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Abstract: The use of cold-formed steel (CFS) members in structural engineering has been on the
increase recently due to a wide range of benefits. The placement of electrical and/or plumbing
installations within the floor or wall thickness requires that members are being manufactured with
holes along the web, inevitably affecting their resistance. This article aims at providing a useful
and comprehensive overview of the existing literature regarding CFS members with web holes.
Experimental and numerical research on CFS members with web holes subjected to pure compression,
bending, web crippling and shear is outlined and discussed. Although research on these types of
members date back to the early 1970s, the greatest progress in the research field of CFS members with
web holes was achieved during the past 15 years; hence, mostly the research conducted during this
period was addressed. Additionally, design proposals are summarised for each of the aforementioned
stress states. A brief description of the main concepts of design presented in four principal design
codes, as well as numerical solution methods for predicting global, local, and distortional buckling
modes, is also presented, aiming to collect the accessible up-to-date knowledge of CFS members with
holes and identify areas that were modestly covered by previous research.

Keywords: cold-formed steel; web holes; experimental investigations; numerical analyses; buckling;
ultimate strength; review

1. Introduction

Cold-formed steel (CFS) members with web holes have been used widely in the recent
past due to their lightweight structure, cost-effective advantages over the entire construction
cycle, structural efficiency, practicality, etc. They are often employed as columns [1-16],
beams [3,4,17-31], and the load-bearing structures of sheathed panel shear walls, light
frame strap-braced walls, partition walls, curtain/facade walls, floor joists, etc. Mainly,
the C-, Z-, and X-sections and their varieties are used. The most common cross-section
shapes and 3D models of CFS members with circular web holes are presented in Figure 1.
These elements are often produced with holes along the web to facilitate electrical, heating
or plumbing installations. Consequently, a resistance decrease of the member is expected.
This issue has been addressed by adding stiffeners along the section [9,16,32] and hole
edges [4,13-15,22,28,33-36]. Since the behaviour of CFS elements is dictated by instability
effects rather than the yield of the material, the size and location of web holes along the
element can prove to be an important factor [6,8,14,17,18,21,23-25,28,30,37-46].
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Figure 1. Most common cross-section shapes of CFS members: C-section, Z-section, and X-section.

Previous research was mainly focused on short- and medium-length elements, since
they are prone to distortional and local bucking. In such cases, the location of a hole may
coincide with the position where the maximum displacement of the buckling half-waves is
expected [2]. Longer elements tend to buckle in a global mode, assuming that the ultimate
member resistance is not influenced by the position and the number of web holes along the
element. Although the majority of research has been focused on elements subjected to pure
compression or bending, in recent years, web crippling [33-36,47-65] and shear [43—46,66-73]
behaviour have been analysed as well. However, a commonly occurring case in the
engineering practice of combined compression and bending [32] should have attracted
more attention from researchers. This issue has been addressed when it comes to CFS
members without web holes [74-84] and CFS members with small and densely arranged
perforations typical for rack uprights [85-88].

The aim of this work is:

e  To provide an overview of the existing research and knowledge on CFS members with
web holes subjected to compression, bending, web crippling and shear;

e  Tosummarise the chronological development and up-to-date design recommendations
in one place;

e To point out the courses of future work and cases which might be examined in
more detail.

Since the structural design, unlike other technical branches worldwide, is regulated
by law, i.e., by the prescribed set of technical rules that must be followed during the
design and construction of any facility, design codes in the field of CFS elements will be
presented firstly. Undoubtedly, design codes develop over time, based on the results of
scientific research. Mainly, North American (5100-2016) [89], European (EN 1993-1-3) [90],
Australian/New Zeeland (AS/NZS 4600) [91], and Chinese (GB 50018) [92] standards are
addressed. The main concepts of design are also briefly described: (i) the Effective Width
Method (EWM) and (ii) the Direct Strength Method (DSM). Since the most recent editions
of the CFS design codes are focusing on the DSM as the main design concept, numerical
solutions that accompany the design process are described as well. In the subsequent
chapters, the research on the behaviour due to pure compression, bending, web crippling
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and shear states is outlined. Regardless of CFS structures being thin-walled and, therefore,
sensitive to fire, research related to CFS members with web holes subjected to thermal loads
is not discussed in this paper.

2. Method

Articles for this review were, for the most part, acquired from the Science Direct,
Google Scholar, and ASCE Library databases. The research methodology employed in this
study consisted of keyword and phrase searches and categorisation. The used search terms
were “Cold-formed steel”, “Web holes”, “Experimental testing”, “Numerical Analyses”,
“Cold-formed steel design”, and “Distortional and local buckling”, resulting in 4817 Science
Direct, 1680 Google Scholar, and 390 ASCE Library papers. Further reliability criteria
included only peer-reviewed research publications and reported experimental tests con-
ducted entirely in specialised laboratories, under controlled environmental and physical
conditions, thus enabling reproducibility and reducing potential threats to validity.

The applied inclusion criteria were the following:

Papers published as journal articles and conference papers;
Papers published in the field of civil and structural engineering;
Papers accessible in full-text.

Further, exclusion criteria were:

Duplicates;

Papers not written in English;

Papers published before 2010;

Papers in which members were subjected to thermal load.

After a detailed reading and classification of selected papers, the authors realised
that the review would seem incomplete without the presentation of the chronological
development and agreed that papers of an earlier date than 2010 should also be included.
The exclusion criteria were then re-established.

The classification of papers was established on several levels. The first one was based
on the type of stress state applied on the examined members, i.e., compression, bending,
web crippling, and shear. The main sections of this review are titled accordingly. The
second stage of classification considered the type of the cross section. In most of the studies,
C-sections with un-stiffened web holes were the subjects of examination, while, in the
past decade, C-section members with edge-stiffened holes have attracted major interest.
Several studies were conducted on sections other than C-shaped. Finally, the last stage of
the classification indicated the publishing date. In each subsection, papers were reviewed
as per the chronological timeline, aiming to give a clear perception on the development of
research methodology, experimental procedures, and design equations.

3. Design Codes and Theory
3.1. Design Codes

The first code for the design of CFS members was published in 1946 by the American
Iron and Steel Institute (AISI) [93]. Over the years, codes have evolved, covering two
completely different design methods for CFS members: (i) The Effective Width Method
(EWM) and (ii) the Direct Strength Method (DSM). AISI 5100-2016 and AS/NZS 4600
incorporate both the DSM and EWM and provide instructions for the design of CFS
elements with web holes. The EN 1993-1-3 and GB 50018 design codes, however, are based
only on the EWM and do not provide specific instructions for elements with web holes.
Moreover, the influence of both the number and the arrangement of holes along the element
is not considered in the calculation of member resistance in any of the above-mentioned
design codes. EN 15512 [94] provides guidelines for the design of elements with small and
closely-spaced perforations along the element, such as in the case of steel rack elements.
Accordingly, elements subjected to compression should be designed by testing, while the
use of a design procedure is allowed for the elements subjected to tension.
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The EWM handles usual types of CFS cross-sections and requires a complex, iterative
procedure [95], which makes the automation of the design procedure necessary. The design
strength calculation in [90] includes axial tension and compression, bending, shear, torsion,
and their interactions, while inelastic reserves in CFS sections are omitted. Since the
presence of holes is introduced via the net cross-sectional properties, the most unfavourable
arrangement of holes must be taken into account.

The calculation of member resistance according to the DSM is based on member elastic
buckling solutions that utilise gross cross-section properties, and unlike the EWM, the DSM
considers inelastic reserve strength. The influence of holes is taken into account through
the weighted average cross-sectional properties. According to AISI S100-2016, for elements
subjected to pure tension, the member strength is determined based on the yield stress
and the net cross-section. In cases of pure compression or bending, member resistance is
calculated for three limit states: (i) yield and global buckling, (ii) local buckling interacting
with yielding and global buckling, and (iii) distortional buckling. The shear strength
and web crippling strength calculation in AISI 5100-2016 are defined only for C-section
elements. The provisions defined in this case are only valid under certain limitations, by
which the nominal shear strength and the nominal web crippling strength of the C-section
web without holes are reduced by the appropriate factor.

