full tension field action development of the shear panels. A smaller and thinner stiffener size
of EA20x20x1.9 which has the moment of inertia (/) close to the AISC value of I, was
selected to verify the requirement in the AISC 360-16. A further reduction of the stiffener
size to EA20x20x1.2 was adopted to investigate the shear strength of the beams with the

stiffener’s stiffness (/,;) smaller than the /5 value required by the AISC 360-16.
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4.4.2 Test setup and test procedure

FIGURE 4.10. Test setup for beams with transverse web stiffener

Fig. 4.10 shows the overall test setup for beams with intermediate transverse web stiffeners.
It is identical to the one used in the Test Series 2 except for the introduction of the cold-rolled
angle transverse stiffeners at the middle of the shear span (one side only) and the horizontal
stiffening channel of 76 mm depth and 2.5 mm thickness on the adjacent panel. The stiffening
channel, extending up to the left end of the shear span, was screwed to the specimen’s web
and the top flange to prevent premature bending or combined bending and shear failure at
the sections adjacent to the shear span. The intermediate transverse stiffener, painted in light
blue as shown in Fig. 4.10 was screwed to the beam web using six hex head self-drilling
gage 12 Metal Teks®, 20 mm long screws. These screws were spaced evenly over the full
web depth to enable the full development of the tension field action. The stiffeners were not
connected to the flanges. The test procedure was identical to the procedure used in Test Series
2 as presented in Section 3.2.3. The two actuators started at a default movement rate of 0.5

mm/min, and the rate was adjusted in real-time according to the variation of the end moments.
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4.4.3 Instrumentation

During the tests, ten linear variable displacement transducers (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 centre of
the left shear panel to measure the out-of-plane deformation. The other two LVDTs were
used to track the horizontal movement of the column to which the beams were fixed. Further,
two inclinometers were attached to the top flanges of the specimen pairs. The locations of the
instruments are shown in Fig. 4.10. Vishay Model 5100B scanners and the Vishay System

5000 StrainSmart software were used to record the measured data.

4.4.4 Test matrix

The test matrix for the Test Series 4 is shown in Table 4.6. The series comprised of six

TABLE 4.6. Test matrix — Series 4

Test Designation Stiffener Designation Number of tests

UA20x25x2.4 1
EA20x20x1.9 2
S4-C20015-ST EA20x20x1.2 2
UA20x25x1.5 1

tests on 200 mm deep, 1.5 mm thick lipped channel sections and with different intermediate
transverse stiffener sizes. These stiffeners were selected to adequately verify the applicability
of the stiffener requirements specified by the two standards namely the AISI S100-16 and
the AISC 360-16. The first test used a relatively large stiffener (UA20x25x2.4) which aimed
to sufficiently separate the 2.0 aspect ratio shear span into two independent aspect ratio 1.0
shear spans. This means that the stiffener was expected to be sufficiently strong so that TFA
was able to be fully developed in the two aspect ratio 1.0 shear spans. This was verified by
comparing the shear strength obtained from this test with the shear strength obtained from
the predominantly shear test by Pham & Hancock (2012a) and with the shear Test Series 1.

It is noted that Pham & Hancock (2012a) conducted shear tests on similar channel sections
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and with the aspect ratio of 1.0, using the central point load test setup. Meanwhile, the
Test Series 1 involved tests on the same channel sections and with the aspect ratio of 1.0,
using the dual actuator test setup. The stiffener size was then reduced to a smaller size of
EA20x20x1.9 which matches the requirements specified in the AISC 360-16. Subsequently,
two tests on a thinner stiffener (EA20x20x1.2) were performed to extend the data range.
Finally, one more test using an UA20x25x1.5 stiffener which has a relatively high slenderness
ratio (A\y; = (b/t)4) for the outstanding leg was conducted to extend the database and to study
the slenderness requirement (\; = 0.56 \/m) of the transverse stiffeners.

4.4.5 Test results

Table 4.7 shows the test result of the first test with the UA20x25x2.4 transverse stiffener,
the average shear strength of the Test Series 1 and 2 and of the shear tests by Pham &
Hancock (2012a). Because of the different material yield stresses, the shear strength V), ;¢
is normalised to the shear yield load V), so that they can be compared. I, is the moment of

TABLE 4.7. Comparison of the test using UA20x25x2.4 stiffener with Test
Series 1 and 2

Test Designation S AR  Stiffener I, I/ As  Agl Vigest Vntest/

(mm) (mmG) Ist2 (me) Ast,min(kN) ‘/y
Pham &
Hancock 200 1.0 None - - - - 55.9 0.63
(2012a)
S1-C20015 200 1.0 None - - - - 534 0.64
S2-C20015 400 2.0 None - 47.6 0.50

S4-C20015-ST1 200 1.0 UA20x25x2.4 12818 2.64 95.62 0.82 56.5 0.60

inertia of the transverse stiffener, /4 is the minimum inertia moment required to develop
full TFA as specified by the AISC 360-16, A,; is the cross-sectional area of the transverse
stiffener, and A ., is the minimum area required by the AISI S100-16 to allow the full
TFA to be developed. The unequal angle transverse stiffener (UA20x25x24) has a moment of
inertia well exceeding the requirements by the two specifications, but its cross-sectional area

is approximately 82% of the minimum area specified by the AISI S100-16. It can be seen from



98 4 EXPERIMENTAL INVESTIGATION OF COLD-FORMED STEEL BEAMS

Table 4.7 that despite the insufficiency of the stiffener’s area, the test with the UA20x25x24
web stiffener was able to produce the normalised shear strength of 0.60 which is very close to
the values of 0.64 and 0.63 obtained by the Test Series 1 and by Pham & Hancock (2012a),
respectively, on 1.0 aspect ratio beams. Further, it well exceeds the normalised shear strength
of 0.50 of the Test Series 2 conducted on beams with twice the aspect ratio. This test indicates
that the transverse stiffener was sufficiently effective to subdivide the 400 mm shear span into
two shear panels with aspect ratios of 1.0. The failure mode of the test shown in Fig. 4.11
has two separate diagonal shear bands at the two panels located on the two sides of the intact

transverse stiffener which confirms the above assertion. The results also prove that the area

FIGURE 4.11. Failure mode of the test with the UA20x25x2.4 transverse stiffener

requirement as per the AISI S100-16 is over-conservative. The stiffener was fully functional
despite its insufficient cross-sectional area according to the specification. It is therefore worth
further validating the viability of the requirements set by the AISC 360-16.

Table 4.8 shows the shear strength of the tests in the Test Series 4 together with the average
result of the Test Series 2 on beams with the same section type and with an aspect ratio of 2.0.
Other relevant data including the moments of inertia and cross-sectional areas of the stiffeners
are also included. The shear strength of all the tests is normalised to the strength obtained by
the first test on the beam with the UA20x25x2.4 transverse stiffener as described previously.

The data in Table 4.8 can be visualised by Fig. 4.12 and Fig. 4.13 where the diameters of
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TABLE 4.8. Experimental results - Series 4

. . S . Ist Ist/ Ast Ast/ Vn,test Vn,test/
Test Designation (mm) Stiffener (mm®) L, (mm?) Atmin (N Vi oot g1
S4-C20015-ST1 200 UA20x25x2.4 12818 2.64 9562 082 565 1.00
S4-C20015-ST2 200 EA20x20x1.9-1 5277 1.22 7067 0.71 563 1.00
S4-C20015-ST3 200 EA20x20x1.9-2 4654 1.08 69.03 069 552 0098
S4-C20015-ST4 200 EA20x20x1.2-1 3476 078 4747 047 537 095
S4-C20015-ST5 200 EA20x20x1.2-2 3502 079 4734 047 551 097
S4-C20015-ST6 200 UA20x25x1.5 8175 093 63.09 035 556 0098

S2-C20015 400 None 0.00 0.00 0.00 0.00 476 0.84

the data points approximately represent the stiffener sizes. In Fig. 4.12, the horizontal axis

1.00 @

0.95
<< 0.90
~ ® UA20x25x2.4
g EA20x20x1.9
> 0.85 é UA20x25x1.5

EA20x20x1.2
o No Stiffener
0.80 . . . .
0.0 0.2 0.4 0.6 0.8 1.0

Ay ! Ay min (AISI S100-16)

FIGURE 4.12. Relationship between the stiffener’s area and the shear strength

depicts the ratios of the cross-sectional areas of the transverse stiffeners (A;) to the minimum
values required by the AISI S100-16 (At min). Meanwhile, the vertical axis shows the ratios
of the experimental results to the result of the test with the largest UA20x25x2.4 stiffener. In
Fig. 4.13, the horizontal axis represents the ratios of the moments of inertia of the transverse
stiffeners (/) to the minimum value specified by the AISC 360-16 (/). It is noted that
the minimum area and moment of inertia mentioned herein are the ones specified by the

specifications to allow full TFA to be developed. Firstly, considering the two tests on beams
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1.00 @
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FIGURE 4.13. Relationship between the stiffener’s inertia moment and the
shear strength

with EA20x20x1.9 transverse stiffeners, it can be seen from Table 4.8 and Fig. 4.12 that
even though the stiffener sizes are significantly smaller, up to 30%, than that required by the
AISI S100-16, full shear strength was still achieved with an average ratio of V;, 1es/V), test. 571
of 98.7% for members with these 1.9 mm thick transverse stiffeners. Further, the second
moments of area of these stiffeners, as seen in Fig. 4.13, are only 15%, in average, larger
than the values specified by the AISC 360-16 for the full TFA development. The failure
mode depicted in Fig. 4.14 clearly shows two diagonal shear bands at two shear panels
with the aspect ratios of 1.0. The transverse stiffener with the almost straight outstanding
leg can be considered as intact despite a slight out-of-plane bending of the leg attached to
the web. Therefore, the cross-sectional area requirement for transverse stiffeners as per the
AISI S100-16 can be confirmed to be over-conservative, whereas the minimum stiffness (/)
specified in the AISC 360-16 reflects a fair estimation of the stiffener sizes.

Considering the two tests on the beams with the thinner web stiffeners (EA20x20x1.2),
the second moments of area of these stiffeners are approximately 80% of that required by

the AISC, and the areas are approximately 47% of the required area as per the AISIL. In
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(a) Front view (b) Side view
FIGURE 4.14. Failure mode of the beams with the EA20x20x1.9 stiffeners

spite of the small cross-sectional areas, on average 96% of the full shear strength has been

developed. The stiffeners, however, were not able to clearly separate the two shear bands as

(a) Front view (b) Side view

FIGURE 4.15. Failure mode of the beams with the EA20x20x1.2 stiffeners

observed in the tests with larger stiffeners as they bent and distorted as shown in Fig. 4.15.
Nonetheless, the above experimental results firmly prove the conservatism of the transverse
stiffener design rules given in the AISI S100-16. On the other hand, Table 4.8 and Fig. 4.13
indicate a reasonable requirements for the transverse stiffeners by the AISC 360-16. The
EA20x20x1.9 stiffeners with the moments of inertia only slightly larger the required value
(Is:2) enable the shear strength with full TFA of the aspect ratio of 1.0 shear panels to be
developed. In addition, stiffeners with smaller stiffness (EA20x20x1.2) clearly reduce the
ultimate shear strength. As a result, it can be concluded that the inertial moment of the
stiffener is a more reliable and accurate indicator rather than the area to select the stiffeners’

sizes. This also reflects a radical change in the perspective towards the behaviour of the
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intermediate transverse stiffeners. Unlike the assumption that transverse stiffeners are highly
stressed axially due to the vertical component of the TFA forces as reported by Basler (1961),
Kim & White (2013) proved that these axial actions are not significant and out-of-plane
bending of transverse stiffeners is more critical to govern their behaviour in steel [-girders.
The results displayed in Fig. 4.13 and Fig. 4.14 affirm Kim & White (2013)’s perspective
in the context of cold-formed steel structures with angle transverse stiffeners screwed to the
beam webs. This is viable even though the transverse stiffeners were not connected to either
the top or bottom flanges. In fact, the stiffener design equations proposed by Kim & White
(2013) have been incorporated into the AISC 360 since 2010 edition and they are available in
the latest 2016 edition. It is therefore suggested that the AISI S100-16 should adopt these

design rules to replace the current conservative rules.

TABLE 4.9. Stiffener slenderness - Series 4

Stiffener bsi(La) ty E fyst \ N Vatest |
Designation (mm) (mm) (MPa) (MPa) st ! st Vi test,ST1

UA20x25x2.4 25.15 2.40 206900 483.5 10.48 11.58 0.90 1.00
EA20x20x1.9-1 20.15 1.92 205307 567.0 10.49 10.66 0.98 1.00
EA20x20x1.9-2 1930 1.93 205307 567.0 10.00 10.66 0.94 0.98
EA20x20x1.2-1 20.15 1.27 205701 564.2 1593 10.69 1.49 0.95
EA20x20x1.2-2  20.20 1.27 205701 564.2 1591 10.69 1.49 0.97
UA20x25x1.5 2530 1.51 199450 3169 16.75 14.05 1.19 0.98

Table 4.9 and Fig. 4.16 shows the variation of the normalised shear strength relative
to the ratios of the stiffeners’ slenderness, also known as the width to thickness ratio, A,
to the slenderness limits (\;) as per the AISC 360-16. The limit, )\;, is determined by the
expression 2.25 which is \; = 0.56 \/m As discussed in Section 2.4, this limit ensures
the compression stiffeners retain their fully effective sections at yield. However, it indicates
that the slenderness is based on the buckling solution of an unstiffened plate under uniform
compression, which is inconsistent with the shift of stiffener design philosophy from a
compression element to a flexural element. As can be seen in Fig. 4.16, as the stiffener is

approximately 30% more slender than the limit (UA20x25x1.5), even though the full shear
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FIGURE 4.16. Relationship between the stiffener’s slenderness and the shear
strength
strength was reached, the stiffener slightly deformed out-of-plane as shown in Fig. 4.17.

For the more slender stiffener (EA20x20x1.2) which is 50% higher than the limit, excessive

(a) Front view (b) Close-up view

FIGURE 4.17. Failure mode of the beams with the EA20x25x1.5 stiffeners

out-of-plane distortion of the outstanding leg of the stiffener was observed as seen in Fig.
4.15. Therefore, it is concluded that the width-to-thickness limit of the stiffener as per the
AISC 360-16 is still viable for the angle stiffener screwed to cold-formed beam webs. It is
believed that the formula could be re-formulated to reflect the bending nature of the transverse

stiffeners although little economic benefit could be achieved.
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4.5 Chapter conclusion

This chapter describes two test series on channel sections with an aspect ratio of 2.0 using the
dual actuator test rig which has been proven to be effective in minimizing bending moments.
Consequently, shear strength close to pure shear capacity was reached without premature
bending or combined bending and shear failures.

Test Series 3 comprised of twelve tests on beams with square hole sizes of 40, 80 and
120 mm, and with circular holes of 50, 100 and 145 mm diameters. The experimental results
showed a significant shear strength reduction as a result of the web holes. Further, it was
found that the aspect ratios, and thus the moment to shear ratio had little influence on the shear
strength of structures with substantially large web holes as the localised stresses around the
opening that triggered a plastic mechanism governed the overall behaviour. This observation,
however, does not hold true for members with small holes. In addition, the test results proved
the viability of the expression d = 0.825D that transforms the circular shapes into equivalent
square shapes.

Test Series 4 investigated the behaviour of cold-formed steel beams with intermediate
transverse stiffeners. The main aim was to evaluate the workability and the accuracy of the
stiffener design requirements as specified by the AISI S100-16 (AISI, 2016) and the AISC
360-16 (AISC, 2016). It is noted that the 2005 version of the AISC 360 used the stiffener
design guidelines similar to those of the AISI. However, later versions of the AISC have
introduced a completely new approach originated from a different perspective on the behaviour
of transverse stiffeners. Test Series 4 comprised six tests with four stiffener sizes thoroughly
designed and fabricated to cover the requirements specified by the two specifications. The
experimental results pointed out the conservatism of the AISI S100-16 design rules for
intermediate transverse stiffeners. On the other hand, a good correlation between the stiffener
sizes determined on the basis of the AISC 360-16 and the shear strength was attained. It is

therefore recommended a replacement of the stiffener design guidelines in the AISI S100-16
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by the guidelines from the AISC 360-16 to better reflect the actual structural behaviour of the

transverse stiffeners.



CHAPTER 5

NUMERICAL SIMULATION AND PARAMETRIC STUDY

5.1 Introduction

This chapter describes numerical non-linear simulations of the tests using the Finite Element
Method (FEM) based package Abaqus/Standard (Dassault Systemes Simulia Corp., 2014a).
The models are calibrated against the test results to ensure the accuracy before being used
to perform parametric studies. It is shown that several simplifications could be made to
facilitate convergence and to reduce solution time without compromising the accuracy of the
FE analyses. Once well-calibrated, FE simulation is a powerful tool to extend the test data

and to examine the structural behaviour of test specimens in greater detail.

5.2 Model Details

In Abaqus, the linear, 4-node doubly curved shell elements (S4R) were adopted to model
cold-formed sections. This element type has been successfully used by many researchers as
mentioned in Section 2.7.2 in the literature. Reduced integration and hourglass control options
were also enabled for these elements. Meanwhile, 8-node linear brick elements (C3D8R) with
reduced integration and hourglass control 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. 5.1 with several simplifica-
tions 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,
106



5.2 MODEL DETAILS 107

FIGURE 5.1. 3D view of the full FE model

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 M 12 threaded
bars and bolts connecting the channels to the loading plates were modelled by discrete fastener
elements in Abaqus. Discrete fasteners as demonstrated in Fig. 5.2 make use of attachment
lines to create connectors and couplings between selected faces (Dassault Systemes Simulia
Corp., 2014b). The attachment line was 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 & Rasmussen, 2018). The

actual diameters of the bolts (12 mm on the web and 10 mm on the flanges) were accounted
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FIGURE 5.2. Details about discrete fastener in Abaqus (Dassault Systemes
Simulia Corp., 2014b)

for by specifying the influence radius of the connectors. They are demonstrated by the green
circles in Fig. 5.2. This technique was also employed to model the 5 mm diameter screwed
connection between the straps and the channel’s flanges. 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. This constraint was declared to restrain
all the translational and rotational degrees of freedom (DoFs). The fixity at the column base
was simulated by imposing an ENCASTRE boundary condition which also prevents all the
DoFs. For structures with web holes, the model as shown in Fig. 5.3 is identical to the one
illustrated in Fig. 5.1 except for a cut at the web hole location. The tests on beams with
intermediate transverse stiffeners were modelled in the same manner. The stiffeners were
simulated by 8-node linear brick elements with reduced integration and hourglass control
(C3D8R). They were attached to the cold-formed beam webs by rigid multi-point constraints
(MPC) with beam connector section type. The rigid connector implied the assumption that
any screw deformation as well as screw tilting or pulling out was not accounted for. This,
however, was justified in the tests as the screws were observed to be intact. Fig. 5.4 illustrates
a three-dimensional FE model of a test with the transverse stiffener. The additional 75 mm

deep channel section to stiffen the left span as mentioned in Chapter 4 was also included. The
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FIGURE 5.3. 3D view of the FE model with a circular web hole

screws attached this stiffening channel to the test specimen were not specifically modelled as
they had little influence on the test span. Instead, the stiffening channel was tied to the beam

using a tie constraint in Abaqus.