3.2. Numerical Solutions

Several numerical solution methods for predicting global, local, and distortional
buckling modes and the corresponding critical load values of members without holes are in
use: the shell finite element method (sFEM), the finite strip method (FSM), and generalized
beam theory (GBT). The FSM and GBT methods are capable of completing this task for the
selected isolated (“pure”) or arbitrarily combined (“coupled”) modes [96].

AISI S100-2016 allows the use of sFEM, FSM, and GBT for the determination of the
buckling modes. However, only the sFEM is able to capture the effects of the web holes.
Moen and Schafer [3] studied the differences between the FSM and sFEM eigenbuckling
analyses. The predicted critical load with the sFEM was lower than the one computed from
the FSM, since the latter was unable to capture the effects of web holes. For that reason, a
simplified FSM for computing the global, distortional, and local critical load of columns
and beams was proposed. Moreover, a simplified FSM for these cases is currently also
being developed by Grey and Moen [4], Casafont et al. [97], and Smith and Moen [7]. On
the other hand, EN 1993-1-3 provides provisions only for the numerical methods to be used
for the examination of the effects of the distortional buckling load.

While the conventional FSM solutions for simply supported (S-S) members calculate
the first buckling load for a wide range of member lengths, constrained FSM (cFSM)
solutions for general boundary conditions are orientated towards the investigation of
higher modes for a specified physical length. In that manner, the cFSM solutions for general
boundary conditions closely resemble the FEM ones [98]. CFSM is introduced in the open-
source software CUFSM (Ver. 5.04) [96,99]. The inclusion of holes in a buckling analysis in
CUFSM is currently under development. However, Moen and Schafer [27] suggest creating
a model with a zero-thickness strip element across the hole in order to capture its effect.

The propositions for the design of CFS members with holes in the current edition
of AISI S100-2016 are based on the comprehensive research presented by Moen [100]. In
this research, CFS beams and columns with holes are analysed using the sFEM and FSM
analyses. A total number of 24 column specimens were experimentally tested, whereas
simulated experiments on 125 laterally braced beams were conducted using the ABAQUS
software [101]. A new set of design equations for the ultimate strength was developed
in order to properly include the effects of holes. A summary of the experimental and
numerical research for columns was published in [5]. The theoretical background of the
DSM approach and the design examples for CFS beams with holes were given in [27].

Research on the stability behaviour of C-section columns with web holes with simple
and complex edge stiffeners and the comparison of the numerical and DSM results was
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conducted by Wang et al. [10]. They demonstrated that the existence of holes can affect
the member resistance, although neither shape nor spacing has a crucial impact. Although
the current DSM design equations lead to slightly different strength values compared to
the FEM analyses, it was concluded that the DSM is still applicable in cases of perforated
columns with simple and complex edge stiffeners.

Similarly to the cFSM, GBT also shares the modal nature of the analysis of the elastic
buckling behaviour of thin-walled members. As a generalization of classical beam theory,
GBT incorporates cross-section in- and out-of-plane deformations by introducing additional
degrees of freedom. The recent progress in the field of GBT has been made through the
development of the open-source software GBTUL (Ver. 2.06) [102-106]. However, the
inclusion of holes in the buckling analysis in GBTUL is currently not provided.

Unlike the FSM and GBT, the advantages of the sFEM are recognised in the definition
of arbitrary geometry (Moen and Schafer [2], Kulatunga and Macdonald [6], Wang et al. [9]),
resulting in the sFEM being the most precise method for determining the elastic, as well as
plastic, buckling mode shapes.

4. Pure Compression
4.1. C-Section Stub Columns

One of the the first experimental investigations of CFS elements with holes was
conducted by Yu and Davis [1,59]. The reduction of the buckling load and post-buckling
strength of a stub column composed of two C-sections with circular and square holes was
evident. However, the post-buckling strength of the elements was not influenced by the
shape of the hole.

C-section stub columns with punched web holes were experimentally tested by
Loov [37] with the intention to propose equations for the effective width of the unstiffened
web portion alongside the holes. A total number of 36 specimens with one square and
two circular web holes were tested. The size of the holes was kept constant, while the web
depth (i.e., the web effective area) was varied. As such, the stub columns could not be
appropriately designed by the employment of the CSA 5136-1974 [107] design equations.

The influence of holes on member effective area was further investigated by Sivaku-
maran in [108,109] on 42 specimens with one circular, square, or elongated hole at the
mid-length and 6 specimens without a hole. The length of specimens was chosen in order
to induce the local buckling shape. Comparison between the experimental and design
ultimate load (EWM in the former version of the US code [110] and in CSA S136-1974)
showed that both design procedures overestimated the strength of the sections; hence, a
revision was necessary. Once more, the shape of an opening appeared to be an insignifi-
cant parameter.

The influence of the size and position of rectangular holes in the cross-section on the
ultimate compressive strength was experimentally investigated on 63 stub columns by
Pu et al. [38]. Three different hole arrangements were examined: (i) at a quarter of the web
depth away from the edge in the same side, (ii) at the centre of the web, and (iii) at web
edges. The resistance decrease was most pronounced in the cases where the holes were
located in the effective area, i.e., at the edges of the web.

Most of the research, on the other hand, was performed numerically. In order to
provide the effective design width equations for the determination of the ultimate strength,
Abdel-Rahman and Sivakumaran [39] conducted a numerical investigation on CFS C-
section stub columns with various hole sizes. The accuracy of the proposed equations
was validated through a comparison with the results of several experimental studies from
the existing literature. Due to biaxial symmetry, only one quarter of the stub column was
modelled using sFEM. Uniformly distributed compressive displacement was imposed via a
rigid plate element. The interface with the loaded edge of the stub column was modelled us-
ing short rigid truss elements. Moreover, a double sine-wave initial geometric imperfection
was introduced. Experimental observations in Abdel-Rahman’s Ph.D. dissertation [111]
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showed that non-symmetric buckling modes do not govern the buckling problem; hence,
symmetry boundary conditions could be applied.

A simplified design formula for the ultimate load capacity of CFS C-section stub
columns with holes was developed by Shanmugam and Dhanalakshmi [40]. A numerical
parametric study was conducted, varying plate slenderness, opening size, and ultimate-to-
squash load ratio. The length of specimens was chosen to induce local buckling. Moreover,
linearly distributed residual stresses through the plate thickness and an initial geometric
imperfection in the form of several superimposed buckling modes were included in the
FEM model. The FEM model and the proposed design equation were validated based on
experimental and numerical results in the existing literature.

4.2. C-Section Intermediate-Length Columns

Since the majority of the experimental tests were conducted on stub column specimens,
Moen and Schafer [2] conducted research on both short- and intermediate-length specimens.
Two C-section types with different web depths were studied in order to examine the
correlation between the elastic local and distortional buckling and the response of the CFS
columns with holes. The position of the holes was determined to coincide with the location
of the maximum displacement of the distortional buckling half-waves (one web hole for
short- and two for intermediate-length columns). A minor resistance decrease was noticed
due to the presence of slotted holes. However, the post-peak response and ductility were
noticeably influenced not only by the presence of web holes, but also by the length of the
member and the cross-section type.

Although considered appropriate for everyday engineering use, shell FE models are
usually demanding to develop. The accuracy and efficiency of the numerical model are
considerably affected by the selection of the proper FE type and mesh density and the
appropriate boundary conditions. Additionally, a subjective visual identification of buck-
ling modes is also necessary. In order to improve design efficiency, Moen and Schafer [3]
presented simplified methods for approximation of the global, distortional, and local critical
elastic buckling loads of CFS columns with holes.

Research on load transfer, stress distribution, and local buckling failure modes of sim-
ply supported perforated plates and C-sections was carried out by Yao and Rasmussen [41].
For this purpose, the isoparametric spline finite strip method (ISFSM) [112,113] was used.
The emphasis was put on the von Mises membrane stress distributions at various loading
rates and for different material stress—strain curves, considering several different hole sizes
and arrangements. The member behaviour and strength were mostly affected by the hole
width change, whereas the influence of hole length and spacing was less pronounced.

The effects of the web hole position on the ultimate strength of C-sections were experi-
mentally and numerically investigated by Kulatunga and Macdonald [6]. Tests revealed
that the failure was influenced mostly by local buckling, while the greatest resistance
reduction occurred in cases where holes were located in the proximity of the member ends.

Additional experimental and numerical research was carried out by Kulatunga et al. [8]
in order to examine the influence of the shape of the holes on the buckling behaviour of CFS
C-sections of intermediate length. Tests conducted on 10 specimens with one circular or
elongated hole showed the shape of the hole to be negligible in considering the reduction
of the member strength. However, for the 10 specimens with two web holes, the strength
reduction was higher for members with circular web holes than for those with elongated
ones with the same area. It was noticed that local and distortional buckling occur at
load levels of about 50% and 70% of ultimate strength, respectively. The acquired results
were also compared with the predicted ultimate loads obtained by AISI S100-2012 [114],
BS 5950-5 [115], and EN 1993-1-3. All of the considered design codes were proved to
be conservative.

The behaviour of CFS columns with holes was examined in detail in a comprehensive
research study by Yao and Rasmussen [42], and the results were summarised in a two-
part research paper [11,12]. A numerical parametric study was presented for columns of
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various cross-section types (C, stiffened C, Z, rack, and hat sections), subjected to local,
distortional, and global buckling. Corner restraints were applied at certain cross-sections
in order to induce a particular failure mode (local or distortional). A wide range of hole
dimensions and spacing, material properties, and initial geometric imperfections were
taken into account.

In the second part of the research, two sets of design equations for thin-walled columns
with web holes were proposed. The proposed methods were compared with the existing
DSM equations in AS/NZS 4600 and Design Option 4 presented by Moen and Schafer [5].
It was concluded that the greatest variations in the predictions resulted from the interaction
of buckling modes rather than the presence of holes. The level of hole influence on the
member resistance was dependant on the failure mode, cross-section type, and dimensions.

4.3. C-Section Columns with Edge-Stiffened Web Holes

Over the past few years, new family of C-sections with edge-stiffened web holes
have been developed to overcome the limitations of traditional CFS C-sections with web
holes. Design rules for CFS channels with edge-stiffened holes are not yet available in
AISI S100-2016 and AS/NZS 4600. A C-section CFS member with edge-stiffened holes is
depicted in Figure 2.

[

Figure 2. CFS member with edge-stiffened holes.

Members with unstiffened and edge-stiffened holes and members without holes
were experimentally compared by Chen et al. [13]. Test results were validated with FEM
analyses, followed by a detailed parametric study [14] aiming to determine the influence
of hole spacing and member length on compression resistance. Compared to members
without holes, resistance was higher in cases with edge-stiffened web holes by as much
as 21% for the case of members with seven openings. However, the same members but
without stiffeners along the holes exhibited a 20% reduction in the resistance. Moreover,
local deformation, previously occurring in close proximity to the hole, shifted to the area
between two adjacent holes.

The study further included variables such as column slenderness, stiffener length,
fillet radius, hole size, location, and spacing. Results obtained numerically yielded much
greater member resistance than that calculated by AISI S100-2016 for CFS channels with
unstiffened holes, which underestimated the influence of stiffeners. Hence, improved
design equations for different ranges of column slenderness were proposed, in which the
axial capacity predicted from the equations of Moen and Schafer [2,3,5,116] was factorised
with coefficients depending on stiffener length, hole spacing, and stiffener fillet.

The same group of authors put to experimental and numerical testing [15] commonly
used back-to-back built-up channels. A total of 27 specimens were tested, in which the
influence of edge-stiffened holes was investigated for 9 of them. Additionally, 18 test were
conducted on single channels in order to study the effect of composite action. Specimens of
three different lengths, aiming to take into account the influences of different slenderness
and one web hole at a mid-length of a member, were examined. Measurement of the initial
geometric imperfections and tensile tests of the coupons from flat and corner zones of
a cross-section were carried out before compression tests. Members with edge-stiffened
holes demonstrated higher axial capacity by 6.6%, while the capacity of the same section
with un-stiffened holes was reduced by 12.4%, both compared to that of a plain channel.
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Finally, comparison between the established axial capacities of specimens with holes and
the design equations provided by Moen and Schafer [2,3,5] for single channels revealed the
conservativeness of those equations.

The problem of predicting buckling behaviour of CFS columns and beams with edge-
stiffened holes was addressed by Grey and Moen [4]. The buckling behaviour was examined
on C-sections with stiffened holes by means of the FSM, while an sFEM eigenbuckling
analysis was used to verify the results of the simplified method. The local buckling was
reduced to a minimum in the vicinity of the hole, while buckling half-waves were formed
between the holes. For the determination of the global buckling load, the “weighted
average” cross-section properties were employed, which accurately predicted the critical
loads for flexural and torsional buckling. Since the removal of the material at the position
of the hole reduces the bending stiffness and the edge stiffeners around the hole increase it,
a new equation for effective web thickness was derived.

4.4. Other Sections

In order to increase the cross-sectional stiffness, s C-section may be manufactured
with an additional inward return lip, also called a G-section. The behaviour and ulti-
mate compression load of such members with holes were experimentally and numerically
investigated by Wang et al. [9]. Besides the G-section, a X-section (with complex edge
stiffeners and X-type web stiffeners) stub and intermediate columns with holes were also
studied. The X-section members with holes demonstrated an increase of about 30% to 50%
in ultimate strength in comparison to the perforated G-section members. However, the
resistance decrease of the C-section due to the presence of holes was about 6%, whereas the
resistance of the perforated X-section elements decreased by about 25%. While the local
buckling mode was the leading failure mode in cases of stub C-sections, the combination of
the local and distortional ones was predominant in cases of stub Z-sections. The failure
mode of medium-length columns was manifested as a combination of the local and flexural
(C-section) and local, distortional, and flexural (X-section). Moreover, a comparison of
DSM and FEM analysis results revealed that the current design equations for C-sections
with holes adopted in AISI S100-2016 can also be applied for the perforated channels with
complex edge stiffeners.

The behaviour of compressed G-section members with holes was experimentally and
numerically investigated by Xiang et al. [16], on 20 specimens without holes and 16 spec-
imens with holes. Besides the usual web holes, a great number of smaller perforations
were added in the vicinity of the larger openings. Due to the presence of holes, not only a
resistance reduction but also a change in the deformed shape was noted. Local shapes and
interaction between local and flexural shapes due to failure were documented. In addition,
the deformation shape of the column also varied for different hole locations. The reduction
in member strength was proportional to the increase in the hole dimensions, while the
deformed shape in most cases remained unchanged.

Stub, medium-long, and long columns of built-up I-sections with holes and complex
edge and web stiffeners were experimentally tested by Wang et al. [32]. In cases of stub
and intermediate columns, the governing failure mode was the distortional, since the
web stiffeners prevented the occurrence of local web buckling, as well as decreasing the
deformation in the proximity of the hole. Contrarily, the global flexural mode governed
the failure of long columns, indicating that web stiffeners had an insignificant influence on
their resistance. A parametric study on X-shaped built-up I-section members with holes
was carried out as well, varying member length, cross-section dimensions, and hole size,
to investigate the optimal hole-depth-to-web-stiffener-height ratio (d/hs). It was found
that the optimal d/hg was in the range of 0.7-0.8. Since the DSM equations for built-up
sections were still not developed, design equations by Moen and Schafer [5] and Yao and
Rasmussen [12] were applied for the purposes of calculation checks. It was observed that
these methods predicted the buckling capacity of the studied members fairly accurately.
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Tested/computed axial to yield load ratio
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— [Yao, Z.; Rasmussen, K.].R; 2016a] - P, /P =0.9
\ —_— [Yao, 7.; Rasmussen, K.J.R.; 2016a] - P, /P =0.8

4.5. Comparisons and Discussion

Until the beginning of the 21st century, the axial capacity of CFS members was de-
termined using methods that employed only the cross-sectional parameters, neglecting a
very important factor regarding the behaviour of CFS members—the tendency to buckle
in forms other than global (flexural). With the development and expansion of the DSM
method, the importance of the dominant buckling shape became evident.