5.3 Material Properties

To facilitate the nonlinear analysis, full stress-strain data obtained from the tensile coupon
tests was input to the software. Since Abaqus requires true stress (0y) and true plastic strain

(e4ue) instead of engineering stress and strain, the coupon test data needed to be processed as
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FIGURE 5.4. 3D view of the FE model with a transverse stiffener

follows:

Otrue = 0(1 +€) (5.1a)

Otrue

E

€true = In(1+€) — (5.1b)

where

E'1s Young’s modulus,

o is the engineering stress,

e is the engineering strain.

Fig. 5.5 illustrates the true plastic stress - strain curves derived from a 1.5 mm thick coupon

specimen obtained from the web of a channel section member.
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FIGURE 5.5. True plastic stress-strain curve of 1.5 mm material

5.4 Solution Control

For buckling analysis, a conventional eigenvalue buckling analysis was carried out via a linear
perturbation buckle step in Abaqus using a subspace eigensolver. For post-buckling responses,
a load-deflection Riks analysis was adopted. "The Riks method uses the load magnitude
as an additional unknown; it solves simultaneously for loads and displacements. Therefore,
another quantity must be used to measure the progress of the solution; Abaqus/Standard
uses the “arc length”, [, along the static equilibrium path in load-displacement space. This
approach provides solutions regardless of whether the response is stable or unstable" (Dassault
Systemes Simulia Corp., 2014b). The Riks method features advanced capabilities including
the inclusion of material and geometrical nonlinearity and a reliable solution convergence.
This method has been used frequently by many researchers (Keerthan & Mahendran, 2014;
Pham et al., 2014b; Pham & Hancock, 2015) to obtain reliable predictions of the strength of

cold-formed steel structures.
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5.5 Mesh Convergence

The mesh convergence study was performed to determine the optimal mesh size, which
ensures the accuracy of the model without using excessive computational resource. Fig. 5.6
shows the relationship between the number of elements of a single test segment and the peak

shear force carried by a single channel. In addition, the peak shear forces were compared with
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FIGURE 5.6. Mesh convergence study

the test results to identify the mesh size which produce the best match. As can be seen, a mesh
density of 23002 elements corresponding to a mesh size of 5x5 mm is adequate to provide
a sufficiently accurate result without a significant consumption of time and computational
expense. A further reduction of the mesh size to 2x2 mm only changes the shear strength by
1.4%. A coarser mesh size of 10x10 mm was used for other components including the column
and the loading plates. For circular and rounded square web openings, the areas surrounding

the holes were partitioned to facilitate a sweep mesh as shown in Fig. 5.7.
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(a) Square hole (b) Circular hole

FIGURE 5.7. Sweep mesh around web holes

5.6 Validation of the FE models

5.6.1 Validation by buckling analysis

The reliability of the FE models was validated on the basis of their performance in both
buckling and ultimate strength analyses. Firstly, the buckling analysis results and buckling
mode shapes were compared with the corresponding outcomes obtained by a Semi-Analytical
Finite Strip Method (SAFSM) using the BFINST8 program (Hancock & Pham, 2013). Since
the BFINSTS assumes a simply supported boundary condition and a pure shear loading state,
the buckling load produced by this program could be slightly different from the one obtained
by the FEM which contains a moment gradient and a certain degree of restraints at the ends

of the shear span. Table 5.1 compares the buckling loads of C20015 section beams with the

TABLE 5.1. Buckling loads determined by the SAFSM and the FEM

Ver (KN)
Section Aspect ratio Shear span (mm) SAFSM FEM Variance (%)
(BFINSTS) (Abaqus)
1.0 200 32.1 37.6 17.1
C20015 2.0 400 24.3 24.9 2.47

shear spans of 200 mm and 400 mm corresponding to aspect ratios of 1.0 and 2.0 obtained by

the BFINSTS and Abaqus. It was found that the two programs produced very close buckling
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loads for beams with an aspect ratio of 2.0 with only 2.5% difference. However, the difference
is more noticeable, approximately 17%, for the aspect ratio of 1.0 beams. This could be
explained by the fact that the boundary conditions formed by 5 rows of bolts as used in the
FEM have a more noticeable influence on the shear buckling load of the shorter shear span.

For the longer shear span, this influence is less significant. Fig. 5.8 compares the buckling

(a) Buckling mode shape (b) Buckling mode shape by FEM
by SAFSM

FIGURE 5.8. Buckling mode shape of beams with an aspect ratio of 1.0

mode shapes of a C20015 section with an aspect of 1.0 produced by the SAFSM and by the
FEM. It can be seen that they are very similar which involve one diagonal shear buckle across
the span. Meanwhile, the buckling modes of an aspect ratio of 2.0 shear span are compared
in Fig. 5.9. For this longer shear span, two shear buckles occurred, and the mode shapes

generated by the two programs are similar. The close shear buckling loads and the similar

(a) Buckling mode shape by SAFSM (b) Buckling mode shape by FEM

FIGURE 5.9. Buckling mode shape of beams with aspect ratio of 2.0
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shear buckling modes produced by the SAFSM and the FEM show that the models developed

in the FEM were able to capture well the buckling behaviour of the structures.

5.6.2 Validation by ultimate strength analysis

A further validation of the FE models was conducted by comparing the strength analysis
results, primarily the peak shear forces and the failure modes, to the experimental outcomes.
The average actual dimensions of the test specimens as well as their nonlinear material
properties were input to the models. The sensitivity of the ultimate shear strength to the initial
imperfections was also investigated. The imperfection was incorporated into the model using
the normalised displacement field obtained by the buckling analysis scaled by a factor of
0.15¢ and 0.64¢ where ¢t is the thickness of the cold-formed member. These scale factors have
been used consistently by Pham & Hancock (2012c, 2010b); Pham et al. (2014b). The scale
factors might be either positive or negative, and the sign was selected so that it exacerbated
the failure mode as observed in the model without the imperfection. Five different models
simulating tests on C20015 sections were built and analysed. These included two tests on
beams without web holes and with the aspect ratios of 1.0 and 2.0, a test with the aspect
ratio of 2.0 and with a 100 mm diameter circular web hole, a test with the aspect ratio of
2.0 and with a 80 mm square web hole, and a test with an intermediate transverse stiffener
of EA20x20x1.9. Table 5.2 compares the shear strength obtained by the simulations with

TABLE 5.2. Influence of initial imperfection to shear strength

| | Viw (KN)
Section Aspect ratio Hole Stiffener 0t 0.15¢ 0.64 Vrest (kN)  Variance (%)
1.0 No No 56.11 5594 55.48 53.4 3.90
2.0 No No 49.10 48.75 48.61 47.6 2.12
C20015 2.0 C100 No 27.62 2743 27.34 27.7 -1.29
2.0 S80 No 29.03 28.97 28.92 28.8 0.42
1.0 No EA20x20x1.9 58.96 58.26 57.15 54.9 4.10

different magnitude of the initial geometrical imperfection and the shear strength obtained by

the tests. It can be seen that the shear strengths of the models with the imperfections were
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very close to those of the models without the initial imperfections. The largest difference
computed from the table is only 2.3% which indicates that the models were insensitive to
the initial geometrical imperfection. Further, overall, the models with an imperfection scale
factor of 0.64¢ yielded the results closest to the experimental outcomes with the maximum
variance of 4.1%. As a result, this factor was used for further FE simulation.

Fig. 5.10 compares the shear failure modes produced by the FEM and by the experiments
for the different cases including the beams without holes and with aspect ratios of 1.0 and
2.0, the beams with the aspect ratio of 2.0 and with a circular or a square web hole, and
the beam with an intermediate transverse stiffener of the size of EA20x20x19. Von Mises
stress distribution at the peak shear forces were shown on the FE simulation results together
with the corresponding color scale charts. Clearly, the FEM was able to capture well the
characteristic shear failures of beams with different aspect ratios and with web holes as well
as with transverse web stiffeners. The failure modes produced by the FEM resembled well
the experimental failure modes.

Fig. 5.11 compares the load versus displacement curves obtained by the tests and by the
FE simulation for the cases as mentioned previously. Overall, the FEM was able to track the
full displacement progress of the test specimens. The slight mismatch is mainly attributed
to the fact that the movement rates of the two actuators were adjusted multiple times during
the tests which were not accurately simulated. Further, the mathematical modelling of the
connectors in Abaqus was not able to fully capture the local plastic deformation around the

bolt holes.

5.7 Parametric study of beams with web openings

5.7.1 Extending experiment database for beams with holes

As presented in Chapter 4, experiments have been performed on beams with square and
circular web holes. However, only certain dimensions of web holes were considered including

square hole sizes of 40, 80 and 120 mm; and circular holes of 50, 100 and 145 mm in
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(a) (b)

(© (d)

(e) ®

(® (h)

(i) Experiment (j) FEM

FIGURE 5.10. Comparison of the failure modes obtained by tests and by FE
simulation

diameters. This section employs the FE model developed and calibrated as detailed previously
to supplement more data to the test database, thus the behaviour of the beams across a full
range of the web holes can be obtained. Table 5.3 shows the hole dimensions which were

studied by the FEM to complement the experimental results. The diameters of the circular
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Load versus displacement curves of the tests and of the FE

holes as shown in brackets were computed from the relation d;, = 0.825D where d}, is the

square hole size and D is the circle diameter. This expression transforms the circular shapes

to the square ones as discussed in detail in Chapter 6. For the largest square hole size of 180
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TABLE 5.3. The matrix of the FE simulation for beams with holes

Dimensions of square and circular web holes (mm)

20 40 60 80 100 120 140 160 180
(25)* (50) (75) (100) (120) (145) (170) (190) ()

0

*Note: The first number is the square hole size, the number in the bracket is the
diameter of the circular hole

mm, the equivalent circular hole diameter exceeds the web depth, thus it was excluded from
the table.

Table 5.4 summarises the shear strength of channel sections with the full range of square
and circular web openings obtained both from the tests and from the FE simulation. The
grey shaded rows with the prefix "EXP-’ standing for ’experiment’ in the designation show
the average experimental results, and the unshaded rows show the shear strength produced
by the FEM. The equivalent square hole sizes (d,,) are the actual sizes of the square holes

and are the diameters of the circular holes multiplied by the conversion factor of 0.825.
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FIGURE 5.12. Shear strength of channel sections with holes

Fig. 5.12 illustrates the data in Table 5.4 graphically. The abscissa represents the ratios of
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TABLE 5.4. Shear strength by FE simulation

Shear Aspect Hole 5 ql;lal; v Vil
Designation span  Ratio Size S 'qe d deg/h (inLI) Va.c20015
eq
(mm) (AR) (mm) (mm) (kN)
EXP-C20015 400 2.0 0 0 0.00 47.6 1.00
FEM-C20015-S20 400 2.0 20 20 0.10 46.8 0.98
EXP-C20015-S40 400 2.0 40 40 0.21 42.4 0.89
FEM-C20015-S60 400 2.0 60 60 0.31 35.8 0.75
EXP-C20015-S80 400 2.0 80 80 0.42 28.8 0.60

FEM-C20015-S100 400 2.0 100 100 0.52 22.5 0.47
EXP-C20015-S120 400 2.0 120 120 0.63 15.0 0.31
FEM-C20015-S140 400 2.0 140 140 0.73 9.0 0.19
FEM-C20015-S160 400 2.0 160 160 0.84 6.4 0.13
FEM-C20015-S180 400 2.0 180 180 0.94 4.1 0.09

FEM-C20015-C25 400 2.0 25 21 0.11 46.9 0.98
EXP-C20015-C50 400 2.0 50 41 0.22 41.9 0.88
FEM-C20015-C75 400 2.0 75 62 0.32 35.2 0.74
EXP-C20015-C100 400 2.0 100 83 0.43 27.7 0.58
FEM-C20015-C120 400 2.0 120 99 0.52 22.1 0.46

EXP-C20015-C145 400 2.0 145 120 0.62 15.4 0.32
FEM-C20015-C170 400 2.0 170 140 0.73 8.3 0.17
FEM-C20015-C190 400 2.0 190 157 0.82 6.9 0.14

the equivalent square sizes (d.,) to the flat web depth (%), while the ordinate depicts the
ultimate shear strength obtained by either the experiments or the FE analyses. The experiment
data was plotted by solid squares and circular dots for the square and circular opening cases,
respectively. In the same manner, the FE results were plotted by hollow points. A third-order
polynomial curve fitting the data set is also included. It is of interest to observe that the
variation of the shear strength with respect to the ratio of d.,/h is not linear but the data
follows a third-order polynomial curve. For a beam with a substantial web opening (S180) of
which over 80% of the web depth was taken out, 8.6% of the shear strength was still retained
by virtue of the contribution of the flanges and the lips. Fig. 5.13 shows the failure modes and

corresponding von Mises stress distribution of beams with extreme square and circular web
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(a) Square hole size of 180 mm (d,/h = 0.94)

(b) Circular hole diameter of 190 mm (d.q/h = 0.82)

FIGURE 5.13. Von Mises stress distribution of at failure of beams with large holes

holes. It was observed that high stresses initiated and developed locally at the corners of the

square opening that triggered a collapse mechanism.

5.7.2 Shear strength of beams with larger aspect ratios

The accuracy of the FE simulation of cold-formed beams with web holes as demonstrated
in the previous sections encourages the extension of the simulation to study the behaviour
of beams with larger aspect ratios. The task is challenging for unperforated structures as
bending moments become more critical for longer shear spans, and they are likely to govern
the ultimate strength without reaching the shear capacity. However, for perforated beams,
the task is much more feasible especially for beams with large web openings. This is mainly
attributed to two reasons. Firstly, the web holes reduce the ultimate strength of the beams
as compared to that of unperforated members. Therefore, shear strength might be reached
prior to the onset that bending moment approaches the critical magnitude. Secondly, as
discussed previously, local stresses tend to develop and spread around the corners of the

large holes, and subsequently trigger a collapse mechanism. It is likely that, for these
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members, this mechanism, known as Vierendeel mechanism (Chung et al., 2001; Shanmugam
& Thevendran, 2002), governs the ultimate strength instead of bending failures. On the basis
of these observations, FE models for cold-formed channels with web holes and large aspect
ratios were carried out. The details of the models were similar to the models for beams with
smaller aspect ratios, and the length of the span adjacent to the shear span was not of vital
importance as the actuators’ rates could be adjusted to attain equal moments at two ends

of the shear span. Fig. 5.14 illustrates the failure mode of a channel section with a 120

(a) Aspect ratio of 3.0

(b) Aspect ratio of 4.0

FIGURE 5.14. Von Mises stress distribution of at failure of beams with large
aspect ratios

mm square web hole and with aspect ratios of 3.0 and 4.0. Overall, they are identical in
terms of the localised stress distribution around the openings. This indicates the fact that, for
structures with substantial central square web openings, the local effects at the corners of
the openings tend to govern the overall behaviour. Table 5.5 summarises the FE simulation
results for beams with the large aspect ratios of 3.0 and 4.0. Three hole sizes including 40, 80
and 120 mm are considered which are consistent with the sizes studied by other researchers
(Pham et al., 2014a, 2016). The experimental outcomes conducted by Pham et al. (2014a)

on beams with the aspect ratio of 1.0 (AR 1.0), and the shear strength obtained by the Test
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TABLE 5.5. Shear strength of beams with holes and with various aspect ratios

EXP FEM
Holesize dp/h AR 1.0% AR 2.0 AR 3.0 AR 4.0
Vn,test Vn,test Vn,test Vn,test Vn,FEM Vn,FEM Vn,FEM Vn,FEM
kN) /V, &N) /V, | &N) /V, (kN) [V,
SO 0.00 51.63 0.59 47.65 0.50 - - - -
S40 0.21 4653 053 424 045 | 36.8 040 - -
S80 042 30.01 034 288 030 | 274 030 263 0.29
S120 0.63 1477 0.17 150 0.16 | 146 0.16 145 0.16

Series 3 on beams with the aspect ratio of 2.0 (AR 2.0) are also included. In addition, the

average shear strength of beams without web holes (S0) is given as a reference. The shear

strength obtained by experiments (V}, ;.s:) and by the FEM (V,, pgas) 1s normalised to the

corresponding shear yield loads of unperforated sections to facilitate the comparison as the

yield stresses are different. In the table, the dash (-) indicates that the FE models could not

produce a shear failure mode due to premature bending failure. The normalised strength in

Table 5.5 plotted in relation to the ratio of the hole size to the flat web depth (dy,/h) is shown

in Fig. 5.15. It is of interest to observe that the experimental and numerical results for the

0.6
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=
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FIGURE 5.15. The variation of shear strength with respect to hole sizes

four different aspect ratios tend to converge when the hole becomes larger. For the 120 mm
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hole size (d,/h = 0.63), the difference is approximately 8% between the shear strength of
beams with aspect ratios of 1.0 and 4.0. This gap is narrower, circa 4% among the strength of
beams with the three large aspect ratios. As a result, it is concluded that the shear strength
of channel sections with sufficiently large web holes, say d;,/h > 0.6, can be considered
as unchanged regardless of the aspect ratios as local stress concentrations around the holes
govern the failure mode. To affirm this assertion, and to study the influence of the global
bending stresses on the localised stresses, two other FE models were constructed on the basis
of the model with the aspect ratio of 4.0 and with the central square hole size of 120 mm. In
the first one, the hole was moved to centre at the quarter point from the right end of the shear
span, whereas the second model consisted of two square holes close to the two ends of the
shear span. Fig. 5.16 illustrates the locations of the holes and the von Mises stress distribution
at the peak shear loads. It is not surprising to observe that the failure mechanism including
plastic hinges at the four corners of the openings formed and resulted in the collapse of the
specimens. For the beam with two openings, the same mechanism occurred simultaneously at

the two openings. Table 5.6 compares the shear strength obtained by the above-mentioned

FIGURE 5.16. Channels with an aspect ratio of 4.0 and with eccentric 120
mm holes

models (see Fig. 5.16) together with the strength of the beam with a central opening of the

same size (see Fig. 5.14(b)). The maximum difference among the shear strength is just less
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than 1%. The similarity among the failure modes and the close shear strength indicate that
the behaviour of these beams, despite the difference in the hole location and the numbers
of the holes, is governed by the local stresses around the web holes. Further, the influence
of the bending moment gradient on these local stresses seems to be minimal. To further

TABLE 5.6. Shear strength of 4.0 aspect ratio beam with various 120 mm
hole location

Hole size Vapa (KN)
1 central hole 1 quarter point hole 2 quarter point holes
S120 14.49 14.57 14.45

understand the local effect of the large hole, an FE model with a central rectangular hole of
240 mm wide and 120 mm high was constructed. The rectangular hole sizes were specifically
selected so that its width is double the width of the 120 mm square hole. The FE model and

the von Mises stress distribution at the peak load is shown in Fig. 5.17. It can be seen that the

FIGURE 5.17. Channels with an aspect ratio of 4.0 and with a 240x120 mm
rectangular hole

stresses localise around the corners of the opening as observed previously. The peak shear
force obtained was 8.38 kN, slightly larger than a half of the peak of the beam with a 120 mm
square opening. Taking all these modelling results into consideration, it is concluded that a
Vierendeel mechanism characterised by the occurrence of the plastic hinges at the corners
of large openings governs the overall behaviour of beams with large web openings. This is

discussed in detail in Chapter 6 as a preferred design approach.
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5.7.3 Influence of moment to shear ratios on the shear strength of
beams with web openings

In the previous section, it was found that once the holes are sufficiently large, bending
moments have little effect on the ultimate shear strength of the perforated beams. This section
provides further numerical results on the basis of the FE models successfully constructed and
validated by Pham et al. (2014a, 2016). The model simulated tests on perforated channels
using the conventional central point load test. It is noted that this test configuration produces
twice the moment to shear ratio produced by the dual actuator test rig. Therefore, this higher
moment to shear ratio is useful to investigate the degree that the bending moment interferes

with the shear strength of substantially perforated structures. Fig. 5.18 illustrates the central

FIGURE 5.18. Test rig and ABAQUS model (Pham et al., 2014a)

point load test rig and the corresponding FE model. Two channels were tested in pairs but only
one channel was modelled as a result of the symmetry of the system. Symmetrical boundary
conditions were imposed to the model to restore this symmetry. The channels were simulated
using S4R shell elements. To simulate a set of simple supports, the “CONN3D2” connector
elements were used to connect the bearing plates to the centre of the half round. Both ends
of the connector elements were hinges and the length of the shortest connector member was
the radius of the half-round. To simulate the bolts, the “tie” constraints which couple 6 DoFs
were adopted. 30x30x3EA straps were provided at the two end of the shear spans to prevent

the distortion of flanges. Pham et al. (2014a, 2016) only tested and modelled sections with an
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aspect ratio of 1.0 as seen in Fig. 5.18. In this section, the model was extended to simulate
perforated beams with aspect ratios up to 3.0 and with the square hole sizes ranging from 20

mm to 180 mm. These sizes correspond to the dj, /h ratios ranging from 0.1 to 0.94. Fig. 5.19

FIGURE 5.19. ABAQUS model of beam with aspect ratio of 3.0 and 120 mm
square hole

illustrates an FE model of a beam with the aspect ratio of 3.0 and with a 120 mm square web
hole. The model was identical with the one shown in Fig. 5.18 except for an additional pair

of straps at the middle of each shear span. Fig. 5.20 compares the shear strength of beams
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—e—Dual-AR3-FEM
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FIGURE 5.20. FE simulation of beams with different ///V ratios
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with the aspect ratio of 2.0 and 3.0 obtained by the FE simulation on the basis of both the
dual actuator rig (see Fig. 5.14) and the central point load (CPL) test rig (see Fig. 5.19). The
former test configuration has a moment to shear ratio (A//V") of half of the ratio produced by
the latter rig. In addition, for the first data set with the dual rig and with an aspect ratio of 2.0,
available experimental data from the Test Series 3 is also included. The shear strength was
normalised to the shear yield loads of unperforated channels. First of all, it can be seen that
when the holes are sufficiently large, d;, /h > 0.6, the shear strength consistently converges
regardless of the moment to shear ratios and the aspect ratios. For beams with relatively small
holes, however, there is a noticeable discrepancy among the shear curves. In general, the
dual actuator test rig with smaller M /V ratio produced higher shear strength in this range.
It is of interest to observe that the CPL-AR?2 (central point load test rig and with the aspect
ratio of 2.0) curve approaches the Dual-AR3 curve. This is mainly attributed to their close
MV ratios of 0.4 m and 0.3 m, respectively. Further, the three lower shear strength curves
flatten out in the range of the relatively small web holes because the bending failure becomes

predominant and governs the member’s strength.

5.7.4 Influence of the straps on the shear strength of beams with large

web openings

Throughout the research, 30x30x3EA straps were used to prevent flange distortion at mid-
spans and to reduce shear lag at the ends of the shear spans. Further, for structures with
large aspect ratios, straps also provide lateral stiffness to stop lateral-torsional buckling of the
longer spans under moment gradient. The extent that the straps influence the shear capacity,
however, is questionable especially in the cases of beams with large web opening where the
torsional rigidity provided by the web to the flange distortion is significantly reduced. This
section presents FE simulations of a 200 deep beam with an aspect ratio of 3.0 and with a
160 mm square hole. Three strap arrangements were examined including Case 1 with only

straps at the ends of the shear spans, Case 2 with additional straps at mid-span and Case 3
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with four straps at the opening location as shown in Fig. 5.21. Table. 5.7 summarises the

TABLE 5.7. Shear buckling loads and strengths of beams with different strap
arrangements

Shear Aspect Hole
Designation span  Ratio  Size  d,/h
(mm) (AR) (mm)

FEM-C20015-AR3-S160-Case 1 600 3.0 160 0.84 645 4.9
FEM-C20015-AR3-S160-Case 2 600 3.0 160 0.84  6.60 5.8
FEM-C20015-AR3-S160-Case 3 600 3.0 160 0.84 7.29 6.0

‘/cr Vn,FEM
(kN)  (kN)

shear buckling capacity and the shear strength of the beams according to the three cases as
mentioned previously. It is found that the occurence of additional straps enhances the shear

buckling capacity by as much as 13% and the shear strength by 22%. Fig. 5.21 compares

(a) Case 1

(b) Case 2

(c) Case 3

FIGURE 5.21. Buckling mode shapes of beams with different strap arrangements

the buckling mode shapes of the beams with different numbers of straps. In Case 1, since
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no restraints of the flanges were provided other than at the two ends of the shear spans,
flange distortion occured in conjunction with the shear bucking. However, in Cases 2 and 3,
the straps effectively eliminated the flange distortion and altered the mode to mainly local

buckling. As a result, the shear buckling loads were also enhanced. Fig. 5.22 compares the

(a) Case 1

(b) Case 2

(c) Case 3

FIGURE 5.22. Failure shapes of beams with different strap arrangements

failure mode shapes of the three models when they reached their peaks. Case 1 involved
noticeable flange distortion which caused a reduction in the development of the plasticity at
the corners of the openings. In contrast, in Case 3 in which such distortion was prevented,
local stresses were localised around the corners of the openings and triggered the collapse
mechanism at a higher load. Nonetheless, it is likely that the top flanges of cold-formed
sections are restrained properly in practice by attaching them to sheathings or flooring boards.

Therefore, such plastic collapse mechanism is likely to occur at the limit state.



5.8 PARAMETRIC STUDY OF BEAMS WITH INTERMEDIATE TRANSVERSE WEB STIFFENERS 131

5.8 Parametric study of beams with intermediate

transverse web stiffeners

The experimental program presented in Chapter 4 has demonstrated the conservatism of the
transverse stiffener design requirements according to the AISI S100-16. This section enhances
the test database with FE simulation results in order to provide more insightful understanding
of the behaviour of structures with transverse stiffeners. The data was extended mainly to
the low stiffness stiffener range despite the fact that they are not of practical interest. On
the other hand, in the range of large stiffeners, once the full shear strength is achieved, little
useful information can be attained when the stiffener sizes are increased further. Specifically,
a model with the stiffener of EA20x20x1.2 was kept as a reference, then the width of the
outstanding leg, i.e. the leg not in contact with the web’s surface, was reduced gradually. Table

TABLE 5.8. FE simulation results of beams with transverse stiffeners

I Il Iy As  Agl Varem Varem Varewu!

Designation 6y 1y Lo (mm?) Apm GN) (KN)  Viersi
ST1-UA20x25x2.4 12818 2.64 40.36 95.6 0.82 56.51 1.00
UA20x10x1.2 411.1  0.09 1.28 333 0.33 26.79 52.45 0.93
UA20x12x1.2 702.3 0.16 2.19 35.7 0.35 29.72 54.26 0.96
UA20x15x1.2 1361.1 0.31 4.25 39.3 0.39 29.78 54.28 0.96
UA20x18x1.2 23439 0.53 7.31 429 042 29.78 54 .47 0.96
EA20x20x1.2 3211.1 0.73 10.02 453 0.45 29.78 54.37 0.96
UA20x22.5x1.2 45673 1.04 14.25 483 048 29.80 54.40 0.96
UA20x25x1.2 6261.1 142 1953 513 0.51 26.87 52.39 0.93

5.8 summarises the FE simulation results including the stiffener sizes, their cross-sectional
properties, the shear buckling (V.. pgar) and the shear strength (V,, pgar). The ratios of the
moments of inertia of the stiffeners to the values required by the AISC 360-16, and the ratio
of the shear strength obtained by the FEM (V}, rg1/) to the shear strength obtained by the first
test (Vy, test,571) on the Test Series 4 with fully developed shear strength are also included.
Firstly, in terms of the buckling capacity, it was found that the stiffeners, even though they

possess higher stiffness (/;) than the value specified by the specification (/4 ), are not able to
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allow the full shear buckling load to be reached. For instance, the stiffener of EA20x20x1.2
has a moment of inertia 10 times greater than that required but the shear buckling load is
29.78 kN as compared to the buckling capacity obtained by the SAFSM or by the FEM of
beams with the aspect ratio of 1.0 of 32.1 kN and 37.6 kN respectively as given in Table 5.1.
An effort had been made to increase the stiffener stiffness but the shear buckling enhancement
was negligible. This indicates that the transverse stiffeners, without fixing to the two flanges,
were insufficient to provide full lateral restraints against buckling as they slightly tilt when
the webs buckle even though the stiffeners separated the web into two buckles as shown in

Fig. 5.23(b).

(a) UA20x10x1.2

(b) EA20x20x1.2

(c) UA20x25x1.2

FIGURE 5.23. Displacement fields at buckling of beams with 1.2 mm thick
stiffeners
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For the beam with a shallower transverse stiffener of UA20x10x1.2, two buckles are
observed but the displacement field extends to the stiffener and distorts it as the stiffener has
lower bending stiffness. The distortion causes a reduction of the shear buckling load of ap-
proximately 10%. When the stiffener became very slender as in the case of the UA20x25x1.2
stiffener as shown in Fig. 5.23(c), despite the large inertia moment, the slender stiffener
buckles itself, and thus decreases the shear buckling load to 26.87 kN, approximately 10%

lower than the buckling loads of the beams with smaller but less slender stiffeners. Fig. 5.24
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FIGURE 5.24. Shear strength of channel sections with transverse web stiffeners

reproduces Fig. 4.13 with additional hollow circles representing the FE simulation shear
strengths as summarised in Table 5.8. It is of interest to observe from the FE analyses that
the shear strength was almost unchanged for a wide range of the stiffener outstanding leg
widths, ranging from 12 mm to 22.5 mm. This range is equivalent to the range of the moment
of inertia ratio (I4/Is) from 0.16 to 1.04. Further reduction of the stiffener’s stiffness to a
section of UA20x10x1.2 slightly lowered the shear strength with a decrease of approximately
3.5%. On the other hand, for the case of the UA20x25x1.2 stiffener, the increase of the

stiffener outstanding width increased the slenderness, and this, in turn, reduced the shear



134 5 NUMERICAL SIMULATION AND PARAMETRIC STUDY

strength as the slender stiffener buckled and lost significant bending stiffness. Fig. 5.25 shows

(a) UA20x10x1.2

(b) EA20x20x1.2

(c) UA20x25x1.2

FIGURE 5.25. Von Mises stress distribution at failure of beams with 1.2 mm
thick stiffeners

the von Mises stress distribution and the failure modes of beams with 1.2 mm thick stiffeners
and with the stiffener’s outstanding widths of 10, 20 and 25 mm. It can be seen that only the
EA20x20x1.2 stiffener was able to clearly separate the span into two shear panels. The other

stiffeners deformed and thus the shear bands spanned across the two panels.
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5.9 Chapter conclusion

In this chapter, Finite Element Method (FEM) models of the tests were constructed, validated
and calibrated against the experimental outcomes. Fair agreement between the simulation
output including the peak shear forces, the failure modes and the full load-displacement
curves are achieved. The experimental output demonstrated the viability and the power of the
FEM. On the basis of the reliable FEM models, parametric studies were conducted to fill up
and extend the database.

Firstly, FEM simulation was performed on beams with an aspect ratio of 2.0 and with
circular and square hole sizes that had not been investigated experimentally. The combined
experimental and numerical shear strengths provide the variation of the shear strength relative
to the full range of hole sizes. This revealed the variation followed a third-order polynomial
rule. Further, a certain amount of shear strength was still attained even when the hole size
was equal to the web depth as a result of the contribution of the flanges and the lips.

The FEM models were extended to study the shear strength of beams with large aspect
ratios of 3.0 and 4.0 and with substantially larger holes. For beams with relatively small
holes, bending failure tended to govern the ultimate capacity at these large aspect ratios. For
beams with large web holes, the results showed that localised stresses developed and spread
over the corners of the holes, thus triggering a plastic collapse mechanism. As a result, shear
forces were not resisted by the web as usual, but they were transferred across the holes by
virtue of the bending resistance. Further, it was found that the shear strengths of members
with substantially large web holes were not influenced by the horizontal positions of the web
holes as the plastic mechanisms due to local stresses at the corners of the holes governed the
failures.

The influence of the moment to shear ratio on the shear strength of beams with various
aspect ratios was investigated using the FEM. The comparison between the shear strength
obtained by the FEM modelling on the basis of the dual test rig and the central point load test

rig showed the extent that the M /V ratio influences the shear strength. It is noted that the
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M /V ratio of the latter doubles the ratio produced by the former. The results demonstrated
a significant shear strength reduction as a result of the larger M /V ratio for beams with
relatively small web holes. For members with sufficiently large web holes, on the other hand,
the M /V ratio seemed to have a minor effect on the ultimate shear strength. It is noted
that, as mentioned previously, the conclusion is drawn based on the study of conventional
cold-formed steel channel sections commercially available in Australian market.

Lastly, the FEM was used to study the variation of the shear strength in relation to
the intermediate transverse stiffener sizes. The stiffener thickness and the width of the leg
in contact with the beam web were kept unchanged at 1.2 mm and 20 mm respectively.
Meanwhile, the width of the outstanding leg varied from 10 mm to 25 mm. It was found
that the ultimate shear strength only significantly reduced when the moment of inertia of the
stiffener decreased by approximately 90%. In addition, substantial shear strength reduction
was also observed as the stiffener became slender and buckled under out-of-plane bending

action.



CHAPTER 6

DIRECT STRENGTH METHOD OF DESIGN FOR SHEAR
INCLUDING SECTIONS WITH WEB HOLES AND WITH

INTERMEDIATE TRANSVERSE STIFFENERS '

6.1 Introduction

The Direct Strength Method (DSM) design rules for cold-formed steel members in shear have
been incorporated recently into the North American Specification (AISI S100-16) and are
being implemented in the Australian standard (AS/NZS 4600:2018). The method, which was
calibrated for unperforated members only, requires two inputs including the buckling load
Ver and the shear yielding load V. The shear strength (1},) including the TFA of members
without web opening is specified in Section G2.2 in the AISI S100-16 by

For A\, < 0.776,V,, =V, (6.1a)

0.4 0.4
1— 0.15(‘667’) (v_) v, (6.1b)
)

Vy
Equations 6.1a and 6.1b are Equations G2.2-1 and G2.2-2 respectively in the AISI S100-16.

/\v =/ Vy/Vcr

The shear buckling load V. is computed as:

For \, > 0.776,V,, =

where

k,mEA
Ver = Ter A = il wh (6.2)

200
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where £, is shear buckling coefficient for the whole section assuming an average buckling
stress in the web which is given by Pham & Hancock (2009, 2012b) 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, £ is Young’s modulus, and 1 is Poisson’s ratio. Vj, is the yield
shear load of the flat web,

V, = 0.6f,A, (6.3)

where A, is the cross-sectional area of the flat web element, f,, is the design yield stress. For
plate girders, there has been a proposal by Chung et al. (2003) to include the contribution of
flanges to the shear strength by adding effective flange areas to the shear area. However, in
the cold-formed steel industry, the above expression for V, has been widely accepted.

The method was calibrated and proposed by Pham & Hancock (2012a) on the basis of
shear tests on cold-formed steel plain lipped C-sections and SupaCee® sections with an aspect
ratio of 1.0. It is applicable to beams with aspect ratios up to 2.0 although this has not been
validated experimentally. Further, it is noted that the shear tests (Pham & Hancock, 2012a)
were conducted using a central point load test setup which had a moment to shear ratio double
the ratio produced by the dual actuator test rig used in this thesis.

This chapter, firstly, provides an experimental validation of the DSM design equations
using the test results on beams with aspect ratios of 1.0 and 2.0 (Test Series 1 and 2). These
experimental results, as presented in Chapter 3, were obtained by the dual actuator test rig
that was able to minimize the applied bending moments. The shear strength obtained was
therefore close to a pure shear value, thus they are appropriate to verify the reliability of the
current DSM for shear for members with an aspect ratio of 1.0. Further, the validation with
the experimental results on beams with an aspect ratio of 2.0 formally extends the DSM for
shear provisions to be applied to structures with aspect ratios up to 2.0.

Secondly, the chapter introduces a DSM proposal to design cold-formed channel sections
with web holes subjected to shear forces. The proposal employs the existing DSM design

formulae but with the modifications of the shear buckling force and the shear yield load
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to account for the inclusion of the web holes. For the elastic shear buckling load (V,,.), a
comprehensive study on the buckling behaviour of cold-formed channel sections undergoing
mainly shearing action using the finite element method is carried out. Beams with various
aspect ratios, web opening shapes and sizes are considered to investigate the variation of the
shear buckling coefficients in relation to these parameters. The buckling analysis results form
a database which is subsequently employed into an Artificial Neural Network (ANN) so that
a simple expression to determine the shear buckling coefficients can be derived. For the shear
yield load, a practical model to obtain V;, for members with central web openings subjected to
predominantly shear is introduced. The model ranges from very small holes where traditional
shear yielding predominates to large holes where Vierendeel action dominates. The proposal
is verified using the shear tests recently conducted at the University of Sydney and Queensland
University of Technology with both square and circular web openings and for shear spans
with an aspect ratio of 1.0. It is also validated against the tests results on beams with web

holes and with an aspect ratio of 2.0 as detailed in Chapter 4.