Appendix A Table Al provides summarised design equations for elements in pure
compression by various authors. Shanmugam and Dhanalakshmi [40] proposed the proce-
dure that relies on the web flat height-to-thickness ratio, as well as cross-sectional properties.
Since their research was based on stub columns, the possible diversity of the buckling
modes was neglected. Among the first to do so, in the early 2010s, Moen and Schafer [5]
proposed a set of DSM equations for compressed members with web holes that, by exten-
sion, took into account the possibility of not only flexural but also local and distortional
buckling. Several years later, Yao and Rasmussen [12] slightly revised Moen’s and Schafer’s
procedures for local and distortional buckling. Parallel to Moen’s and Schafer’s work, Grey
and Moen [4] proposed equations for columns with edge-stiffened holes. Nearly a decade
later, Chen et al. [14] came to the conclusion that the equations from [5] could also be used
for members with edge-stiffened holes, if properly modified.

Prediction curves for elements sensitive to global buckling according to AISI 5100-2016
for the elements without holes and according to Moen and Schafer [5] (DSM option 6)
for elements with holes are depicted in Figure 3. Prediction curves are presented for the
axial yield strength of net cross-section-to-axial yield-strength-of-gross cross-section ratios
(Pyn/Py) equal to 0.8 and 0.9. Additionally, experimental data for the same ratios obtained
in Moen’s Ph.D. dissertation [100] are given. Since, for a slenderness (A.) of less than 1.5,
the procedure for determining the compressive strength of elements without holes given in
AISI 5100-2016 yields results that overestimate the compressive strength, the corrections
introduced in [5] took this effect into account. It can also be observed that, for a slenderness
of 1.3 and above, the influence of web holes on member strength is negligible.

. [AISI S100-2016] - w/o holes

A [Yao, Z.; Rasmussen, K.J.R.; 2016a] - P} "/P)_=U.'9
[Yao, Z.; Rasmussen, K.J.K.; 2016a] - P} ",’P}_=O.8

Slenderness A,

Figure 3. DSM prediction curves and experimental data for CFS columns predisposed to global
buckling [11,89].

For the elements prone to distortional buckling, the DSM prediction curves according
to [5,12,89] and the results of the experimental research carried out by Moen [100] and Moen
and Schafer [2] are depicted in Figure 4. In [2], both stub and intermediate columns were
tested. Stub columns exhibited buckling failure as the combination of the local buckling
in the vicinity of the applied load and the distortional buckling along the column length.
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Both one- and two-half-wave distortional buckling forms appeared, indicating that the
geometric imperfections should not be neglected. The group of intermediate columns
exhibited distortional deformation as the load approached the value of 0.70P4es, while
the instantaneous global flexural-torsional buckling appeared after the peak load. The
prediction curve according to AISI 5100-2016 applies to the elements without holes, while
for the elements with holes, it is identical to the curve proposed by Moen and Schafer [5]
(DSM option 4). Prediction curves according to [98,113] are given for the Py, /Py ratios of 0.6
and 0.8. In cases of high slenderness (A4), the resistance is controlled by the elastic buckling;
hence, the results are not on the safe side. For lower slenderness, yielding and inelastic
buckling have a greater influence; therefore, the proposed equations yielded slightly higher
values of compressive strength than those obtained experimentally.

[AISI 5100-2016] - w/o holes
i [Yao, Z.; Rasmussen, K..R.; 2016a] - Pyn/Py=0.8
— [Yao, Z.; Rasmussen, K.J.R.; 2016a] - Pyn/Ty=0.6
—_— [Grey, C.N.; Moen, C.D.; 2011 - Pyn/Py=0.8
— [Grey, C.N.; Moen, C.D; 2011] - Pyn/Py=0.6
[Mocen, C.D; Schafer, B.W; 2008] - test

[Moen, C.D.; 2008] - Pyn/Py=.6-test

0.5 1 1.5 2 2.5 3 3.5 4
Slenderness Ag

Figure 4. DSM prediction curves and experimental data for CFS columns predisposed to distortional
buckling [2,4,11,89,100].

The DSM prediction curve for the elements predisposed to local buckling according
to [5] and the results of the experimental research carried out by Moen and Schafer [2]
and Kulatunga and Macdonald [6] are shown in Figure 5. In addition to the distortional
half-wave along the length of short columns in [2], the concentration of plastic deformation
occurred in the flanges as well as in the web on one or the other side of the hole, initiating
local deformation. Concerning the intermediate-length columns, a number of specimens
manifested local deformation of the web between the holes, which was suddenly changed
to a distortional shape near the peak load. This change in the dominant deformation
shape was followed by a slight drop in load. In [6], local deformation of the cross-section
was developed in the proximity of the hole. However, a more descriptive presentation of
experimental results is needed in order to draw a conclusion on the behaviour of the tested
specimens. The prediction curve in AISI S100-2016 matches the one proposed by Moen
and Schafer [5], which is provided for a Pyy /Py ratio of 0.8. Experiments revealed that the
compressive strength of the elements was slightly higher than the one computed from [5].
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Figure 5. DSM prediction curves and experimental data for CFS columns predisposed to local
buckling [2,11,12].

5. Bending
5.1. C-Section Beams

Extensive experimental research on the flexural, shear, and the combination of flexural
and shear behaviour of CFS C-section elements with holes was conducted by Shan et al. [23].
The investigation stage of the flexural behaviour and strength was presented in [24]. Test
specimens consisted of two connected simply supported C-section beams subjected to four-
point bending test. Most of the specimens failed in local buckling, while some failed in the
distortional. The bending resistance was mostly influenced by the web-opening-depth-to-
web-flat-width ratio. Three different methods were examined for the determination of the
moment capacity. The most accurate method was the effective net section approach, while
the modification of the 1986 edition of AISI specification [110] using modified effective web
area overestimated the bending resistance.

A somewhat different test setup was used by Shan et al. in [25], which was also one of
the phases of the research presented in [23]. The interaction of flexural and shear behaviour
showed that the local buckling around the hole and in the zone of load application was the
governing failure mode. The ultimate resistance was evaluated by the use of the interaction
equation incorporated in [110], and it was concluded that the predicted strength was
accurate enough if the influence of the web holes was accounted for by the modification of
the individual shear and bending capacities.

CFS C-section beams with rectangular web holes were experimentally tested by
Moen et al. [29]. Test specimens consisted of two back-to-back connected beams. In
each test, the failure first appeared in just one of the two beams. In most cases, distortional
buckling with the maximum displacement at the hole was noticed, followed by unstiff-
ened strip buckling of the compressed web above the hole. The unstiffened strip buckling
was eliminated in cases where the hole depth was close to the web height. Nonetheless,
an instantaneous local buckling of the compressed flange above the hole occurred. The
flexural capacity of the tested specimens was compared to the one provided from the DSM
equations of AISI 5100-2007 [117]. Sufficient accuracy was achieved, although in some
cases the ultimate capacity was underestimated.

The flexural behaviour, bending resistance, and failure modes of CFS members with
circular web holes were investigated by Wang and Young [30]. Built-up beam specimens
were subjected to a four-point bending test. Open and closed cross-section types were
considered, as well as the influence of cross-section size and hole dimensions. It was
discovered that the bending resistance decrease becomes more pronounced when the hole-
diameter-to-web-height ratio exceeds the value of 0.5. The calculation of critical elastic
local and distortional buckling moments was investigated through different approaches
since the design equations in current design codes are intended to be applied only in cases
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of a single beam. It was concluded that AISI S100-2012 is efficient in the prediction of the
design strength of the built-up beams with holes.

In their following research [18], Wang and Young used the data previously collected
in [30] to form an extensive parametric study on built-up sections. The parametric study
included various section slenderness and hole sizes. Flexural resistance from the numerical
analyses and test data from the previous research were compared to the calculated design
resistances from AISI 5100-2016. The DSM equations proved to be fairly accurate in the
cases of open built-up sections with holes, whereas in cases of closed built-up sections with
holes, the DSM equations were quite conservative. For this reason, modifications for the
DSM equations for built-up closed section beams with holes were proposed.