6.2 Validation of the existing DSM provision for shear

As presented in Chapter 3, the Test Series 1 and 2 and the B-Series on plain-C and SupaCee®
sections with aspect ratios of 1.0 and 2.0 were conducted using the new testing apparatuses.
The test rigs were able to produce minimal bending moments, thus they allowed the shear
strength close to pure shear to be achieved. The shear strengths obtained by these tests are
used to validate the DSM provisions for shear which were derived previously from shear tests
with higher moment to shear ratios. The test results are normalized to the shear yield loads,
Vy, and the section slenderness A\, = \/m is computed and summarized in Table 6.1
for the three test series. The elastic shear buckling loads are determined using the BFINSTS
program (Hancock & Pham, 2013) which accounts for the cross-section as a whole and simply
supported end boundary conditions. A pure shear loading scenario is adopted in this program

for the buckling analyses. This is consistent with the method used by Pham & Hancock
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(2012a) to derive the DSM equations. The shear yield loads are computed on the basis of Eq.
6.3 with the yield stress determined from the coupon tests as described in Section 4.2. V,, psas
is the shear strength predicted by the DSM provision, i.e. they are computed by using Eq.

6.1. The accuracy of the predictions is verified by comparing with the experimental results

TABLE 6.1. Shear capacity of test specimens without holes and with the
aspect ratios of 1.0 and 2.0

Shear
. . Aspect Vo rest Ver Vi,rest/ Va,psm Va,rest/
De51gnat10n (Snl:lfig Ratio (kN) (kN) (kN) A’U % (kN) Vn,DSM

S1-C20015-1 200 1.0 525 321 833 1.61 0.63 51.1 1.03
S1-C20015-2 200 1.0 543 33.0 845 1.60 0.64 52.1 1.04
S1-SC20012-1 200 1.0 442 216 830 196 0.53 44.2 1.00
S1-SC20012-2 200 1.0 456 217 833 196 0.55 44.3 1.03

S2-C20015-1 400 2.0 478 243 946 197 051 50.2 0.95
S2-C20015-2 400 2.0 475 243 952 198 0.50 50.3 0.94
S2-SC20012-1 400 2.0 343 146 83.1 239 041 38.3 0.90
S2-SC20012-2 400 2.0 36.1 15.0 832 236 043 38.7 0.93

B-C20015-1 400 2.0 485 236 921 198 053 48.7 0.99
B-C20015-2 400 2.0 480 239 937 198 051 49.5 0.97
B-C20015-3 400 2.0 449 240 932 197 048 49.4 0.91
B-SC20012-1 400 2.0 340 147 822 236 041 38.2 0.89
B-SC20012-2 400 2.0 353 147 820 236 043 38.1 0.93

Mean 0.96
SD 0.05
CoV (%) 5.43

as shown in the last column in Table 6.1. The test to prediction ratios prove a consistent
agreement with a coefficient of variation (CoV) of 5.43%. However, for the Test Series 1, a
better agreement is observed with the average ratio just slightly above 1.0. Meanwhile, the
average ratio is equal to 0.93 for the Test Series 2 and the B-series. This slight inconsistency
is discussed below. The non-dimensional data in Table 6.1 is plotted against the DSM design
curve for shear as shown in Fig. 6.1. In this figure, the shear test outcomes on beams with
an aspect ratio of 1.0 conducted by Pham & Hancock (2012a) are also included. Details of

these shear tests can be found in Appendix F. It is noted that this dataset was used to derive
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FIGURE 6.1. Experimental results plotted against the DSM design curve openings

the DSM shear curve as per the AISI S100:2016. In general, the data follows well the design
curve. Therefore, it can be concluded that, overall, the DSM curve is applicable to the design
of beams with aspect ratios up to 2.0. The good match of the test results for beams with an
aspect ratio of 1.0 indicates that for the short beams, the effects of bending moments are
minimal, thus the central point load tests are acceptable for the shear study. The data points
for tests on beams with an aspect ratio of 2.0 follow well the design curve and thus affirm its
applicability. However, the data locates slightly under the shear curve presumably due to the
existence of the minimal bending moments and/or due to the fact that the curve was proposed

based solely on the tests with an aspect ratio of 1.0 .

6.3 DSM of design for shear for sections with web holes

6.3.1 Buckling solutions

6.3.1.1 Elastic shear buckling of channel sections with central square web openings

The elastic shear buckling of members with central square holes and an aspect ratio

of 1.0 has been detailed in Section 2.1.3. Finite element method (FEM) modelling using
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Abaqus/CAE (Dassault Systemes Simulia Corp., 2014a) is employed herein to determine
the elastic shear buckling force (V) of simply supported members with aspect ratios larger
than 1.0 including 1.5, 2.0, 3.0. Pilot simulations proved that the FEM generated the same
buckling results as does the SFSM (Lau & Hancock, 2006). The S4R shell element in the
Abaqus library was employed. To establish an adequate mesh refinement, the mesh size 5 x
5 mm was used. In the elastic buckling analysis using the *BUCKLE procedure in Abaqus,
only Young’s modulus (£) and Poisson’s ratio () are required. These values were taken
as 200000 MPa and 0.3, respectively as in the AS/NZS 4600:2018. To simulate simply
supported boundary conditions, the two end sections are restrained in-plane in the x- and
y- directions. The end boundary conditions for the FE model are shown in Fig. 6.2 and the
restraint conditions are summarised in Table 6.2. It is noted that one point at the middle of the

web at one end section is restrained longitudinally to prevent rigid body motion.

FIGURE 6.2. Boundary conditions of the FE model

TABLE 6.2. End boundary conditions for FE models

r oy z 0, 0, 0,

Lips 1 1 0 0 O 0
Flange 1 1 0 0 O 0
Web 1 1 0 0 0 0

Note: 1 denotes Fixed, 0 denotes Free

To obtain practical values of V.., FE models corresponding to two cases as mentioned

in Section 2.1.3 as Case B and Case C were developed. In Case B, a bending moment
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(M = Va, where a is the shear span and V' is a reference shear force) was applied at one
end. In Case C, a pair of bending moments with a half value (M = V.a/2) acting at both
end sections in the same direction was applied. In Abaqus, the moments were simulated
by the distributed line loads as shown in Fig. 6.3(a) and 6.3(b). These moment gradients
generate a uniform shear force V' along the shear spans. The shear flow distribution on a
channel section is illustrated in Fig. 6.3(c). The buckling loads were extracted from the FEM

analyses and then the shear buckling coefficients were back calculated. Fig. 6.4 shows the

(a) Applied forces in Case B (b) Applied forces in Case C

(c) Shear flow dis-
tribution

FIGURE 6.3. Applied actions and shear flow

relationship between the shear buckling coefficients (k,) and the ratio of the hole depth to the
flat web depth (dj,/h) corresponding to four aspect ratios namely 1.0, 1.5, 2.0 and 3.0, and
corresponding to the loading Case B. In general, for all aspect ratios, k, reduces when the
openings become larger. For members with relatively smaller web openings, longer members

are less effective in resisting shear buckling due to the influence of bending effects and the
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FIGURE 6.4. Shear buckling coefficients for members in Case B with various
aspect ratios

lesser extent of restraints to the web plates. However, for beams with larger web openings,
the buckle half-waves rely significantly on the width of the material remaining. As a result,
longer members provide more restraint to the unstiffened plates at the corners of the openings
that increase the shear buckling coefficients. This trend, however, is not the case when the
beams are sufficiently long (beams with an aspect ratio of 3.0, in this study) where £, starts
dropping presumably due to significant bending effects and the influence of the web holes
which is discussed below. Fig. 6.5 compares the shear buckling coefficients of beams with
various aspect ratios subjected to loading conditions as described in Cases B and C above. In
Case C, moments are applied at two ends with the magnitude of a half of the moment applied
at one end in Case B. Consequently, the buckling coefficients for Case C are higher than those
for Case B. The difference in k, between the two cases is more noticeable for members with
higher aspect ratios. Particularly, for the aspect ratio of 3.0, this difference is as high as 19%
compared to the largest difference of approximately 8% for other aspect ratios. This is an
important indicator suggesting that once the beam is sufficiently long, bending effects cannot

be ignored.
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FIGURE 6.5. Shear buckling coefficients for members in Cases B and C with
various aspect ratios

Fig. 6.6 shows the buckling mode shapes of 200 mm deep beams with a 120 mm square

web hole and with aspect ratios of 1.0, 1.5, 2.0 and 3.0. In Case B, since moment is applied

(a) Case B

(b) Case C

FIGURE 6.6. Buckling mode shapes of members with 120 mm central web
opening and with different aspect ratios

at one end, the bucking patterns concentrated at one corner of the openings whereas in Case
C buckling patterns are observed across two diagonal corners. It is noticeable that, for longer
beams, in addition to web shear buckling, the buckling shapes also occur at the flanges due to

high bending. In addition, for members with large web openings, the openings significantly
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reduce rotational stiffness provided to the flanges by the webs, thus under the shear force and

the moment gradient, flange distortion occurred in conjunction with the conventional local

web shear buckling as seen in Fig. 6.6.

(a) Buckling patterns corresponding to various horizontal hole locations

(b) The variation of buckling coefficients when hole loca-
tions vary horizontally

FIGURE 6.7. The influence of horizontal locations of the holes on shear buckling

The shear buckling capacity of channel members with an arbitrarily located web hole is
analysed using the FE model as mentioned previously. Fig. 6.7(a) shows the buckling mode

shapes of channel section beams with a 60 mm web opening, aspect ratio of 2.0 and subjected
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to the shear load Case C. The locations of holes varied horizontally while being kept at the
mid-height. S is the distance from the centre of the hole to the right end of the beam and a is
the length of the shear span. The variation of the shear buckling coefficients with respect to
the hole locations is plotted in Fig. 6.7(b). The graph shows that when the hole is very close
to the right end, k, decreases significantly. This is because of the lesser web areas around
the holes to resist shear. The buckling coefficient increases gradually as the opening locates

closer to the centre of the web and maximises when the hole is centrally located. When the

(a) Buckling patterns corresponding to various vertical hole locations

(b) The variation of buckling coefficients when hole
locations vary vertically

FIGURE 6.8. The influence of vertical locations of the holes on shear buckling

holes are kept in the middle and varied vertically, the shear buckling coefficient increases as
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the holes move closer to the mid-height in which the shear area is maximized. The variation
of the shear buckling coefficients with respect to the locations of the hole is plotted in Fig.
6.8(b) in which S5 is the distance from the centre of the hole to the top edge.

The above figures prove the fact that the shear buckling force of a cold-formed channel
member with a web hole subjected to loading condition Case C is at a peak when the opening
is located at the centre of the web. Any deviation of the web opening from the centre reduces

the shear buckling coefficients.

6.3.1.2 Elastic Shear Buckling of Channel Section Beams with Circular Web Openings

The buckling coefficients of channel members with circular holes can be determined based
on the values for square hole cases by transforming circular holes to square holes, using the

relation d;, = 0.825D where dj, is the square size, D is the circle diameter.

10
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FIGURE 6.9. Buckling coefficients for channels with square and circular web
openings and aspect ratio of 1.0

Fig. 6.9 shows the data extracted from Pham (2016), where the buckling coefficients
of channel section members with square and circular web openings were computed for an
aspect ratio of 1.0. The dotted and square dashed curves represent the relation between the

buckling coefficients and the hole sizes which are the circle diameters (D) and the square
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sizes (dy), respectively. For the circular web opening cases, if the data is plotted against
0.825D/h instead of D/h, the curve shifts to the left, as depicted as the dotted solid curve, to
be almost identical to the curve for square openings. Therefore, the shear buckling load of
shear spans with circular web holes can be determined using the above-mentioned conversion

for an aspect ratio of 1.0.

6.3.1.3 Approximation of buckling coefficients using Artificial Neural Network (ANN)

In the absence of analytical solutions for shear buckling analysis for perforated beames, it is
essential to propose a reliable approach to estimate shear buckling coefficients for beams with
arbitrary opening sizes, locations and with various aspect ratios. The ANN is appropriate for
such a purpose. This section presents the application of the ANN for two cases differentiated
by the shapes of the web openings. The aim is to derive a simple expression or procedure
to estimate the shear buckling coefficients of channel beams with web holes using only the
sectional geometrical dimensions. Therefore, the inputs serving the network are the non-
dimensional parameters including X = [X7, Xa, ..., Xj..., X,;] where X is the set of
relevant parameters corresponding to a specific hole size. For instance, for a C-section with a
central web hole as demonstrated in Fig. 6.10, a set of X; = [h/a,dy/h, Ly/a, Ag/A, bs/h)
where Ay = dj,.Ly, is the surface area of the opening and A = h.a is the area of the web
surface may be adequate to describe k,. The network first normalizes the input to produce a

normalised input array X,,orm,. This is to ensure the values of X,,,,, is in a desired range.

Tij — Tminyi
T + mnorm,min (64)

Tnorm,ij — (xnorm,max - xnorm,min)
xmax,i - xmin,i

where 2,,4,.; and x,,,;,, ; are the maximum and minimum values in the it" row of X, respectively.

A range from Z,,orm,min = —1 t0 Tporm,maez = 1 15 often used, thus
Lij — Tying
Tnorm,ij = 2 —1 (65)
xmam,i - xmin,i

The network then employs an arbitrary weighting factor W to compute a normalised output

Y.orm. This output is compared with the expected output Y;,,ge¢ Which is the array of shear
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dh

FIGURE 6.10. Geometrical dimensions of a channel section beam with a
central web opening

buckling coefficients with each element corresponding to a set of inputs X;. The Yiqrget 18
obtained by a series of FE buckling analyses as described previously. The weighting factors
are then adjusted accordingly and continuously fed back to the network until it is able to
produce sufficiently accurate outcomes. The final step is to de-normalize the data to obtain
the actual output Y, as follows

ynorm,i + 1

9 + Ytarget,min (66)

Y = (ytzzrget,max - yta'rget,min)

where Yiarget,maz a0d Ytarget, min are the maximum and minimum elements of Yigpget.

The implementation of the ANN is facilitated using the Neural Network Toolbox in
Matlab R2015a. The toolbox allows users to manually configure the network’s structure
including specifying the number of layers, number of nodes and the selection of transfer
functions. In this study, a three layer network including an input layer, an ten node hidden
layer and an output layer is adopted. The trial and error method is used to select the most
appropriate transfer functions. It is found that for beams with central square web opening, a
linear transfer function is sufficient to produce accurate results. The greatest advantage of the
linear transfer function is that it allows a simple final expression to be derived as in Section
6.3.1.4. For beams with central square or rectangular web openings, a nonlinear transfer

function has to be involved to obtain accurate predictions. This nonlinear function, however,
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deters the possibility of deriving a final expression. As a result, a spreadsheet is developed

instead in this case as detailed in Section 6.3.1.5.

6.3.1.4 Beams with central square web openings

A linear transfer function referred to as purelin in Matlab R2015a is used throughout
the network. This function has the form of purelin(z) = z and it allows the simple linear
relationship between the inputs and output to be obtained. The structure of the network is

demonstrated in Fig. 6.11.

FIGURE 6.11. Structure of neural network with linear transfer function

The mathematical algorithms operating behind the network are as follows:

e The input of which a typical element has the form of X; = [h/a,dy/h, Ly/a, Ag/A, bs/h)

and is normalised using Eq. 6.5

e The normalised input is combined by a weighted sum function Hy = W7 X,.00m +
b1, which are then transferred to the hidden layer by the linear transfer function

Y: = purelin(H,) = H;

e The outcomes are then combined using another weighted sum function Hy =
W>Y; + b, and transferred to the output layer by the linear transfer function again,

Yorm = purelin(Hy) = Hy
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e The actual output Y is obtained by de-normalizing Y, as follows:

= Z |:yta7“get,maaf: — Ytarget,min (Wl Wz)ixlj:|

=1 Tmaz,l — Tmin,l

m
ytarget,max - ytarget,min
- E [ (Wlwz)lxmm,l
=1 Tmaz,l — Tmin,l (67)

ytarget,max - ytarget,min
— WL W.
. Wiwa),

Ytarget,max — Ytarget,min Ytarget,maxz — Ytarget,min
+ 5 (Waby + b2) + 5

or in short form,

kv,j =Y; = p.X, +c (68)

For a data set used to train the network, p and c in the above equation can be retrieved, and
X is an input set in X as defined previously.

Seven hundred and sixty-eight finite element models with square central web holes as
described by Pham et al. (2017a) are constructed and analysed, aided by customised Matlab
code to generate input files and Python code to run the eigenbuckling analyses using the
Abaqus processor and extract the buckling loads. These codes can be found in Appendix B.
The models include 200 mm deep channel section beams with the aspect ratios of 1.0, 2.0
and 3.0; square hole sizes with the dj, /h ratio ranging from 0.1 to 0.8; thicknesses of 1.2,
1.5, 2.4, 3.0 mm and various flange width ratios (bs/h) of 0.27, 0.32, 0.40 and 0.45. The
buckling coefficients (k,) are backed computed subsequently. These buckling coefficients
serve as the targets that the network tries to produce (Y:arget). Matlab, by default, randomly
subdivides the database into training, validation and testing sets with the proportions of 70%,
15% and 15% respectively. Once the network is trained, the following data is achieved:
p = [6.15 —3.63 —19.58 13.88 0.57| and ¢ = 4.86. As a result, a simple expression

is obtained to represent the network, and the shear buckling coefficients of the perforated
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members can be estimated by the following equation:

h dp, Ly,

A, b
k, =6.15— — 3.633 —19.58— + 13.88— + 0.57% + 4.86 (6.9)
a

a A

where a is the length of the shear span, A is the flat web depth measured along the plane of
the web, L, is the width of web opening, d;, is the depth of web opening, A, is the area of
web opening, A is the area of the flat web surface (A = a.h), t is the web thickness and by is

the overall width of the flange.