The numerical and analytical study by Yuan et al. [19] dealt with the influence of
the circular web holes on the distortional buckling of a mono-symmetric CFS C-section
beams subjected to a uniform bending moment along its length. Numerical analyses
were carried out by the use of a sophisticated FEM modelling tool, while an analytical
model was established according to the recommendations provided in EN 1993-1-3. The
compressed stiffened element (in this case, the flange) behaves as an elastically supported
strut, since the lips of a channel section act as edge stiffeners. The spring stiffness along
the length depended on the boundary conditions and the flexural stiffness of the adjacent
plane elements of the cross-section. The decrease in the rotational stiffness of the web
with regard to the compressed flange-lip element, caused by the introduction of web holes,
could be introduced by the application of the proposed reduction factor. Additionally,
although the increase in the hole size had reduced the distortional buckling moment, the
half-wavelength associated to it had increased.

In their further research, Yu et al. [20] continued to study the influence of the circular
web holes on the distortional buckling of the mono-symmetric CFS C-section beams. A
detailed analytical study verified by FEM analyses revealed that the flange and lip system
model presented by Hancock [26] (originally developed for members without holes) can
be employed for the prediction of the distortional buckling stress of C-section beams with
holes, provided that the rotational spring stiffness is correctly reduced. Furthermore, the
proposed analytical method estimated the critical stress of the distortional buckling more
accurately than the modified EN 1993-1-3 method [19]. The conclusion derived in [19] is in
line with the one provided herein.

The flexural behaviour of CFS C-section beams with rectangular web holes was
researched by experimental and numerical parametric analyses by Zhao et al. [21] in
order to evaluate the reliability of the design method incorporated in AISI S100-2016. A
four-point bending test was applied on test specimens with a wide range of hole and lip
sizes. Specimens with shorter lips tended to buckle in a distortional-local mode interaction
controlled by the distortional buckling, while those with longer lips were prone to failure
in a local-distortional mode interaction controlled by the local one. Similarly to [30], the
bending strength reduction became more apparent when the hole-height-to-web-depth
ratio exceeded the value of 0.4. Experimental and FEM parametric results were compared
to the DSM design predictions from AISI 5100-2016. Modifications of the current design
equations were necessary for beams which had exhibited failure in a local-distortional
mode interaction controlled by local buckling, since the predicted design strengths lead to
discrepancies compared to test results in a large number of specimens.

Numerical research by Moen and Schafer [3], mentioned in the previous section, had
also covered the problems of the elastic buckling behaviour of beams with holes. As with
columns, separate models are also needed in the case of beams for each type of elastic
buckling, since the hole has a different influence on each buckling mode. The concept of
“weighted average” cross-section properties for the approximation of flexural-torsional
buckling load can also be extended to beams with holes. In addition, the principle of
reduced thickness for the prediction of distortional buckling can be applied to beams as
well. However, for the determination of local buckling load, only half-wavelengths smaller
than the length of the hole are investigated in the net-section model.
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Numerical research on the buckling behaviour of C-section beams with perfora-
tions of various shapes, sizes, numbers, spacing, and edge distances was carried out
by Ling et al. [17]. Although a decrease in the buckling moment was expected with the
introduction of web holes, it is worth mentioning that the lowest decrease was reported for
a hexagon-shape opening.

5.2. C-Section Beams with Edge-Stiffened Web Holes

In order to limit the resistance reduction to as low as possible, hole edge stiffeners are
introduced in beams. The previously discussed numerical research by Grey and Moen [4]
examined the influence of hole edge-stiffening on the elastic buckling behaviour of beams
as well. The concept of global, distortional, and local buckling load determination follows
the same ideas as stated in [3] for members with unstiffened holes.

The behaviour and design of beams with edge-stiffened holes was studied and pre-
sented in detail by Yu [28]. FEM analyses were performed in order to investigate the
elastic buckling of CFS thin plates and C-section beams with edge-stiffened holes. Critical
buckling loads of thin plates with edge stiffeners, subjected to in-plane bending, were
higher compared to plates without edge stiffeners. As the hole diameter became larger, the
difference between the critical buckling loads was higher. The most efficient length of edge
stiffener proved to be 0.06 times the plate width. Moreover, the shape of the first buckling
mode was the same, regardless of the presence of the hole. Two different C-sections were
analysed for member buckling. Sections were chosen in a manner such that one was prone
to the local and the other to the distortional buckling. An increase in the buckling moment
was recorded in cases of both local and the distortional buckling when edge-stiffened holes
were introduced. Smaller spacing between holes influenced the increase in the buckling
moment, since the longer spacing allowed the original lower buckling mode to occur in the
area between holes, which means that the beam exhibited the same performance as the one
without holes. Thus, the hole spacing of 305 mm proved to lead to optimal performance.
Finally, the new design procedure based on the DSM was proposed for channel beams with
optimized edge-stiffened holes.

With a similar test preparation as in [15], the same group of authors conducted a
bending test on 14 back-to-back built-up channel specimens [22], of which 6 had edge-
stiffened holes. Specimens with one, three, and five web holes were examined. As in their
study on axial strength, members with edge-stiffened holes demonstrated a higher moment
capacity by as much as 15.4%, while the capacity of the same section with un-stiffened holes
was reduced by 15.1%, both compared to that of a plain channel. In all cases, members
failed dominantly in the distortional buckling mode. Since the design equations provided
by Moen and Schafer [3,29,100] were given for un-stiffened holes, they underestimated the
moment capacities of specimens with edge-stiffened ones.

The first to introduce a machine learning model for purposes of prediction of the
moment capacity of CFS members with web holes were Dai et al. [31]. They employed
the XGBoost tool in order to develop the model. For the model to be trained, a number
of FE models should be created and validated against experimental results in the existing
literature. Further, a parametric study using the XGBoost model was conducted and a set
of new design equations was proposed since the current design equations appeared to be
unreliable for moment capacity calculation.

5.3. C-Section Beams with Web Reinforcement

Since the member resistance decreases noticeably when web holes are introduced,
in addition to hole edge-stiffening, one of the methods to limit the decrease considers
reinforcement of the hole itself.

Several different reinforcement schemes were experimentally tested by Sivakumaran
et al. [118] on CFS C-section beams with web openings in order to determine the most
adequate one. Test specimens consisted of two face-to-face connected beams subjected
to a four-point bending test. Three groups of specimens were tested: a group without
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web holes, one with a single web hole, and one with a single reinforced web hole, both
positioned in the mid-span. Additionally, three different hole shapes were taken into
account: circular, square, and rectangular. Specimens without holes failed due to local
buckling of the compressed flange and compression in the web zone. The same character
of failure could be observed in the members with holes, where it was observed that the
local buckling occurs at the location of the opening. In addition, the bending capacity was
reduced by approximately 10% compared to the members without holes. Two different
hole reinforcement schemes were analysed. The reinforcement was beneficial in the zone
close to the compression edges of the opening, whereas their location in the zone close
to the tension edges was insignificant. Furthermore, screw fasteners of the reinforcement
should be placed as close as possible. The bending capacity of the members with reinforced
web holes was close to that of members without holes.

5.4. Comparison and Discussion

After design equations in compression were proposed and established, the research
community turned to the design due to bending. Proposed design equations for elements in
bending by various authors are outlined in Table A2 of Appendix A. Wang and Young [18]
gave their proposal for built-up elements that fail in local buckling and Zhao et al. [21]
modified it and added the group of equations for distortional buckling. For elements
with edge-stiffened holes, Grey and Moen [4] provided provisions for lateral-torsional and
distortional buckling, while a year later Yu [28] made his proposal for local buckling, which
had a lot of similarities with the Wang’s and Young’s [18] solution.

In Figure 6, the prediction curves according to AISI S100-2016 for CFS beams predis-
posed to distortional buckling with and without holes are depicted, as well as the results
of the experimental research conducted by Moen et al. [29] and Wang and Young [30].
In [29], the dominant form of failure was the distortional one. Nevertheless, local buckling
of the compressed portion of the web at the hole was noticed on specimens with smaller
holes. In [18], both back-to-back (open) and face-to-face (closed) section beams with cir-
cular holes were investigated. The governing failure modes of the specimens were not
clearly separated, since all specimens exhibited a combination of flexural, distortional,
and local buckling. The tests revealed that the DSM prediction curves in AISI 5100-2016
for distortional buckling and elements of low slenderness yielded reliable results, while
the bending resistance was underestimated for a small portion of specimens with slightly
higher slenderness.
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Figure 6. DSM prediction curves and experimental data for CFS beams predisposed to distortional
buckling [21,22,89].
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The DSM prediction curves according to [18,21,28,89] for elements prone to local
buckling are given in Figure 7, as well as the experimental results of the same authors
shown in Figure 6. All design equations are given for the same yield moment of net cross-
section-to-yield-moment-of-gross-cross-section ratio My, /My = 0.8. The exception is the
design equation for elements with edge-stiffened holes, introduced in [28], which does not
account for the aforementioned ratio. For the elements of low slenderness, the equation
given in [17] proved to be the most fitting, while for elements with higher slenderness, AISI
5100-2016 turned out to be the most appropriate.
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Figure 7. DSM prediction curves and experimental data for CFS beams predisposed to local buck-
ling [20-22,25,28,89].

6. Web Crippling
6.1. C-Sections

As a result of their usually slender web, CFS flexural members are prone to web
crippling due to high local stress concentration. Moreover, the presence of holes along the
web may result in enhanced susceptibility to such effects, especially if the holes are located
in the vicinity of the support or the location of the concentrated load.

In their comprehensive research, apart from the investigation on the buckling of
compressed elements, Davis and Yu [59] also studied the crippling strength of members
with web holes. Test specimens were built-up face-to-face and back-to-back C-sections
without lips subjected to the interior-two-flange (ITF) loading condition. The reduction
factors for the modification of the AISI [119] design equations were proposed to take into
account the effect of circular and square web holes.

Besides the stub column tests, Sivakumaran [109] also carried out web crippling tests
on 55 interior-one-flange (IOF) loaded C-section specimens with various hole shapes and
sizes. The study found that the 1984 edition Canadian CFS design code [120] yielded about
15% lower web crippling strength compared to experimental.

The same conclusion was derived from the experimental investigation by Sivakumaran
and Zielonka [60]. In addition, the web hole height has a more pronounced influence than
its length. Moreover, an equation for the web crippling strength reduction factor was
proposed to account for the influence of web openings.

During the 1990s, several studies were carried out in the Center for Cold-Formed
Steel Structures at the University of Missouri-Rolla. The specimens comprised two back-
to-back connected C-sections. The first and the most detailed study was carried out by
Langan et al. [61], considering unreinforced and reinforced specimens subjected to the end-
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one-flange (EOF) and IOF loading conditions. Since the web crippling provisions of the 1986
edition of AISI Specifications [110] were incapable of predicting the web crippling strength
of members with web holes, design recommendations were provided. Reduction factor
equations were derived for the EOF and IOF cases, and provisions for web reinforcement
were given. Extensions to this research were provided by Deshmukh et al. [62] and
Uphoff et al. [63]. LaBoube et al. [47] presented a brief summary of the previous studies
and drew out the most important conclusions.

Uzzaman et al. [48] conducted experimental research on C-section members with
various sizes of circular web holes subjected to ITF loading conditions, in which the load
was not applied directly above the hole. The influence of the fastening of flanges to the
bearing plates was also considered. Test results were used to validate FEM models, followed
by a parametric study. The leading factors for the web crippling strength decrease were hole-
to-web-depth ratio and the clear-distance-from-hole-to-the-bearing-plate-to-web-depth
ratios. Finally, reduction factors were proposed for the ITF loading condition.

A similar investigation carried out by Uzzaman et al. [49,50] considered both end-two-
flange (ETF) and ITF loading conditions. However, in this case the hole was located directly
under the concentrated load. The tests and FEM analyses were conducted on 82 specimens,
followed by a numerical parametric investigation, which lead to the same conclusion as
in [48]. The equations for web crippling strength reduction factors for both ITF and ETF
loading conditions for the cases of unfastened and fastened flanges to the support were
proposed. In a further study on the web crippling strength of C-sections subjected to the
ETF loading condition by Uzzaman et al. [51], similar conclusions as in [48] regarding the
web crippling strength reduction factors were outlined.

The web crippling behaviour and strength of the CFS elements with holes subjected to
the end-one-flange (EOF) loading condition was investigated by Lian et al. [52,53]. A total
of 74 specimens were tested (52 with and 22 without web holes). Test specimens comprised
a pair of C-sections with holes of variable dimensions, centred above the bearing plate
or offset from it. In addition to the experimental testing, parametric numerical analyses
were performed. Web crippling behaviour was mostly influenced by the following ratios:
hole to web depth; bearing plate length to web depth; and clear distance from hole to the
bearing plate to web depth. Modifications of the design equations given in AISI S100-2016
for web crippling strength reduction factors for the EOF loading condition for the cases
of unfastened and fastened flanges to the support were proposed. The web crippling
behaviour under the IOF loading condition was studied in a similar manner by the same
authors [54,55].

A similar procedure as described in [49,50], but on ferritic stainless CFS channel
sections without lips subjected to the ITF loading condition, was employed in the research
by Yousefi et al. [57,58], which also proposed the design equations for the web crippling
strength reduction factors.

6.2. C-Sections with Edge-Stiffened Web Holes

The influence of hole edge-stiffening on the web crippling strength of CFS C-sections
under IOF and EOF loading conditions was investigated by Uzzaman et al. [33]. Exper-
imental tests were carried out on three groups of 12 specimens: plain sections, sections
with unstiffened holes, and sections with edge-stiffened holes. The consequent parametric
study explored the influence of web slenderness and hole diameter. The reduction of
web crippling strength was up to 12% and 28%, for the IOF and EOF loading conditions,
respectively, for the case of unstiffened holes. For the case of edge-stiffened holes, the
strength decrease was only 3% for the IOF loading condition, while there was no strength
decrease for the EOF loading condition.

The next phase of the experimental testing was to apply the ETF [34] and ITF [35]
loading conditions. Both studies were carried out by Uzzaman et al. on 30 web crippling
tests, which were accompanied by extensive FEM parametric analysis. It was revealed
that the member web crippling strength decrease was minimal, while in some cases it was
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even improved. In their further experimental and numerical research [36], specimens with
fastened flanges demonstrated higher web crippling capacity.

6.3. Comparisons and Discussion

Web crippling of a thin-walled sections is a phenomenon that, in the field of CFS
members with holes, has been dealt with for as long as a half a century. Since Davis and
Yu [59] proposed equations for web crippling strength reduction factors as functions of
the hole-size-to-web-flat-height ratio (d/h), most of the following researchers followed
their course. As researchers became more familiar with the web crippling behaviour, more
variables were added to design equations. During the past decade in particular, a great
effort was put in to develop the most suitable reduction factor equations. However, the
essence of the equations remained the same in all research, only with variations in values
of numerical constants. In Table A3 of Appendix A, the proposed design equations for CFS
members with web holes subjected to web crippling are outlined.

In Figures 8-11, the comparison of the web crippling reduction factors (Rp) in the
function of the d/h ratio proposed by various authors is depicted. Other variables in
proposed equations were considered to be constant and same for all cases. Proposed curves
are presented for different loading and boundary conditions and different positions of the
web holes. Additionally, the relevant experimental results are outlined. In these figures, a
set of abbreviations is used: CH (centred holes), OH (offset holes), UF (unfastened flanges),
FF (fastened flanges), USH (unstiffened holes), ESH (edge-stiffened holes).

AISI 5100-2016]
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Figure 8. Proposed reduction factor curves and experimental data for CFS elements subjected to web
crippling due to IOF loading [48,49,89].
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Figure 10. Proposed reduction factor curves and experimental data for CFS elements subjected to
web crippling due to ITF loading [35,51-53,61,63].

In case of IOF loading, the decrease in the reduction factor is gradual, which means that
the d/h ratio does not greatly influence the web crippling strength. An experimental study
conducted by Lian et al. [54,55] showed that a significant decrease in bearing capacity can
be expected in cases of unstiffened flanges. Based on the experimental research conducted
by Lian et al. [52,53] and their proposed equations for the EOF loading cases, it can be
concluded that the configurations with the offset holes showed the highest web crippling
resistance, unlike the ones with the centred holes. In both cases, the equation proposed in
AISI 5100-2016 is intended for use in cases within the prescribed provisions.
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Figure 11. Proposed reduction factor curves and experimental data for CFS elements subjected to
web crippling due to ETF loading [34,63,64].