Fig. 6.12 compares the shear buckling coefficients produced by the ANN (outputs) as

12

R=0.998

0 2 4 6 8 10 12
k, (FEM)

FIGURE 6.12. Performance of the ANN

approximated by Eq. 6.9 and the values obtained from FEM buckling analyses (targets) for
the whole range of data. The R value is an indication of the relationship between the outputs
and targets. Therefore, i = 0.998 obtained indicates that the ANN, and thus Eq. 6.9 is able
to produce reasonably accurate shear buckling coefficients compared with the FEM. It is
worth noting that, however, Eq. 6.9 is applicable only to data within the range in which the
ANN has been trained. As a result, following conditions have to be satisfied simultaneously

in order to use this equation:
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e Shear spans with square central holes. For circular holes, the conversion as mentioned

in Section 6.3.1.2 can be used, and
e 1.0 <a/h < 3.0: Aspect ratios are from 1.0 to 3.0, and
e 0 <dp/h <0.8: The opening depth does not exceed 80% the web depth, and
e 0 < L,/a < 0.8: The opening width does not exceed 80% the shear span, and
e 0.27 <bs/h <0.45

6.3.1.5 Beams with central rectangular web openings

Hyperbolic tangent sigmoid function (tansig) can replace the linear function in the hidden
layer to generate an accurate fit for members with central rectangular web opening. This is not
possible by using a linear transfer function. The structure of the network is shown in Fig. 6.13.

In total, 1536 FE models are constructed in Abaqus by the method as mentioned previously

FIGURE 6.13. Structure of neural network with nonlinear transfer function

to obtain the shear buckling coefficient database for beams with various web opening sizes
and with different aspect ratios. The database includes beams with square and rectangular
web openings located at the centre of the web surface as demonstrated in Fig. 6.10. The
models include 200 mm deep channel section beams with the aspect ratios of 1.0, 2.0 and
3.0; rectangular hole sizes with the dj, /h ratio ranging from 0.05 to 0.85 and the Ly, /a ratio
ranging from 0.17 to 0.8. Only a by /h ratio of 0.27 is considered. Since the nonlinear transfer
function is employed, it is not possible to obtain a simple equation relating the inputs and

output. However, the procedure below can be used to determine k,:

e Obtaining inputs: the input of which the typical element has a form of X; =
[h/a,dy/h, L /a, Ag/A] is adopted,

e Normalizing inputs, using Eq. 6.4,
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e Computing H; with Wj and b, obtained by the training,

e Computing
B 2
Tl e

e Computing H», where W5 and b, are obtained after the training, then Y, 0pm =

Y:

H,

e De-normalizing Y, 4y, using Eq. 6.7 to obtain k.

10

R=0.99997

O 1 1 1 1
0 2 4 6 8 10

k, (FEM)

FIGURE 6.14. Performance of ANN with nonlinear transfer function

This procedure is easily implemented using a spreadsheet such as Microsoft Excel, primarily
to perform matrix operations as demonstrated in Appendix C. Owing to the nonlinear transfer
function, the network is able to produce significantly more accurate outcomes as can be seen

in Fig. 6.14.

6.3.2 A model to determine shear yield load with the inclusion of web
holes

6.3.2.1 Motivation

Fig. 6.15 displays the load versus the vertical displacement curves for the tests on the

1.9 mm thick channel sections with square openings (Pham et al., 2016). It is noticeable that
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the test with a large hole (C20019-S120, where S120 denotes a square opening with the size
of 120 mm) shows a ductile behaviour characterized by a significant flat plateau at the peak

range. This behavior, together with the failure mode as shown in Fig. 6.16, implies that a

80
=&=C20019-No holes
—e=C20019-S40
——C20019-S80

60

=%=C20019-5120

P G G G

LI N 2 = e

Vi test (KN)

20

o (mm)

FIGURE 6.15. Load — displacement curves for the shear tests on C20019
series (Pham et al., 2016)

yielding pattern has been formed and spread out over the cross- sections at the four corners of
the opening, allowing substantial plastic deformation to happen before reaching the failure
mechanism. In the other words, plastic hinges have likely occurred locally at the four opening
corners as well recognized in the Vierendeel mechanism (Chung et al., 2001). The occurrence
and propagation of the cracks at the corners occurred well after the yield plateau and are
outside the scope of this research. Fig. 6.17 shows the experimental results conducted by
Keerthan & Mahendran (2013a) on channel members with circular openings. The same 200
mm deep and 1.9 mm thick channel sections with two aspect ratios of 1.0 and 1.5 were tested.
It is of interest that for specimens with large openings, there is only a small difference in the
shear strength between members with different aspect ratios even though the discrepancy is

clearly noticeable for members with smaller holes. The graph indicates two possible facts:



6.3 DSM OF DESIGN FOR SHEAR FOR SECTIONS WITH WEB HOLES 157

FIGURE 6.16. Failure mode on shear test on C20019-S120 member

(i) Conventional bending moment became influential which affected the shear capacity

of slightly perforated members with an aspect ratio of 1.5,

(i) The same failure mechanism as described previously might occur for experiments

with large web openings with the two different aspect ratios.

SOL

Vi test (KN)
a0 (o] ~
o o o

N
o

| —e—C20019-QUT-Aspect ratio=1.0

w
o

——C20019-QUT-Aspect ratio=1.5

20 I 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

d,/h

FIGURE 6.17. Test results for C20019 members with different aspect ratios
and circular hole sizes

All of the above evidence encourages the implementation of a Vierendeel mechanism into

defining the shear resistance of perforated members in shear.
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6.3.2.2 Vierendeel Mechanism

The Vierendeel truss has been well-known in structural design where the diagonal bars are
eliminated, thus enforcing the chords to be stressed in the combination of bending, shear and
compression. To transfer those actions, the joints must be rigid compared with the idealized pin
connections in conventional trusses. The Vierendeel trusses are widely applicable to bridges
and buildings to create large openings for their functionality or aesthetics. In the absence
of instability, a failure mechanism is formed in a Vierendeel truss which is characterised by
the formation of plastic hinges at corners provided that the structure is sufficiently ductile.

A substantially perforated cold-formed member can be viewed as a Vierendeel truss as

FIGURE 6.18. Vierendeel mechanism for C-section perforated member

demonstrated in Fig. 6.18 where the shear, in lieu of being resisted by the web element as
usual, is transferred through the opening by local bending at the top and bottom segments of
the perforated section, i.e. by Vierendeel moment or secondary moment. Fig. 6.19 illustrates
the secondary and global (primary) bending moment diagrams in an ideal Vierendeel truss
under a centre point load. Each horizontal element is subjected to both local and global actions
except at the contra-flexural point at the mid-section. Once the global actions are negligible
as reasonably applicable for shear tests with the aspect ratio of 1.0, the shear carried out over
the opening can be conveniently determined with w put equal to L;,, the horizontal width of
the web opening as follows :

(6.10)
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FIGURE 6.19. Global bending diagram and local Vierendeel action resultant

where:

M,

»v 18 the plastic bending capacity of the top (or bottom) segment above (or below) the

opening, 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. The
computation of the plastic bending moment is shown below.
The reason to adopt the plastic bending moment capacity, not the first yield moment capacity
even for thin sections in the above expression is explained and justified in the following

sections. Fig. 6.20 shows two practical positions of the plastic neutral axis on a top half of

(a) Case 1 (b) Case 2

FIGURE 6.20. Practical location of plastic neutral axis on reduced section
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the cross-section of a C-section at the location of the web hole. Case 1 corresponds to the
neutral axis passing through the top flange with y,, is the distance from the top fibre to the
axis, whereas Case 2 is associated with the neutral axis lies below the top flange but it is most
likely to cross the lip. The distance y,, is determined as follows:

_t

Case 1 n
ase Y %,

(do + do — 2t + by) < t (6.11a)
Case 2 Yn = 0.25(dp, +dp +2t —by) > ¢ and y, <d, (6.11b)

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

Case 1 M, = f, [bf%721 + bf% + (dm — t)t(dm;t — Yn) + (do — t)t(do;_t — Yn)]
(6.12a)

Case 2 My = 1067~ 2000~ 5)+ o2~ 3n) + (22 — )]
(6.12b)

6.3.2.3 A model to determine yield shear load for channel sections with web holes

As discussed previously, the DSM of design for shear requires two inputs including the
buckling capacity (V,) and the shear load at yielding (V). The V., which accounts for the
influence of web holes, referred to as V.., is readily available as detailed in Section 6.3.1. A
practical model is required to determine the yield shear load with the inclusion of the web
holes, referred to as V. It is worth noting that the yield shear load of an unperforated web is
obtained from the equation V}, = 0.6 f, A,,. The expression implies the assumption that only
the flat portion of the web contributes to shear resistance and that the flat web is fully effective,
1.e. no buckling. It is also likely that the compression flanges of cold-formed sections are
restrained properly in practice by attaching to sheathings or flooring boards. Therefore, under
those assumptions, critical sections can be fully utilized in bending until they reach their
plastic bending capacity. As a result, the shear strength computed by Eq. 6.10 on basis

of the plastic bending capacity is interpreted as the yield shear load (V) of substantially
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perforated beams. In general, the shear strength calculated from Eq. (6.10) is not the ultimate
shear strength except for the case that structures are sufficiently thick. The main reason is, to
reach the value of the plastic bending capacity, structures must not experience any instability
including both local and global, thus the coupled shears resulting from that plastic moment is
Vyn, not V,.

Finite element models are developed to appropriately simulate the shear tests by Pham
et al. (2014a). In the tests, simply supported cold-formed steel channel members with central
square holes were loaded at the mid-length as seen in Fig. 2.20(b). The shear spans were
equal to the web depth; thus, the bending moment induced by this experimental configuration
was minimal. Further details of the test setup and the FE models can be found in the preceding
reference. To investigate the variation of the yield shear load corresponding to various opening
sizes, the same FE models are used, but the member thickness is changed to 5 mm. The
substantially thick member is aimed to eliminate any chance of instability, thus producing

the shear strength close to the theoretical yield shear load. Fig. 6.21 shows the von Mises

FIGURE 6.21. FE simulation of shear tests with 120 mm square holes

stress distribution at the ultimate state of a C20050 member of 5 mm thickness with a 120
mm square web opening. At the four corners of the openings, the stresses across the top and
bottom sections reach the yield value, thus triggering the Vierendeel failure mechanism.

Fig. 6.22 shows the FE analysis results and the proposed shear yield load model. The dotted
solid curve represents the shear strength (1}, 4p,) obtained from the FE analyses for members
with the ratio of the square opening size to the flat web depth (d},/h) ranges from 0.0 to 1.0

as presented in Table 6.3. As seen, for members with small cut-outs (dj,/h up to 0.1), the
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TABLE 6.3. FE analysis results for 5 mm thick channel section members and
corresponding V,

Nominal Square
t section hole Vet Vi, Abg Vi

Designation (mm) depthd sized, WP @N)  kN) KN
(mm) (mm)
V-C20050-S0 5.0 200 0 0.00 2884 2692  288.4
V-C20050-S20 5.0 200 20  0.11 2575 2643 2884
V-C20050-S40 5.0 200 40 021 2267 2472 2462
V-C20050-S60 5.0 200 60 032 1958 212.1 2066
V-C20050-S80 5.0 200 80 043 1650 1705  167.1
V-C20050-S100 5.0 200 100 053 1342 1216 1275
V-C20050-S120 5.0 200 120 064 1033 819 828
V-C20050-S140 5.0 200 140 075 725 492 456
V-C20050-S160 5.0 200 160 086 416 284 239
V-C20050-S180 5.0 200 180 096  10.8 15.9 12.6
V-C20050-S187 5.0 200 187  1.00 0.0 11.9 10.4
300
250
S 200
=3
>
'S 150
Q.
8
3 100
()]
50
0 1 ! ! ! ! | 1 ! ! >
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FIGURE 6.22. FE results and the model for yield shear load

shear strength reduction is negligible. Thereafter, the value V;, 4, starts reducing gradually
following a double curvature path. Based on this graph, it is hypothesized that the shear

load at yielding is unchanged for members with small holes (dj,/h up to 0.1), then it linearly
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decreases up to the ratio of d,/h equal to 0.6. The shear behaviour of the members with large
openings (dp,/h is equal or larger than 0.6) is governed by the shear load derived from the
Vierendeel action, which is determined by Eq. 6.10. The new proposed model to determine
yield shear load referred as V}, for perforated members is illustrated by the diamond-solid
curve in Fig. 6.22. It is worth noting that in case of dj, /h equal to 1.0, the shear yielding load
vanishes when computed based on the net section V), ,,; but it is still captured well by the
proposed method due to the inclusion of the flanges and the lips. The difference between
Vi, abg and V;, at dp, /h = 0.0 is a direct result of the use of V,, = 0.6 f, A,, in the AISI S100-16
which may be slightly unconservative compared with the von Mises value of (1/+/3) fyAw.
Further, the new proposal does not require a reduction in the shear capacity until dj, /h = 0.1
by comparison with the net section approach (V) ,,.:) which requires an immediate reduction

at small openings. This new proposal is formulated by the following expressions:

d
When 0 < f < 0.10, Vi =V, (6.13a)
dy, dy,
When 0.10 < 5% < 060, V=V, - 2(% - 0.1) (V, = Viraos)  (6.13b)
d
When 0.60 < Eh Vi = Vipa (6.13c)

where V4 is determined by Eq. (6.10), V406 is the the value of V,,; computed for the

perforated section with the ratio d,/h = 0.6.

6.3.3 A DSM design for shear for channel sections with web holes and

with an aspect ratio of 1.0

6.3.3.1 The DSM with conventional shear yield load

There has not been a successful attempt to develop DSM design formulae for perforated
cold-formed sections in shear alone although there was a proposal to use either the V), of the
unreduced cross-section or V}, .. based on the net section at the opening location (Unabia,

2013). The test data (Pham et al., 2014a, 2016; Keerthan & Mahendran, 2013a)) is plotted
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against the DSM design curve for shear with tension field action where the yield shear load is

taken as the yield load of the net section (V}, ,.;) as shown in Fig. 6.23 and Fig. 6.24. The

1.0
08 f
0.6
>§
\g 04
> .
----- 4 C20015 Series
0.2 C20019 Series
---@-- C20024 Series Cov=10.2%
= DSM for shear Pmavg = 1.02
0.0 . . . . !
0.0 0.5 1.0 1.5 2.0 25 3.0
A

Vv

FIGURE 6.23. Predominantly shear tests at USYD on members with square holes
(*Note: S40 denotes square hole with size of 40 mm)

abscissa depicts the section slenderness (\, = \/m) while the ordinate represents
the ratio of the shear test results (V}, ;c¢) to the yield shear load of the net section (V, = V), ,e1).
The V., is obtained by the method described in Section 6.3.1. It is noted that in the second
test series, the circular opening shape is transformed to the equivalent square by the expression
dp, = 0.825D. This conversion is clarified in the following sections. For both test programs,
the data noticeably tends to systematically deviate from the target curve when the openings
become substantial. For relatively small perforations, the use of V, ,,.; appears to be acceptable
but it becomes unconservative when applied for members with large cut-outs. The coefficients
of variation corresponding to the above cases are relatively significant, 10.2% and 10.8%,
respectively. Thus, it is necessary to determine V,, more appropriately in order to improve the

current design rules.
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FIGURE 6.24. Predominantly shear tests at QUT on members with circular holes
(*Note: C30 denotes circular hole with diameter of 30 mm)

6.3.3.2 The DSM with proposed shear yield load

The proposed shear yield load (V,;,) is employed in the DSM design formulae for shear
(Eq. 6.1) to verify the shear tests conducted by Pham et al. (2014a, 2016) on 200 mm deep
channel members with three thicknesses of 1.5 mm, 1.9 mm and 2.4 mm. The square
opening sizes included 0 mm (unperforated), 40 mm, 80 mm and 120 mm for each thickness.
The shear buckling coefficients (k,) are extracted from the paper by Pham (2017) depending
on the ratio dj, /h, then the buckling force V,,;, is computed by Eq. (2.16). The results are
shown in Fig. 6.25 where the normalized experimental outcomes V;, ;.s;/V,, are plotted
against the section slenderness. It is evident that the data follows well the DSM design curve,
even when the openings are substantial. The associated coefficient of variation (C'oV’) and
the average P,,, 4,4 ratio of V}, 1est to Vi, psas are 6.72 % and 1.05 respectively as computed
in Table 6.4. This C'oV can be compared with that in Fig. 6.23 of 10.2 %. In Table 6.4, for
the designation V-C20015-S120, for example, 'V’ denotes predominantly shear case, '’C’

denotes a channel section, 200 is the overall depth of the cross-section, 15 is the thickness
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multiplied by 10, ’S’ implies a square web hole and 120 is the size of the square opening.

All dimensions are in millimetres. The corner radii are taken as 5 mm, and b,, is the nominal

depth of the sections. The model for yield shear load is also verified against the shear tests

TABLE 6.4. Shear capacity of channel section members with square web
openings and aspect ratio of 1.0

. . t bn dh ‘/crh ‘/Il,test ‘/yh ‘/;1,test /

Designation (1) (mm) amm) 4/% B 0Ny &N aN) N Vipsw
V-C20015-S0 1.50 200 0 0.00 10.20 328 534 8777 1.63 1.00
V-C20015-S40 1.50 200 40 0.21 698 225 47.1 7477  1.82 1.12
V-C20015-S80 1.50 200 &80 042 3.83 123 29.1 50.1 202 1.12
V-C20015-S120 1.50 200 120 0.63 222 7.1 15.1 24.1 1.84 1.12
@ V-C20019-S0 1.89 200 0 0.00 10.20 659 727 1042 126 0.96
§ V-C20019-S40 1.86 200 40 021 6.99 428 625 89.1 144 1.06
< V-C20019-S80 1.89 200 80 042 378 245 413 605 157 1.09
= V-C20019-S120 1.88 200 120 0.64 221 140 207 283 142 1.09
V-C20024-S0 2.38 200 0 0.00 10.20 132.0 108.1 138.2 1.02 0.93
V-C20024-S40 239 200 40 0.21 693 914 912 1177 1.13 0.99
V-C20024-S80 2.38 200 80 042 378 489 600 79.0 1.27 1.05
V-C20024-S120 2.38 200 120 0.64 2.19 284 306 375 1.15 1.05
V-C20015-S0 1.50 200 0 0.00 10.20 32.8 49.8 877 1.63 0.94
V-C20015-S40 1.50 200 40 021 699 225 459 750 183 1.09
V-C20015-S80 1.50 200 &80 042 382 123 309 496 201 1.19
V-C20015-S120 1.50 200 120 0.63 222 7.1 145 24.1 1.84 1.08
(: V-C20019-S0 1.89 200 0 0.00 10.20 658 77.5 1048 126 1.02
'% V-C20019-S40 1.87 200 40 0.21 700 435 642 895 143 1.08
2 V-C20019-S80 1.88 200 80 042 3.80 24.1 41.8 59.1 156 1.13
é V-C20019-S120 1.89 200 120 0.64 220 142 203 286 142 1.06
V-C20024-S0 2.38 200 0 0.00 10.20 1324 106.0 139.3 1.03 0.91
V-C20024-S40 239 200 40 021 694 913 914 1190 1.14 0.99
V-C20024-S80 238 200 80 043 375 489 61.0 784 127 1.07
V-C20024-S120 2.37 200 120 0.64 2.19 281 305 37.8 1.16 1.05
Mean 1.05
SD 0.07
CoV (%) 6.72
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FIGURE 6.25. Verifying V,;, model with USYD tests

performed by Keerthan & Mahendran (2013a) on channel members with an aspect ratio of

1.0. Different section sizes and circular hole diameters are included in their tests. Fig. 6.26

FIGURE 6.26. FE simulation of shear tests with circular holes

shows an FEM simulation of a 5 mm thick channel section members in a shear test with a
substantial circular opening (d.,/h = 0.6). The failure mechanism happens as analogous
as occurred in the test on a square hole (see Fig. 6.21). It includes the formation of four
plastic hinges, resulting in large, visible deflection that constitutes the mechanism. This
allows the methodology to determine Vy, to be applicable for members with circular holes

by transforming the circles to squares by the relation d;, = 0.825D where d}, is the square
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size, D is the circle diameter. Using this transformation, the experimental results are plotted

against the DSM curve for shear as shown in Fig. 6.27. A test series with low yield stress

1.2
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> 06 |
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X C16019 Series
0.2 4 c20019 Series CoV = 6.26 %
——DSM for shear Pmavg = 1.03
0.0 ' ' ' : '
0.0 0.5 1.0 15 2.0 2.5 3.0

ﬂ“v = v\ “ yh /Vcrh

FIGURE 6.27. Verifying V,;, model with QUT tests

(fy = 271 M Pa) and other tests are well captured by the design curve. The corresponding
CoV and P, 4, are 6.26 % and 1.03 respectively as computed in Table 6.5. This CoV can
be compared with that using V}, ,.; of 10.8 % in Fig. 6.24. In Table 6.5, in the designation
"V-C200-C125’, ’V" denotes predominantly shear case, ’C” denotes a channel section, 200 is
the nominal depth of cross-section, C” implies a circular web hole and 125 is the opening
diameter. All dimensions are in mm. The corner radii are taken as 5 mm, and b,, is the nominal
depths of the sections. Obviously, it is evident that the proposed model to compute shear load
at yielding for perforated sections is viable for members with an aspect ratio of 1.0 and for

both circular as well as square openings.