The most examined case of the web crippling is the case of ITF loading. The web
crippling strength decrease was more rapid in comparison to the one-flange loading, which
might be caused by the high-intensity local stresses in the vicinity of both sides of the holes.

As in the case of interior-flange loading, the web crippling strength due to the end-
flange loading decreases at a faster rate in the case where both flanges are loaded with a
concentrated load.

In all cases in which experimental testing was performed on elements with edge-
stiffened holes, it was shown that the hole stiffening had a favourable effect on the web
crippling strength, i.e., no decrease in load-bearing capacity was observed in relation to the
elements without holes.

7. Shear
7.1. C-Sections

The behaviour of a C-section with web openings and a linearly varying shear force
was investigated by Eiler et al. [66]. Experimental testing was conducted on a total of 46 test
specimens with circular, elliptical, and diamond-shaped holes. Design equations were
proposed for the reduction factors that are applied to the shear strength of the same beams
without web holes.

In recent years, a group of researchers at the University of Sydney led by Gregory J.
Hancock has been investigating the influence of web holes on the behaviour of single CFS
members subjected to shear. The effect of circular and square web holes on the buckling
behaviour of thin-walled plates and CFS C-sections was numerically investigated by C.H.
Pham [43]. The solutions of the Spline Finite Strip Method (SFSM) [121] were utilised. Three
load distribution cases for the C-section were investigated, while on the plate only uniform
distribution was taken into consideration. It was found that, for small web openings, shear
buckling coefficients were only slightly reduced compared to the cases without web holes.
A considerable difference in shear buckling coefficients was calculated when the holes were
larger. Additionally, the influence of the bending moment applied at one or both ends of
the section was negligible. Design equations were proposed for the approximation of the
shear buckling coefficients for square plates and C-sections.

Shear experimental testing on 40 C-section specimens with circular web holes was
carried out by Keerthan and Mahendran [67]. Simply supported specimens consisted
of two bolted back-to-back sections, with and without straps, subjected to a mid-span
loading (three-point test). Since short beams without straps experienced combined shear
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and flange distortion action, the distortion of the flange occurred as a result of distortional
buckling. Shear strength was compared to that predicted in the 2005 edition of AS/NZS
4600 [122] and by LaBoube et al. [123]. Since the predictions were either too conservative or
unreliable, enhanced design equations were proposed. In their following study, Keerthan
and Mahendran [68] conducted a numerical investigation and extensive parametric analysis
based on the previously published experimental results and conclusions.

S.H. Pham [44] studied shear buckling and shear strength of CFS C-section members
with web holes and with or without intermediate transverse web stiffeners. The exper-
imental investigation and the strategy for a new approach of the DSM design in which
the Vierendel mechanism [124] is recognised are summarised in [69-71]. Test specimens
included two bolted back-to-back C-section beams with a shear-span-to-web-depth ratio
(aspect ratio—AR) of 2.0. Web depth and shear span were 200 and 400 mm, respectively.
Since, at this aspect ratio, the ultimate state is controlled by bending, in order to isolate
the shear failure mode, dual actuator testing equipment was used. Circular holes with
diameters ranging from 50 to 145 mm and square holes with sizes from 40 to 120 mm were
taken into account. As expected, the shear strength decrease became more pronounced
with larger holes and a failure occurred in a proximity of the hole. Furthermore, it was
revealed that the design provisions in the specification for structural steel buildings [125]
were reliable, contrary to the ones provided by AISI 5100-2016, which appeared to be
overly conservative.

The extension of the previous research carried out by D.K. Pham et al. [45] on 30 C-
section specimens with ARs of 1.0, 2.0, and 3.0 and with different sizes of square, rectangular,
circular, and industrially slotted web holes included the same dual actuator test rig as
in [44]. It was found that the current DSM design method was reliable for the design of
sections with a hole size up to 80 x 240 mm, and a new proposal for the DSM design of
shear members with elongated web holes that relies on the Vierendeel mechanism approach
was presented.

Based on the previous research, D.K. Pham et al. [72] conducted an FEM parametric
investigation for a better understanding of the previous conclusions.

Experimental research by C.H. Pham and Hancock [46] was carried out with the aim to
develop a new, simplified equation for shear yielding load (Vy), which is one of the required
inputs in the DSM shear design equations. A total number of 24 C-section specimens with a
web depth of 200 mm, variable thickness, and square web holes (40 x 40 mm, 80 x 80 mm,
and 120 x 120 mm) were tested, followed by an FEM parametric analysis, varying the
section thickness and hole size.

7.2. C-Section Beams with Web Reinforcement

The influence of web hole reinforcement in a high-shear zone was also experimentally
investigated on built-up CFS beams by Acharya et al. [73]. Test specimens were subjected
to a mid-span concentrated load. As in [118], the same three groups of specimens were
considered. Circular and square web holes with a height of about 65% of the web depth were
taken into account. Three reinforcement schemes were considered. Scheme A, considering
solid plate reinforcement around the holes, could not adequately improve the shear strength
of the section, while scheme B, in the form of joist section reinforcement in the zone of the
hole, could be used only to reinforce the circular web opening. However, reinforcement
scheme C, consisting of bridging channels around the hole, proved to be the most suitable
to overcome the shear effects due to two reasons: (i) the failure mode shape of specimens
with the reinforcement scheme C closely resembles the members without holes, and (ii) the
shear resistance was higher compared to the members without holes.

7.3. Comparisons and Discussion

Design equations for elements in shear proposed by various authors are outlined in
Table A4 of Appendix A. Namely, two different concepts can be recognised. Eiler et al. [66]
gave a proposition for the calculation of reduction factors which were later multiplied with
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the shear resistance of members without web holes. Their concept was later adopted and
simplified by Keerthan and Mahendran [67]. Several years later, S. H. Pham [44] introduced
an approach in which the shear resistance of a member with web holes is determined
directly by taking into account the cross-sectional and hole properties. A similar idea was
also recognised in the work of D. K. Pham et al. [45].

In Figure 12, the comparison of the shear strength reduction factor as a function of
the hole-diameter-to-flat-portion-of-the-web ratio (d/h) is depicted. Design equations
presented in AISI 5100-2016 are proposed for the circular and non-circular hole shape,
while the experimental research in [124] was conducted on CFS elements with only circular
holes. In [67], specimens with and without horizontal reinforcing straps on the compressed
flange were investigated and two design equations were presented. Specimens without
straps exhibited deformation as a combination of the shear and distortional forms. This
was caused by distortional buckling of the compressed flange and unbalanced shear flow.
It was proven that the design equation suggested in AISI 5100-2016 overestimated the shear
strength of members with circular holes, which was more pronounced in cases of larger
hole diameters. Although it may seem that the deviations in the equations are significant
for the d/h ratio greater than 0.4, the proposed curves are fairly suitable for the appropriate
experimental data.

[AISI S100-2016] - circular holes

[AISI S100-2016] - noncircular holes
*x-X o [Pham, 5.H. et al.; 2018b] - option 1
“\ [Pham, S.H. et al.; 2018b] - option 2
b 4 X [Pham, S.H. et al.; 2018a] - test
®
&3
X
b 3

0

| I I I [ [ [ I [ |

01 02 03 04 05 06 07 08 09 1 11

Hole diameter/size to web flat height

d/h

Figure 12. Proposed reduction factor curves and experimental data for CFS elements subjected to
shear [69,70,89].

8. Conclusions

The growing trend in the use of CFS members with web holes and the importance
of their optimisation imposes the need for extensive experimental research. The greatest
progress in research was achieved during the previous decade, on the grounds of the
advancement of numerical methods and their capabilities to capture the complex behaviour
of thin-walled members. In this paper, a summary of the current leading design codes
for CFS members with web holes and main concepts of design, as well as an outline of
the accompanying numerical solutions, was briefly described. The experimental tests,
numerical simulations, and design proposals are outlined for pure compression, bending,
web crippling, and shear.