6.3.3.3 A DSM of design for shear for channel sections with web holes and with an
aspect ratio of 2.0

As presented previously, the inclusion of the web holes into the shear buckling force and

the shear yield load enables the DSM design rule for shear to be applicable to structures with
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TABLE 6.5. Shear capacity of channel section members with circular web
openings and aspect ratio of 1.0

fy t bn D k ‘/C'r'h Vn,test Vyh A V. DSM Vn,test/
(MPa)(mm) (mm) (mm) ™ (kN) (kN) (kN) v MY Vo psm

V-C120-CO 271 194 120 0 102 1240 38.1 343 053 343 1.11
V-C120-C30 271 195 120 30 6.6 819 323 298 0.60 298 1.08
V-C120-C60 271 194 120 60 34 418 222 219 0.72 219 1.01
V-C120-C80 271 195 120 80 23 29.0 150 16.6 0.76 16.6  0.90

Designation

V-C120-CO 537 149 120 0 102 57.1 433 513 095 452 0096
V-C120-C80 537 150 120 80 23 13.1 16.0 241 136 167 0.96

V-C160-CO 515 191 160 O 102 875 738 86.6 099 739 1.00
V-C160-C30 515 192 160 30 7.8 684 654 793 1.08 642 1.02
V-C160-C60 515 190 160 60 49 41.1 495 613 122 455 1.09
V-C160-C100 515 191 160 100 2.7 228 27.6 372 128 268 1.03
V-C160-C125 515 190 160 125 19 161 169 194 1.10 155 1.09

V-C200-CO 515 191 200 O 102 687 750 1104 127 800 094
V-C200-C30 515 190 200 30 85 567 748 105.6 1.37 72.7 1.03
V-C200-C60 515 191 200 60 6.0 403 634 862 146 566 1.12
V-C200-C100 515 1.90 200 100 3.6 241 388 603 1.58 375 1.04
V-C200-C125 515 190 200 125 2.7 180 294 442 156 27.6 1.06

Mean 1.03
SD 0.06
CoV (%) 6.26

web holes and with an aspect ratio of 1.0. This section, on the basis of the experimental data
on channel section beams with various square and circular web holes and with the aspect
ratio of 2.0 (the Test Series 3) as detailed in Chapter 4, validates the applicability of the
DSM proposal for beams with an aspect ratio of 2.0. Table 6.6 summarises the shear capacity
computed according to the DSM. In this table, V., is obtained by FE buckling analyses as
described in Section 6.3.1, V;, ;. 1s the experimental results of the Test Series 3; V,, is the
shear load at yielding of perforated sections determined by Eq. 6.13; V,, psas is the shear
strength predicted by the DSM with the modified V,,;, and V. The ratios of the test results

(Vi test) to the predicted values (V;, psas) are shown in the last column together with their



170 6 DIRECT STRENGTH METHOD OF DESIGN FOR SHEAR

TABLE 6.6. Shear capacity of channel section members with square and
circular web openings and aspect ratio of 2.0

Shear Hole
Designation span Size
(mm) (mm)

Vn,test t b ‘/cr Vy A Vn,DSM Vn,test/
(kN) (mm) (mm) (kN) (kN) "~

(kN) V. psm

S3-C20015-S40-1 400 40 421 1.54 1913 20.7 80.7 197 428 098
S3-C20015-S40-2 400 40 427 1.53 191.8 20.2 81.2 2.00 426 1.00
S3-C20015-S80-1 400 80 29.0 154 1912 138 542 198 286 1.01
S3-C20015-S80-2 400 80 28.6 153 191.7 135 544 201 285 1.00
S3-C20015-S120-1 400 120 14.8 155 191.6 93 276 172 16.1 091
S3-C20015-S120-2 400 120 152 1.54 191.7 92 274 172 160 0.95

S3-C20015-C50-1 400 50 419 1.54 191.8 20.0 799 200 420 1.00
S3-C20015-C50-2 400 50 41.8 1.55 191.2 205 804 198 425 098
S3-C20015-C100-1 400 100 27.5 1.55 1913 134 525 198 278 099
S3-C20015-C100-2 400 100 279 153 1914 132 527 200 27.7 1.0l
S3-C20015-C145-1 400 145 15.0 154 1914 92 276 174 161 094
S3-C20015-C145-2 400 145 15.7 150 1916 8.7 27.1 176 156 1.0l

Mean 0.98
SD 0.03
CoV (%) 3.29

coefficient of variation (CoV) of 3.29% and a mean value of 0.98. These prove a reliable and
consistent prediction of the proposal. The test results are normalised and plotted against the
DSM design curve as shown in Fig. 6.28. The abscissa depicts the section slenderness (\,),
whereas the ordinate represents the ratio of the shear test results (V;, ;) to the modified yield
shear load (V). In this figure, the experimental results of members with the aspect ratio of
2.0 are plotted as the solid circles and solid squares for tests with circular and square web
holes, respectively. The test results on perforated beams with an aspect ratio of 1.0 conducted
by Pham et al. (2014a, 2016) and by Keerthan & Mahendran (2013a) are also included as
hollow points. The graph clearly illustrates that the DSM curve 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 seems to better

follow the curve in comparison with the tests on channels with an aspect ratio of 1.0. The
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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 a pure shear strength. The mean
value and the coefficient of variation of the V;, ;.:/V;, psar ratios for 30 tests on perforated
beams with the aspect ratio of 1.0 (Pham et al., 2014a, 2016; Keerthan & Mahendran, 2013a)
and 12 tests on perforated beams with the aspect ratio of 2.0 as presented in Table 6.6 are

1.04 and 6.05%, respectively.
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FIGURE 6.28. Shear test results on perforated beams with aspect ratios of 1.0
and 2.0 plotted against the DSM curve

6.3.3.4 A DSM of design for shear for channel sections with large web holes and large

aspect ratios

It has been proven that the DSM proposal to design beams with web holes subjected to
shear is viable for shear panels with aspect ratios up to 2.0 and with a wide range of square
and circular hole sizes. This section employs the shear strength obtained by FEM simulation
of beams with large aspect ratios including 3.0 and 4.0 to further verify the applicability of
the DSM shear proposal to these long shear panels. The FEM simulations are carried out on

the basis of the dual actuator test rig as presented in Section 5.2. Table 6.7 summarises the
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TABLE 6.7. Shear capacity of channel section members with large openings
and large aspect ratios

Shear
. . b, dp Ve Vyn o Vapsm Vo, rednrem!/
Designaion 030 uam) () om) /7 6N) 4N) AN) 0K Vo

FEM-Dual-ARZ- 400 150 200 140 073 72 139 94 9.0 096

$140
LONMDUlARE 400 150 200 160 084 63 70 57 64 LIl
EPNDUlARZ 400 150 200 180 094 68 34 34 41 121
fag PUARS 600 150 200 40 021 184 788 403 379 094
ggg’[‘Dual‘AR3' 600 150 200 80 042 123 527 270 274 1.0l
EONDUARS 600 150 200 120 0.63 83 258 148 146 098
EoyPUARY ey 150 200 80 042 122 527 269 263 0.98
EONDU-ARY g0 150 200 120 0.63 82 258 147 145 098
FEM-Dual-AR4-
PEN Dua 800 150 200 120 063 48 129 78 84 107
FEMDual-AR% 900 1.50 200 120 063 78 258 145 146 10
$120-R
FEM-Dual-AR4- 900 150 200 120 063 7.7 258 144 145 1.00
25120
Mean 1.02
SO 008

CoV (%) 7.82

design parameters and the shear strength of beams with aspect ratios of 2.0, 3.0 and 4.0 and
with various square hole sizes. In addition, for the beam with an aspect ratio of 4.0, several
cases of eccentric or rectangular holes are examined. These include a rectangular hole of 120
mm deep by 240 mm wide (R120x240), a 120 mm square hole but located on the right half
of the shear span (S120-R), and two 120 mm square holes located at the centres of the two

halves of the shear span (2S120). The failure modes of these beams can be seen in Fig. 5.16
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and 5.17, and the buckling mode shapes obtained by the FEM as described in Section 6.3.1

are given in Fig. 6.29.

(a) Beam with 120x240 mm rectangular hole (b) Beam with two 120 mm square holes

FIGURE 6.29. Buckling mode shapes of members with 120 mm web holes of
varying length and position

The FEM buckling analyses are used to obtain the shear bucking loads (V) for other beams
in Table 6.7. The shear yield loads (V) taking into account the influence of the web holes
are determined by Eq. 6.13. For sufficiently large holes, the Vy, is computed on the basis of
the plastic bending moment of the net section as per Eq. 6.10 which is inversely propotional
to the width of the hole. Therefore, for the rectangular hole of 240 mm width, the value of
Vyn 1s double the value of the 120 mm square hole. Fig. 6.30 shows the normalised numerical
shear strength in relation to the DSM shear curve. The data points are labelled by the hole
size and the aspect ratio. In general, the design curve represents well the variation of the data.
Further, it appears that the proposal under-predicts the shear strength of the section with the

180 mm square hole which occupies nearly the whole flat web depth.

6.4 DSM of design for perforated beams with large M/V
ratio

In previous sections, the DSM proposal for shear design of perforated sections was detailed
and validated by experimental and numerical results. However, the experiments and the

FEM simulations were conducted using the dual actuator test apparatus which minimizes the
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FIGURE 6.30. FE results plotted against the DSM shear curve

bending moment, thus ultimate shear strength was achieved without premature bending failure.
Consequently, the DSM proposal for shear is adequate to reliably predict the shear strength.
However, in practice or by using the central point load test setup, the M /V ratio might be
significantly higher, thus the interaction between bending and shear may become predominant
for relatively long shear panels. In Section 5.7.3, the FEM analyses were conducted for
beams with the aspect ratios of 2.0 and 3.0 and with various square hole sizes based on
the central point load (CPL) test setup which possesses a higher M /V ratio, doubling the
ratio produced by the dual actuator rig. As discussed in Section 5.7.3, for beams with large
openings, it appears that shear strength can be reached regardless of the test rigs, thus the
M /V ratios. For members with smaller holes, however, the FEM results based on the CPL
test rig were significantly lower, thus it is possible that the M-V interaction is the cause. This
section employs the moment to shear interaction approach specified in the AISI S100-16 as
described in Section 2.5 to investigate the extent of this moment-shear interaction. Table
6.8 summarises the shear and bending capacity of perforated sections obtained by the FEM
analyses and the values predicted by the AISI Specification (AISI, 2016). In the designation,

"CPL’ stands for the central point load test setup on which the FE models were based. The
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TABLE 6.8. Shear capacity of channel section members with openings and

larger M/V ratios
_ ' Shear H_ole : : : v /M. M M. /

pestanation ?Ilr)la;ﬁ) (SILZIE) b ‘/(klilfls)M (‘liNh) V(l’ill)\TS)M Vngij\]\j (kNI:I?)M (kﬁm) Mgf "
gggélfil\sdéo 400 20 0.10 36.7 20.53 46.5 0.79 1469 12.89 1.14
gg(l)‘(_)ll:?_l\sﬁo 400 40 021 372 17.65 39.8 0.93 1486 12.89 1.15
553(311:5_1\546-0 400 60 031 344 1434 328 1.05 13.74 12.89 1.07
glzj(l;(;lfil\s/léo 400 80 042 28.0 1149 262 1.07 11.18 1241 0.90
gg(I)J(SIISSE—zII_OO 400 100 0.52 213 943 203 1.05 8.535 1249 0.68
gg(l)‘(;l;?_lg/[izo 400 120 0.63 149 8.00 146 1.02 5944 12.89 0.46
gg(];(;f?_l\s/ll_m 400 140 0.73 9.1 6.98 9.3 0.97 3.637 12.89 0.28
gl;(];(;lf?_hs/[{m 400 160 0.84 5.6 6.27 5.7 0.98 2242 12.89 0.17
gggélfsE_hs/lé 600 0 0.00 2533 17.15 435 0.58 1520 1290 1.18
gg(l)‘(_)l;?_l\s/lz_o 600 20 0.10 25.00 17.05 434 0.58 15.00 12.89 1.16
gg(%élf?};ﬁo 600 40 021 2464 1588 383 0.64 1479  12.89 1.15
gl;g;(;ll:?_hs/léo 600 60 031 2446 1286 31.6 0.78 1468 12.89 1.14
glz)(l;(;ll:?_hs/léo 600 80 042 2435 1026 25.2 0.97 1461 1241 1.18
ggg(;lfg_l\s/ll_oo 600 100 0.52 19.54 848 195 1.00 11.72 1249 094
gg(l)‘(;lf?_hs/ll_zo 600 120 0.63 14.14 730 142 1.00 848 12.89 0.66
55561;5_1\541—40 600 140 0.73 882 6.51 9.1 0.97 529 1289 041
CPL-FEM-

C20015-S160 600 160 0.84 584 6.0l 5.6 1.04 350  12.89 0.27
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Vi, pEM 18 the ultimate shear force produced by the FE models and the corresponding moment
M, ren is computed as the product of V,, pgas and the shear span. The shear buckling load
(Vern) 1s determined by FE buckling analysis as per Section 6.3.1 where the moment gradient
is explicitly included. My, is the nominal member moment capacity for globally braced
member meaning that only the moment capacity for local buckling (MM,,;) and for distortional
buckling (M,,,) are considered, and My, is the minimum of these two flexural strengths as per
Section H2 of the AISI Specification. However, in the FE models, straps are used at the ends
and middle of the shear spans with the maximum spacing less than the distortional buckle
half-wavelength, thus they effectively restrained the sections from distortional buckling type.
Consequently, My, is taken as M,,;. The determination of M, follows the procedure as
described in Section 2.5 where the local buckling moment M, with the inclusion of the

web holes is obtained by using the computer program CUFSM (Li & Schafer, 2010).
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FIGURE 6.31. FE results plotted against the DSM shear curve
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Fig. 6.31 shows the normalised shear strengths and normalised flexural strengths in
comparison with the moment to shear interaction curves specified by the specification (AISI,
2016). It can be seen that, for the two FE model series with the aspect ratios of 2.0 and 3.0,
in general, the strength of members with relatively small openings is governed by bending
where the data points stretch horizontally above the limit of M,, pga /My, of 1.0. In fact, this
is sensible as observed by the FE analyses that these members mainly failed in bending or
combined bending and shear at the high moment location of a gross section adjacent to the
loading point. The data slightly lies above the limit of 1.0 as a result of the inelastic reserve
bending capacity which is not considered in this section. Meanwhile, for beams with large
openings, shear failure seems to dominate as the data locates along the vertical limit line of
Vorewm/Vpsa of 1.0. Tt is of interest to observe that, in the context of this study in which
web holes are located at the centres of shear spans, no moment to shear interaction occurs
as the data points distribute along either the vertical shear limit line or the horizontal flexure

limit line.

6.5 DSM of design for beams with intermediate transverse

web stiffeners

As mentioned in Section 2.3.1.1 and the AISI S100-16 Section G2.2, when a beam web is
stiffened transversely with a spacing not exceeding twice the web depth, a higher tier shear
strength curve is permitted as the stiffened shear panel allows the Tension Field Action (TFA)
to be developed. Section 2.4 reviews the requirements of conforming transverse stiffeners
specified by the AISI S100-16 which states that stiffeners must have sufficient flexural stiffness
to work as nodal lines when the beam buckles. Further, the stiffeners must satisfy a minimum
area requirement to resist vertical compressive component of the force resulting from the
tension field action. On the other hand, the AISC 360-16, on the basis of the assumption

that the stiffeners are primarily under out-of-plane bending, specifies flexural stiffness of
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the stiffeners to allow the development of shear buckling and shear postbuckling, i.e. TFA,
capacity.

Section 4.4 in Chapter 4 describes a test series on cold-formed steel channels with
intermediate transverse stiffeners. The stiffeners were carefully designed and fabricated
so that they could verify the accuracy of the stiffener design requirements specified by the
two specifications (AISI, 2016; AISC, 2016). The results demonstrate the conservatism
of the stiffener’s minimum area required by the AISI S100-16. Further, the experiments
supported the AISC 360-16 regarding the stiffener design guidelines. This indicates the fact
that the assumption that transverse stiffeners are highly loaded in compression is unrealistic
in comparison with the assumption that they are mainly stressed in out-of-plane bending. The
deformation shapes of the transverse stiffeners under loading during the experiments also
confirmed this assertion.

In conclusion, it is recommended that the transverse stiffeners can be considered as con-
forming once they are designed according to the guidelines in the AISC 360-16. Subsequently,
the direct strength method for shear is viable to determine the shear strength of members

stiffened by these conforming transverse stiffeners.

6.6 Chapter Conclusion

The chapter experimentally validates the DSM of design for shear using the shear strength
obtained by the shear tests which included minimal bending moments. It is concluded that
the existing DSM provision for shear is applicable to structures with aspect ratios up to 2.0.
A new proposal to design structures with web holes in shear is presented. The proposal
makes use of the existing DSM design formulae and introduces modifications of the shear
buckling load (V.,1) and shear yield load (V) to account for the inclusion of the web holes.
The shear buckling capacity can be computed on the basis of the shear buckling coefficients
determined by tabulated coefficients or non-dimensional graphs. Alternatively, a simple

expression to compute the shear buckling coefficient derived by an artificial neural network is
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introduced for beams with central square web openings. A practical model to compute the
yield shear loads of sections with square and circular web openings is formulated to describe
the transition of failure modes from traditional web shear to Vierendeel mechanism. That
gradual transition is supported by the FE simulations of thick C-section members in shear.
The proposed model is introduced into the current DSM design rules for shear to predict well
the shear strength of various shear tests with aspect ratios of 1.0 and 2.0 and with circular as
well as square openings. An expression to transform a circular shape to an equivalent square
shape is proposed and validated. It allows the shear buckling and shear strength of a member
with circular web hole to be determined by transforming into a beam with an equivalent
square hole. Further, finite element models are constructed for sections with aspect ratios up
to 4.0 and with different magnitudes of the moment to shear ratio. It is found that the DSM
proposal for shear is able to predict reliably the shear strength of beams with large aspect
ratios and with sufficiently large web openings. However, for beams with relatively small web
holes, as the member strength might be governed by the flexural strength of sections located
at high moment areas adjacent to the loading points, a moment to shear interaction approach
is used to verify their capacity. It appears that there is no or very little interaction occurring
for structures with a wide range of web opening sizes. Lastly, it is recommended that the
intermediate transverse stiffeners should be designed according to the AISC 360-16 instead

of the AISI S100-16 as the latter is proven to be over-conservative.



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Concluding Remarks

The research in this thesis provides insightful knowledge of the shear behaviour of high
strength cold-formed steel sections, particularly for members with web holes and with inter-
mediate transverse web stiffeners, and also structures with large shear spans. It significantly
broadens the understanding of the shear buckling and shear strength of thin-walled structures.
An extensive experimental program has been conducted as a part of the thesis. On the basis
of experimental results, a Direct Strength Method (DSM) of design is proposed to check the
capacity of cold-formed structures with square and circular web holes and with intermediate
transverse web stiffeners.

Two testing apparatuses were developed to investigate the shear strength of cold-formed C-
sections and SupaCee® sections with an aspect ratio of 2.0. At this aspect ratio, conventional
test rigs are not able to isolate the shear failure mode as premature bending tends to govern
the ultimate state. Three test series were carried out to validate the new test rig design. The
experimental results are cross-checked between the two test rigs and are compared with the
test outcomes obtained by Pham & Hancock (2012a) using the conventional central point load
test configuration. It is shown that ultimate shear strength and typical shear failure modes are
clearly obtained as the new test rigs minimize the bending to shear ratio by redistributing the
moment gradient towards a minimal bending scenario. Further, the two testing apparatuses
generated similar shear strength on the same section types, and it is substantially greater
than the ultimate shear forces obtained by Pham & Hancock (2012a) for similar sections and

aspect ratios. On the basis of these successful test rig developments, the simpler one, the dual
180
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actuator test rig, was selected to perform the rest of the experimental program including the
Test Series 3 and 4.

The Test Series 3 comprising twelve tests on channel sections with the aspect ratio of
2.0 and with various square and circular hole sizes was carried out to study the influence
of the web holes on the ultimate shear strength of channel section members. Substantial
shear strength reduction was observed relative to the increase of the hole size. The reduction
trend, however, does not linearly correlate to the dimension of the web hole as reported by
previous researchers for perforated plates in shear, presumably due to the contribution of the
flanges and the lips. For beams with relatively small holes, shear failure modes resembling
the conventional pure shear failure were observed. On the other hand, more localised failure
around the web holes occurred for structures with substantially large web openings.

The Test Series 4 comprising six tests on channel sections with an aspect ratio of 2.0 and
with intermediate transverse web stiffeners was conducted to investigate the behaviour of
transversely stiffened cold-formed steel beams and the behaviour of the transverse stiffeners.
The stiffener cross-sections were carefully designed and fabricated so that they could verify
the stiffener design guidelines specified by the AISI S100-16 and the AISC 360-16. The two
Specifications base their stiffener section requirements on different assumptions of the stress
states of the stiffeners. The experimental results including the shear strength and shear failure
modes associated with specific stiffener sizes are compared with other test series and with the
Specifications to identify the performance of the stiffeners. It is found that the AISI S100-16
design rules for transverse stiffeners are over-conservative, while the AISC 360-16 which
adopted the latest research on the stiffeners appears to be sensible and reliable. It is therefore
recommended a replacement of Section G4.1- "Conforming Transverse Web Stiffeners" in the
AISI S100-16 by the corresponding section in the AISC 360-16 with appropriate modifications
for cold-formed members.

The shear strength of the Test Series 1 and 2 and the B-Series are employed to validate

the existing Direct Strength Method of design for shear (Section G2.2, AISI (2016)). It is
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noted that Section G2.2 is based on the shear test series conducted by Pham & Hancock
(2012a) on channel sections and SupaCee® sections with the aspect ratio of 1.0. As a result,
an experimental validation of the DSM for shear provision with the aspect ratio of 2.0 as
performed in the Test Series 2 and the B-Series is of importance to formally confirm the
validity of the method for structures with an aspect ratio up to 2.0. The experimental results
are plotted against the DSM design curve for shear, and it is observed that the data points
followed the curve well. This therefore proves the applicability of the existing DSM design
provision for shear for cold-formed structures with an aspect ratio up to 2.0.

To predict the shear capacity of cold-formed sections with web holes, a DSM proposal is
introduced and validated using the experimental results obtained from the tests conducted
by Pham et al. (2014a, 2016) and by Keerthan & Mahendran (2013a) on channel sections
with an aspect ratio of 1.0 and with square and circular holes, respectively; and from the Test
Series 3 on beams with an aspect ratio of 2.0 and with square as well as circular openings.
The proposal makes use of the existing DSM design equations for shear but with a modified
shear buckling load (V,,1,) and a modified shear yield load (V};;,) to account for the inclusion
of the web holes. The shear buckling load (V,,}) can be computed via the shear buckling
coefficient k, determined from non-dimensionalised graphs and tables produced by Pham
(2015, 2017) and Pham et al. (2017b). Otherwise, for beams with square central openings
and with the aspect ratios up to 3.0, a simple expression to determine k, obtained from an
artificial neural network training (Pham et al., 2017b) can be very handy. A practical model to
determine the shear yield load has been proposed and validated. It describes the transition of
the shear failure modes from traditional web shear where V,, is equal to the unreduced V), to
a Vierendeel mechanism where V,;, is computed on the basis of the plastic bending capacity
of the net section at the holes. A linear transition is adopted between the above-mentioned
ranges. The new DSM proposal has been validated with the experiments and good agreement
was obtained that proves the viability of the new design proposal. It is also convenient to

use the conversion expression d;, = 0.825D to convert a circle with a diameter of D to an
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equivalent square with the size of dj,. The above approach can be used subsequently to work
out the shear buckling loads of beams with circular openings.

The DSM design rules for shear including the new proposal for beams with holes can be
used for transversely stiffened cold-formed steel beams as tested in the Test Series 4 as long
as the stiffeners are conforming as discussed previously.

Finally, it is worth emphasizing that all the conclusions drawn in this section are based on
the study in which experiments were performed on commercial Australian stock cold-formed
steel sections with shear span aspect ratios up to 2.0, and the web holes with square and
circular shapes only. Further, the shear spans have to be stiffened at two ends to utilize
tension field action which characterises the DSM approach. Therefore, generalizations of
observations and conclusions presented in this thesis, and the validation of other data sets

which do not fit the criteria as mentioned would require further justifications.

Future Research

The ultimate goal of the thesis was to develop a Direct Strength Method of design for beams
with holes and with transverse stiffeners. Despite a large amount of work which has been
finished, there are several minor issues needing to be addressed shortly.

The simple expression to determine the shear buckling coefficients (Eq. 6.9) using the
artificial neural network needs to be further developed to cover a wider range of hole shapes
including the rectangular, elliptical and slotted holes which are commonly used in practice.
This can be done by generating adequate data sets of the buckling coefficients and training the
network using this database. Furthermore, the network could be developed further to cover
the cases of beams with eccentric web holes.

In conjunction with the buckling loads, more experiments should be carried out to study
the shear strength of beams with non-square as well as non-circular holes such as ellipses.
Furthermore, it is also important to investigate the influence of the location of the holes on
the shear strength. Hole patterns along the shear span is a further point of interest and tests

could be performed.
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In several circumstances such as for the SupaCee® sections, shear tests using the dual
actuator test rig could be performed on members with aspect ratios larger than 2.0 since such
longitudinally stiffened sections have higher moment capacity, thus shear strength at large
aspect ratios could be reached. It will be exciting to extend the DSM to beams with an aspect
ratio of 3.0 which is in line with the hot-rolled steel design specification (AISC, 2016).

During the tests conducted on channels with square web holes, it was observed that tearing
initiated and propagated from the web opening corners. Even though it occurred after the
peak shear forces were reached, meaning that the ultimate shear strengths obtained were not
influenced, it is still worth investigating this phenomenon further.

The moment and shear interaction curve proposed by Pham & Hancock (2012a) is useful
to check the capacity of beams undergoing a combined bending and shear state. However, it
appears that this interaction approach is not capable of capturing the nature of the interaction
occurring in thin-walled structures under combined actions. Under the combined bending
moments and shear forces, cold-formed members buckle mainly at the web under shear
forces and at the compression flange and part of the web under bending. These buckling
modes occur simultaneously and interfere with each other. Therefore, it is believed that the
appropriate way to account for this "actual" structural behaviour is to analyse the buckling
response of the structure under the two actions. A signature curve for combined bending and
shear may be useful. The DSM which would be re-formulated for the combined action can be
used subsequently to determine the ultimate strength of the member. In addition, it is worth
investigating the behaviour of channels with eccentric web holes under the combined actions.

For the tests on beams with transverse stiffeners, it would have been ideal to further
investigate the connection between the stiffeners and the beam webs. Specifically, besides
screwed connections, bolted connections should also be considered. Further, the influence
of the numbers of the connectors and their spacing on the development of the Tension Field
Action is of importance. It would also be useful to measure the stress states at critical points

along the stiffeners to confirm their actual behaviour. The concept of cold-formed steel girders
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formed by slender and deep cold-formed steel beams stiffened transversely by intermediate
stiffeners as similar to plate girders could be further developed for practice. The cold-formed
girders could be used in such applications as transfer girders in cold-formed steel buildings or
footbridge girders. Perhaps the only obstacle that challenges the concept is the low flexural
strength of the slender cold-formed girders. However, in cold-formed steel buildings, this
seems not to be the issue as unlipped channel tracks, faced up, are commonly screwed to the
top flange of the beam to collect all vertical studs. As a result, the flexural capacity of the
built-up girder could be substantially enhanced and could satisfy relevant design limit states.
On the other hand, for other applications where the tracks are not required, other methods to
strengthen the girders flexurally could be proposed.

Finally, it is the writer’s personal opinion that the concept of the Tension Field Action
could be reconsidered. Along the history, various theoretical and practical models have been
derived to predict the postbuckling shear strength, i.e. Tension Field Action. Most of them
were based on the assumption that the tension field must be supported, or held by the flanges
and the transverse stiffeners. However, this assumption has been challenged by recent research
that negates the fixing role of the flanges and suggests other viewpoints to understand this
controversial issue. Up to now, the research on the Tension Field Action has been accumulated
to a substantial amount. It would therefore be crucial to critically review these articles from a
fresh and open attitude to convincingly explain the true nature of the TFA. By observation
from experiments and FEM simulation, and with reference to recent research of other authors,
it is the writer’s conviction that the shear postbuckling strength is nothing more mysterious
than the postbuckling strength gained by stress redistribution of a column in compression. It
is likened somewhat to the similarity in the format of the DSM for shear and for compression.
In shear, the shear stress redistribution takes place after the buckling stage at which normal
stresses quickly develop. Following the von Mises yield criterion, the variation of the normal
stresses makes room for changes of the shear stresses. Nonetheless, more research could be

placed on this issue to make it clear.
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APPENDICES

Appendix A

TABLE A.1. Dimensions of cross-sections used in the Test Series 3 - Beams
with square holes

Test Designation t(mm) D (mm) B (mm) L (mm)
1.53 204.5 75.30 15.9

S3-C20015-S40-1-F

75.60 16.2

1.545  204.2 74.80 16
S3-C20015-S40-1-B 75.20 16.5
1.55 205.1 75.50 16.6
S3-C20015-S40-2-F 75.30 16.3
1.5 204.6 75.40 16.1
S3-C20015-S40-2-B 75.10 16.6
1.54 204.3 75.70 15.8
S3-C20015-S80-1-F 75.10 16.2
1.53 204.2 74.90 16.1
S3-C20015-S80-1-B 75.10 16.5
1.5 204.9 75.30 16.4
S3-C20015-S80-2-F 75.60 16.2
1.55 204.5 75.80 16.1
S3-C20015-S80-2-B 75.30 16.6
1.55 204.8 75.30 15.6

S3-C20015-S120-1-F 75.70 16
1.54 204.6 75.90 16.2

S3-C20015-S120-1-B 76.10 16.3
1.53 204.4 75.80 15.6

S3-C20015-S120-2-F 75.30 15.7

1.54 205.1 75.30 16

S3-C20015-S120-2-B 75.70 16.4
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TABLE A.2. Dimensions of cross-sections used in the Test Series 3 - Beams

with circular holes

APPENDIX A

Test Designation  t (mm) D (mm) B (mm) L (mm)

1.54 205.2 75.50 16

S3-C20015-C50-1-F 75.40 16.5
1.53 204.6 75.30 16.1

S3-C20015-C50-1-B 75.70 16.2
1.54 204.0 75.20 16.3

S3-C20015-C50-2-F 75.60 16.2
1.55 204.5 75.70 16

S3-C20015-C50-2-B 75.40 16.1
1.54 204.2 75.60 16.1

S3-C20015-C100-1-F 75.70 15.8
1.55 204.6 75.60 16.1

S3-C20015-C100-1-B 75.90 16.3
1.535 204.0 75.40 16

S3-C20015-C100-2-F 75.70 16.1

1.53 205.0 75.40 15.9

S3-C20015-C100-2-B 75.80 16.3
154 2044 7520 161

S3-C20015-C145-1-F 75.50 16.5
1.535 204.5 75.60 16.1

S3-C20015-C145-1-B 75.40 15.9
1.5 204.3 75.30 16.3

S3-C20015-C145-2-F 75.70 15.8
1.5 204.8 75.50 16.3

S3-C20015-C145-2-B 75.10 16
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TABLE A.3. Dimensions of cross-sections used in the Test Series 4

Test Designation t(mm) D (mm) B (mm) L (mm)
1.54 204.0 75.20 15.8

S4-C20015-ST1-F

7490 167
155 2045 7530 159
$4-C20015-ST1-B 7570 161
155 2040 7440 159
$4-C20015-ST2-F 7590 169
155 2050 7490 157
$4-C20015-ST2-B 7530 164
155 2050 7530 158
$4-C20015-ST3-F 7580 162
155 2058 7550 155
$4-C20015-ST3-B 7630 16
154 2045 7470 158
$4-C20015-ST4-F 2540 16
154 2050 7520 156
$4-C20015-ST4-B 7510 163
151 2045 7530 156
$4-C20015-ST5-F 7520 159
151 2045 7550 161
$4-C20015-ST5-B 7560 162
155 2055 7560 161
$4-C20015-ST6-F 7570 16
156 2040 7540 157
$4-C20015-ST6-B 7570 163

1.55 204.6 75.40 16.2
S4-C20015-ST7-F 75.00 16.4

1.55 204.2 75.60 15.8
S4-C20015-ST7-B 7570 16




APPENDIX B: MATLAB AND PYTHON CODES AIDING BUCKLING ANALYSES AND DATA EXTRACTING

Appendix B: Matlab and Python codes aiding buckling

analyses and data extracting

Matlab code generating input for Abaqus modelling

clear all
clc

OU
%06/05/2018

%This code 1s to create input files for buckling analyses
Abaqus. The BA results are used to train the ANN in
order to derive a simple formula to determine k_v for
both square and rectangular holes

0
(¢

%The code generate a mesh size of 5x5Smm. The member length ,
the hole sizes and dimensions h, b_f, 1_p must be a
multiplier of 5.

9% Hole sizes
AR=3;
a=200%AR; %anm
Hole_depth=(10:10:160) ;

Hole_width=(10:10:480) ;
for incl=1:size (Hole_depth ,2)
for inc2=1:size (Hole_width ,2)

9% Geometrical parameters

t=1.5;

MeshZ=5; %(mm) %Mesh size in longitudinal direction

201

in
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d_h=Hole_depth(incl); %mm Depth of the hole
L_h=Hole_width(inc2); %mm Width of the hole
% Centerline dimension of cross section
H=200; %anm Web height

B_f=75; %anom Flange width

L_p=15; %am Lip height

r=5; %am Corner radii

h=H—2xr; %Flat web depth

b_f=B_f—2«r; %Flat flange width

l_p=L_p—r; %Flat lip height

d_1=(h—d_h)/2;

d_2=(a—L_h)/2;

9% GENERATE COORDINATES OF NODES ON CROSS—SECTION

% of half section

CS_X=[zeros (1,(h/2/MeshZ)) r«(1—cos(pi/8)) rx(l—cos(2%pi/8)
) rx(l—cos(3%pi/8)) (r:MeshZ:(b_f+r)) (b_f+r=(l+cos(3=pi
/8))) (b_f+r=(1+cos(2«pi/8))) (b_f+r=(l+cos(pi/8))) (b_f
+2xr)xones (1,(1_p/MeshZ+1)) ];

CS_Y=[(5:MeshZ:h/2) (h/2+r+sin(pi/8)) (h/24+rxsin(2xpi/8)) (
h/2+r+sin(3%*pi/8)) (h/2+r)=xones(1,(b_f/MeshZ+1)) (h/2+r=*
sin(3%pi/8)) (h/2+r*sin(2+pi/8)) (h/2+r=xsin(pi/8)) [(h
/2):—MeshZ:(h/2—1_p) 11;

34

35

36

% of full section
CS_X=[fliplr (CS_X) 0 CS_X]’;
CS_Y=[—fliplr (CS_Y) 0 CS_Y]’;
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NodeSec=[CS_X CS_Y]; %Coordinates of nodes on a cross—
section
NumSec=a/MeshZ+1;
NumNode=length (NodeSec (:,2)); % Number of nodes on cross—
section
9% COORDINATES OF NODES INSIDE THE OPENING
Num_Element_O = (L_h/MeshZ—1)*(d_h/MeshZ—1);
X_O=zeros (1 ,Num_Element_O) ;
Y_O=[MeshZ :MeshZ :(d_h/2—MeshZ) |« ones ;
Y_Ol=[—fliplr (Y_O) 0 Y_O];
Z O=[((a—L_h)/2+MeshZ) :MeshZ:((a+L_h)/2—MeshZ) ];
Y_O=repmat(Y_Ol,1,length(Z_0)); %Repeat Y_coordinate of a
section along z axis
Z_0O= repelem(Z_O,length(Y_Ol));
CS_0O=[X_0; Y. O; Z O] ’;
9% Job Name
Instance="C20015 " ;
JobName="C20015—S-—BA—CaseC "’ ;
FileName=sprintf (" C20015—-S%dx%d—AR%d-BA—CaseC .inp ,L_h,d_h,
AR) ;
%)% Coordinates of nodes along member
Z_Coor=(0:MeshZ:a) ’;
NodeMem=ones (NumNodexNumSec ,4) ;
NodeMem (: ,1) =(1:1:NumNodexNumSec) ’;
for 1=1:NumNode

NodeMem (( (i —1)*«NumSec+1) : NumSec=*i ,2)=NodeSec(i,1);
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59 NodeMem (( (1 —1)*NumSec+1) : NumSec#*i ,3)=NodeSec(1,2) ;
60 NodeMem (( (i —1)*NumSec+1) : NumSec=i ,4)=7Z_Coor(:,1);
61 end

62 9% Elements

63 ElemMem=ones ((NumNode—1) % (NumSec—1) ,5) ;

64 ElemMem (: ,1) =1:1:(NumNode—1) % (NumSec—1);

65 for 1=1:NumNode—1

66 ElemMem (((i—1)*(NumSec—1)+1) : (NumSec—1)*i ,2)=(1 —1)*
NumSec+1:1:NumSec*1 —1;

67 ElemMem (((i—1)*(NumSec—1)+1) : (NumSec—1)*i ,3)=(i —1)=*
NumSec+2:1:NumSec=*1 ;

68 ElemMem (((i —1)*(NumSec—1)+1) : (NumSec—1)x*i ,4)=1ixNumSec
+2:1:NumSec*(i+1);

69 ElemMem (((1 —1)*(NumSec—1)+1) : (NumSec—1)*i ,5)=1i*NumSec
+1:1:NumSec=(i+1)—1;

70 end

71 9%} FIND NODES AND ELEMENTS INSIDE THE OPENING, THEN DELETE

THEM !

72 % Nodes

73 CS_Mem=NodeMem (: ,2:4) ;

74 Index = ismember (CS_Mem,CS_O, 'rows’); % Index of

overlapping nodes

75 Node_h=find (Index); %Nodes i_th in the holes

76 CS_Mem_h=CS_Mem;

77 CS_Mem_h(Node_h,:) =[]; % Removing nodes at holes ——> New

nodal coordiate matrix without nodes within the hole
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78 NodeOrder_h=NodeMem (: ,1) ;

79 NodeOrder_h (Node_h ,:) =[];

80 NodeMem_h=[NodeOrder_h CS_Mem_h];

81 J%Element

82 ElemMem3=ElemMem (: ,2:5) ;

83 ElementIndex_h=ismember (ElemMem3, Node_h); %Find elements
that used nodes inside the openings

84 [row_h column_h] = find (ElementIlndex_h >0); %Find rows and
column containing nozero values

85 ElementIndex_h=unique (row_h); %remove repeated indices

86 ElemMem_h=FElemMem?3 ;

87 ElemMem_h(ElementIndex_h ,:) =[];

88 ElemOrder_h=ElemMem (: ,1) ;

89 ElemOrder_h (ElementIndex_h ,:) =[];

90 ElemMem_h=[ ElemOrder_h ElemMem_h];

91 %) COORDINATES OF NODES AT MEMBER ENDS

92 %Node for BCs

93 for 1=1:NumNode

94 LoadedNode (i ,:) =((1—1)«*NumSec+1) :1:NumSecx*1 ;
95 BC_NodeLeft(i ,:)=(i—1)«*NumSec+1;

96 BC_NodeRight (i ,:)=NumSec1 ;

97 end

98 BC_U3=BC_NodeLeft ((NumNode—1)/2+1) ;
99 9%Node for applying loads
100 LoadedNodeEnd=[LoadedNode (: ,1) ,LoadedNode (: , NumSec) |;
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%Elements to apply BCs (Shell edge loads can be only

applied on free edges)
for 1=1:NumNode—1
BC_ElemLeft(i,:)=(1—1)%(NumSec—1)+1;
BC_ElemRight(i,:) =(NumSec—1)*1;
end
9% MOMENT GRADIENTS DISTRIBUTED TO NODAL LOADS
I_x=3.481E6; Yanm"4
V_rf=1000; %N — Reference shear force

M_rf=V_rfxa; % Nmm — Reference moment

% Length of each element edge along the member end edge

for i=1:size (NodeSec,1)—1
delta_x=NodeSec(i+1,1)—NodeSec(i,1);
delta_y=NodeSec(i+1,2)—NodeSec(i,2);
l_i=sqrt(delta_x”"2+delta_y"2);
l_elem(i,1)=1_1i;

end

l_elem=[0; 1_elem; 0]; % Add zeros at begining and at end to

ease the contributing length computation
% Contributing length of each node
for i=1l:size(l_elem)—1
I_node(i,l)=(l_elem(i)+]l_elem(i+1))/2;
end
%Distributed forces
force=0.5+*M_rf/I_x=tx]l_node.xNodeSec(:,2); %0.5

9% EXPORT FILE INP FOR BA ANALYSIS

1s

for case C
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fid = fopen(FileName, “wt’);
fprintf (fid, «Heading\n");
fprintf (fid, #+Job name:%s Model name:%s\n’ ,JobName, Instance)

q.

(&

fprintf (fid , ==\n");

fprintf (fid ,  #«PARTS\n’);

fprintf (fid, ==\n");

fprintf (fid, *«Part, name=%s\n’ ,Instance);

fprintf (fid , «Node\n’);

fprintf (fid , " %5d, %5d, %5d, %5d.\n’ ,NodeMem_h’) ;

fprintf (fid, ’«Element, type=S4R, ELSET=CHANNEL\n’);

fprintf (fid ,  %5d, %5d, %5d, %5d, %5d\n’ ,ElemMem_h") ;

fprintf (fid, «Shell Section, elset=CHANNEL, material=
High_Strength_Steel\n’);

fprintf (fid, %d, %d\n’ ,t,5);

fprintf (fid, «End Part\n’);

(&4

(&

fprintf (fid, ==\n");

fprintf (fid , " #+*ASSEMBLY\n ") ;

fprintf (fid, ==\n’);

fprintf (fid, *«Assembly, name=Assembly\n’);
fprintf (fid, ==\n");

.

(&

fprintf (fid, #+\n’);
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fprintf (fid, *«Instance , name=%s, part=%s\n’,Instance ,Instance
)

fprintf (fid, «End Instance\n’);

fprintf (fid , ’««NODE SETS FOR POINT LOAD DEFINITIONS\n’);

for 1i=1:NumNode

fprintf (fid, «Nset, nset=Point_%d, instance=%s\n’ ,i,Instance)

fprintf (fid,  %5d, %5d\n’ ,LoadedNodeEnd(i,:) ’);

end

fprintf (fid , ’««NODE SETS FOR BCs DEFINITIONS\n’);

fprintf (fid, *«Nset,nset=BC-LEFT, instance=%s\n’,Instance);

fprintf (fid ,’” %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5
d, %5d, %5d, %5d, %5d, %5d, %5d,\n’ ,BC_NodeLeft’);

fprintf (fid, \n");

fprintf (fid, «Elset ,elset=BC-LEFT, instance=%s\n’ ,Instance);

fprintf (fid, \n");

fprintf (fid ,’” %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5
d, %5d., %5d, %5d, %5d, %5d, %5d.,\n’ ,BC_ElemLeft’)

fprintf (fid, \n");

fprintf (fid, "«Nset, nset=BC-RIGHT, instance=%s\n’ ,Instance);

fprintf (fid ,’” %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5
d, %5d, %5d, %5d, %5d, %5d, %5d,\n’ ,BC_NodeRight’);

fprintf (fid, "\n’);

fprintf (fid, "«Elset , elset=BC-RIGHT, instance=%s\n " ,Instance);

fprintf (fid, \n’);
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168 fprintf (fid,  %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5d, %5
d, %5d, %5d, %5d, %5d, %5d, %5d,\n’ ,BC_ElemRight’) ;

160 fprintf(fid, \n’);

170 fprintf (fid, «Nset,nset=BC-U3,instance=%s\n’,Instance);

171 fprintf (fid,  %d’ ,BC_U3);

172 fprintf (fid, \n’);

173 fprintf (fid , «End Assembly\n’);

174 fprintf (fid, \n’);

175 %
176 Jofprintf (fid, *=%\n’);

177 fprintf (fid , " #x MATERIALS\n");

178 fprintf (fid, =+\n");

179 fprintf (fid, «Material , name=High_Strength_Steel\n");
180 fprintf (fid, «Density\n’);

181 fprintf (fid, 7800.,\n");

182 fprintf (fid, «Elastic\n’);

183 fprintf (fid, 200000., 0.3\n");

184 %fprintf (fid,’ s« Plastic\n’);

185 Yofprintf (fid,”%d, %d,\n’ ,Material ’);

186 fprintf (fid , == \n’);
187 %ofprintf (fid,’ =« Imperfection, file=%s—BA, step=1\n2, %d\n’,
JobName , Imperfection);

188 fprintf (fid, ==+\n");

189 %
190 fprintf (fid, =« STEP: BA_Analysis\n’);

191 fprintf (fid, ==+\n");



210 APPENDICES

192 fprintf (fid, «Step, name=BA, perturbation\n’);
193 fprintf (fid, «Buckle\n’);

194 fprintf(fid,’ 5, .50, 50\n");

195 %
196 fprintf(fid, \n’);

197 fprintf (fid , =+ BOUNDARY CONDITIONS\n ") ;
198 fprintf (fid, ==\n’);

199 fprintf (fid, «Boundary\n’);

200 fprintf (fid, BC-LEFT, 1, I\n’);

201 fprintf (fid , 'BC-LEFT, 2, 2\n’);

2020 fprintf (fid , 'BC-RIGHT, 1, 1\n’);

203 fprintf (fid, BCRIGHT, 2, 2\n’);

204 fprintf (fid, BC-U3, 3, 3\n’");

205 %

206 fprintf(fid, \n’);

207 fprintf (fid, =+ LOADS\n");

208 fprintf(fid, ==\n");

200 fprintf (fid, =% Name: Load-—1 Type: Concentrated force\n’);

210 fprintf (fid, «Cload\n’);

211 force_n=[(1:1:size(NodeSec,1)); force ']; %this 1is the full
array

212 force_n_l=force_n;

213 force_n_1(:,(size(NodeSec,1)—-1)/2+1)=[];

214 fprintf (fid, Point_%d, 3, %d\n’, force_n_1);

215 %fprintf (fid ,’ LineLoadEnd%d, 3, %d\n’,ForceEnd);

216 fprintf (fid, =+ FIELD OUTPUT: F—output\n’);

—_
N
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fprintf (fid, ==x\n");

fprintf (fid, «End Step\n’);

fclose (fid);

clearvars —except AR a Hole_depth Hole_width incl inc2
end

end
Script to run multiple *.inp Abaqus input files

for 9%%g in (*.inp) do (
abaqus job=%%g int ask=off
)

Python code to extract eigenbuckling values

import numpy

BAFile=open( Bucklingloads.csv’™, w’")
for Hole_depth in range(10, 170, 10):
for Hole_width in range (10, 170, 10):

import odbAccess

211

myOdb=odbAccess .openOdb (" C20015—-S%dx%d—ARI-BA—-CaseC .odb” % (

Hole_width , Hole_depth))
#myOdb. steps [ 'BA’]. frames [ 1]. mode
myEGVL=myOdb. steps [ 'BA’ ]. frames[1]. description
EigenVL=float (myEGVL[28:48])
BAFile. write ("%d, %d, %10.4E\n"%(Hole_width , Hole_depth ,
EigenVL))

BAFile. close ()
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Appendix C: Spreadsheet for the ANN with the nonlinear

transfer function

The following data is obtained from the inputs:
Xnaz = [1.000 0.849 0.800 0.679 0.3979];
Xpmin = [0.333 0.053 0.017 0.001 0.3979];
Ytarget,maz = 9-8013

Ytarget,min = 0.684

The following matrices are obtained after the network is trained:

0.4528  0.9682 —1.1209 —1.5678-
1.2266  0.8363  1.3335 —0.7981
—0.0481 —0.3592 —1.0897 —2.6872
—0.9462 0.2093  1.1163 —1.3028
—2.6963 0.2520 1.3845 —1.3818
1.0233 —0.3746 —1.3362 0.4708
—0.9506 0.0833  1.0202 —1.1303
—5.6193 0.1056  0.1018  0.1073
—2.7504 0.1584  0.0502 —0.0304

3.3580 —1.1489 0.6005  0.3526

Wy = [0.1081 — 0.4591 0.4855 —4.6402 — 0.5770 0.4074 5.0432 — 3.0541 4.4328 1.7236]

/

by = [—2.2291 —1.0478 — 4.0669 — 1.64980.76010.2491 — 1.5797 — 4.9299 — 2.5935 — 4.9465]

by = [3.0133}

Fig. C.1 shows the spreadsheet which allows users to input parameters (in red) and produces
output (the shear buckling coefficient, in blue). The shaded cells are to perform intermediate

calculations. The functions at typical cells are shown as follows:
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FIGURE C.1. Spreadsheet for neural network with nonlinear transfer function

- Cell C2: =2*(B2-E2)/(D2-E2)-1

- Cell B8: =MMULT(W/, X 1orm)+b1
- Cell C8: =2/(14+EXP(-2*B8))-1

- Cell D8: =MMULT(W2,Y7)+b,
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Appendix D: Stress versus strain curves from coupon tests
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FIGURE D.1. Coupon test results of 1.5 mm thick material used in B-Series
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FIGURE D.2. Coupon test results of 1.5 mm thick material used in Test Series 1



Stress (MPa)

Stress (MPa)

600

500

400

300

200

100

APPENDIX D: STRESS VERSUS STRAIN CURVES FROM COUPON TESTS 215

— = ' i )
—3S2-C20015-T1
S2-C20015-T2
——S2-C20015-T3
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Strain (mm/mm)

FIGURE D.3. Coupon test results of 1.5 mm thick material used in Test Series
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FIGURE D.4. Coupon test results of 1.2 mm thick material
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Appendix E: Load versus displacement curves - Test Series
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FIGURE E.1. Shear load versus displacement curves - Test Series 4

Appendix F: Test data (Pham and Hancock, 2012c¢) used to

derive the DSM curve for shear
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TABLE F.1. V Series Test Results of Plain C- and SupaCee Sections Test
(Pham & Hancock, 2012a)

Vn,test .V-C'I" V Vn,test/ Vn,test/

. Yy
Test Section (N (kN) (kN) Ao v, Vh,Dsm A

,DSM

V1 C15015 554 43.1 68.4 1.26 0.81 49.8 1.11

V2  C15015 56.1 43.2 68.3 1.26 0.82 49.7 1.13
V3 CI15015 545 43.1 68.4 1.26 0.80 49.8 1.09

Vw  C15015 513 43.2 68.3 1.26 0.75 49.8 1.03
V1 C15019  76.8 88.2 85.0 0.98 0.90 73.1 1.05
v2  C15019 75.7 88.2 85.1 0.98 0.89 73.2 1.03
V3 C15019 779 88.3 85.0 0.98 0.92 73.1 1.06

Vw  C15019 709 88.4 84.9 0.98 0.84 73.1 0.97
Vi C15024 942 179.0 96.9 0.74 0.97 96.9 0.97
V2 C15024 96.0 179.2 96.7 0.74 0.99 96.7 0.99
V3 C15024 95.6 178.8 96.9 0.74 0.99 96.9 0.99
Vw  C15024 934 179.4 96.6 0.73 0.97 96.6 0.97
V1 C20015  56.1 31.8 88.6 1.67 0.63 53.0 1.06
v2  C20015 53.9 31.9 88.5 1.67 0.61 53.0 1.02
V3 C20015  57.8 31.9 88.6 1.67 0.65 53.0 1.09
Vw  C20015 50.8 31.8 88.6 1.67 0.57 53.0 0.96
Vi C20019  86.5 65.8 109.7 1.29 0.79 78.5 1.10
V2 C20019 86.1 65.8 109.7 1.29 0.79 78.5 1.10
V3 C20019 834 65.9 109.5 1.29 0.76 78.4 1.06
Vw  C20019 75.8 65.9 109.5 1.29 0.69 78.4 0.97
Vi C20024 1155 1322  131.7 1.00 0.88 112.1 1.03
V2 C20024 113.6 1326 1313 1.00 0.87 112.0 1.01
V3 C20024 1126 133.0 1309 0.99 0.86 111.8 1.01
Vw  C20024 1033  132.1 131.8 1.00 0.78 112.1 0.92
Vi SC15012 42.1 27.0 59.9 1.49 0.70 38.8 1.09
Vw  SC15012 39.3 26.9 60.1 1.49 0.66 38.8 1.01
Vi SC15015 55.6 53.3 67.1 1.12 0.83 52.8 1.05
Vw  SC15015 519 52.9 67.6 1.13 0.77 53.0 0.98
V1 SC15024 98.0 219.6  102.7 0.68 0.95 102.7 0.95
Vw  SC15024 929 219.7  102.7 0.68 0.91 102.7 0.90
V1 SC20012 46.5 19.0 82.5 2.09 0.56 42.0 1.11
Vw  SC20012 45.6 18.9 82.6 2.09 0.55 42.0 1.08
V1 SC20015 62.1 37.4 91.4 1.56 0.68 57.2 1.08
Vw  SC20015 61.7 37.4 91.4 1.56 0.68 57.2 1.08
Vi SC20024 1242 1545  137.7 0.94 0.90 121.5 1.02
Vw  SC20024 1173 1553  137.0 0.94 0.86 121.3 0.97

Mean 1.03
SD 0.06
Cov 5.68

(%)
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