As presented in the review, numerous design equations were suggested in order to
take into account the effects of the web holes on CFS columns and beams. However, to
date, there is neither consensus nor uniformity in the proposed design equations and
approaches. Currently, only North American and Australian/New Zealand design codes
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incorporate the calculation of CFS elements with web holes and offer certain guidelines.
Further development of the design codes in this field is undoubtedly dependent on future
research and reaching a firm consensus in the design approach. An additional difficulty is
the fact that different design codes are fundamentally different in terms of approach and the
calculation of CFS elements, in general. Therefore, the intent of this paper is to thoroughly
present the up-to-date research, both experimental and numerical, and to compare the
proposed design procedures.

Although the research carried out so far on CFS members with web holes has been
thorough, further investigations are required. A commonly occurring case in the engi-
neering practice of combined compression and bending should attract more attention
from researchers.

The experimental results for columns prone to local buckling indicate that the tests
were conducted on members with slenderness factors for local buckling of around 1.5
and 2.5. Therefore, experimental testing should be extended to members with different
slenderness values. For beams prone to distortion and local buckling, most of the results
are obtained for beams with slenderness factors of around 1.0; thus, the area of greater
slenderness should be studied. In addition, the influence of the hole position along the
element, as well as the effect of the imperfections on the member resistance, should be
examined in more detail.
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Nomenclature

Ag gross cross-section area

Ar flange area

Ap, hole area

Ag area of the opening

Ay web area

b horizontal width of a rectangular opening

Cunet warping stiffness of the net section

d circular hole diameter or the square hole size

E Young’s modulus of elasticity

ElLyep flexural stiffness of the web

GJy torsional stiffness of the rectangular hollow flange

h flat height of the web

hg web stiffener height

Iq moment of inertia of the gross cross section

Lnet moment of inertia of the net cross-section at a hole

Javg St. Venant torsional constant including the influence of holes
ko shear buckling coefficient of the member without the hole
ky shear buckling coefficient for the member with the hole
L member length/span (Lg + Lnet)

Lg length of the portion of column without holes

Liet length of the portion of column with holes
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critical elastic distortional buckling moment

critical elastic distortional buckling moment including the influence of holes
critical elastic distortional buckling moment without the influence of holes
critical elastic lateral-torsional buckling moment including the influence of holes
critical elastic local buckling moment including the influence of holes
critical elastic local buckling moment without the influence of holes
nominal flexural strength for distortional buckling

nominal flexural strength for lateral-torsional buckling

nominal flexural strength for local buckling

plastic bending moment capacity of the

top (or bottom) segment above (or below) the opening (including the flanges and the lips)
nominal flexural strength

member yield moment

member yield moment of net cross-section

length of bearing plate

effective length of the load (support) plate

critical elastic buckling load for distortional buckling

critical elastic buckling load for distortional buckling for member with holes
critical elastic buckling load for distortional buckling for member without holes
critical elastic buckling load for global buckling for member with holes
critical elastic buckling load for local buckling

critical elastic buckling load for local buckling for member with holes
critical elastic buckling load for local buckling for member without holes
compression resistance of the member with web holes predicted from [5]
nominal axial resistance for distortional buckling

nominal axial resistance for overall buckling

nominal axial resistance for local buckling

compression resistance of the member with web holes

compression resistance of the member with web holes

axial yield load

member yield strength on net cross-section

length of the web hole’s edge-stiffener

shear strength reduction factor

proposed web crippling strength reduction factor

inside corner radius between the web and the hole’s edge-stiffener

hole spacing

clear hole spacing

web thickness

equivalent thickness

flange thickness

shear forces at each edge of the hole

nominal shear resistance per web in accordance with [126]

reduced shear capacity for a member with a hole

shear capacity for the member without the hole

shear carried out over the opening based on the Vierendel mechanism

shear carried out over the opening based on the Vierendel mechanism calculated for the
member with holes with the ratio d/h = 0.6

shear carried out over the opening based on the Vierendel mechanism calculated for the
member with holes with the ratio dh/h =m

yield shear load for the member without holes

yield shear load for the member with holes

horizontal clear distance of web holes to the bearing plate edge
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Appendix A

Tables A1-A4 present a summary of the proposed designed equations for different

stress states according to various authors.

Table Al. Design equations in pure compression.

Reference

Equation

Note

Shanmugam and

—k1< ) +k2( ) '5+k3
ki =1. 1850m — 3.8487m?2 + 3.7321m — 1.2336

Dhanalakshmi [40] ko = 0.1111m2 + 0.0932m — 0.7763
k3 = 0.11m? — 0.5681m + 1.1412
m= 1 .h
— 100 ¢

Moen and Schafer [5],
design option 4

Pre = (0.658% ) Py, for A <15

Pre = (%77) Py, for Ac > 15

— by
/\C - Pcrc—h

flexural, torsional or
torsional-flexural buckling

Pyte = Pue < Py, for Ay, < 0.776

0.4 0.4
Pue = |:1 —0. 15( eri h> ] (P[pyi:;h) Ppe < Pyn/ for Ay, > 0.776 local buckling
e = \rrs

Pnd = Pyn/ fOI' /\d S /\dl
Py,—P,

Pypg = Pyn — ( Py v > (Ad = Ad1), fOf A <Ag < Ag

P, = 1—025 ””’” "”’” P,for/\ > A

m { v d a2 distortional buckling

)" (%%
A= pos A =0, 561(%) Ai_ 0. 5611L14< )0’4 - 13}
Pp = {1—0.25( ) }(%ﬂ) P,

Yao and Rasmussen [12],

proposed method 1

flexural, torsional or
torsional-flexural buckling

Pute = Pre < Pyn, fOI'/\lL < 0.776
0.4 P 0.4
Pnle = |:1 —0. 15( crl— nh) :| ( crl— rzh) PHE < Pyn/ for )\le > 0.776

ne

Py,

(rI nh

local buckling

Pyg = Prin, for Ay < Ag

pmln P
min — ( Adz A;?)(Ad —Aq), for Ay < Ag < Ap

0.6 P 0.6
Per nh) (#) Py, for Ay > Agp

ne
\ =0.56
Pera—nn”

I;;) Mg = 0.561 {14( )OA - 13}
Py :{ .25(%2)1'2

(
(%ﬁ)lzpner Prmin = min(PW’Py”‘)

—

distortional buckling

Chen et al. [14]
(columns with
edge-stiffened holes)

0.047
Pprop =1 92(%) %) 'PMs, for 0.28b < )\C < 0.77b
0.034 0.022
Pprop = 1.95(1)"%. ’Si) - Pys, for 0.77b < Ae < 1.71b
0.038 [ r,\0-021
Pprop = 1-91(2) : (%) - Pyps, for 1.71b < A, < 2.68b
Ae =1/ e
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Table Al. Cont.

Reference Equation Note
Poot = % (M) global flexural buckling
Grey and Moen [4] . .
(columns with Pootn = ’;—E {(Uex +01) — v/ (Oex + 01)2 — 4ﬁaex0t} flexural-torsional buckling
edge-stiffened holes) Py = min(Perg— iy Pavd—in) distortional buckling
Py = min(Peyi— i, Pert—n) local buckling

Table A2. Design equations in bending.

Reference Equation Note
M,; = My, for A; <0.936
0.32 0.32 . .
Mcr —h Mcr — -
Wang and Young [18] M, = {1 - 0,04(#) } (Tl/h> - My < My, for A; > 0.936 blllélctailg ieﬁ{cllrolgs
— M,'/
/\l - Meri—n

My = Myy, for A; < Aq
\04p 0.48
Mnl = |:1 — 0.15(%) ] (%) - My < Myn, for )\1 > Ay

e local buckling
M, \ 194050 ) 148 My, \ 21 ) “(1—%%) M,
=Gp) =) vV T =
Mg = Myg, for Ay < Ag
M n*MdZ
Mg = Myn — ( o= ) (Aa — Aq1) <
Zhao et al. [21] M( 2 045 ) M 045 L for Ay < Ay < A
<0.88 {1 —02( M) } (M) - My
Y Y . .
M 0457 /s 045 distortional
M, = 0.88 {1 - 0.2(%) } (#) - My, for Ay > Ag buckling
3 2.7
N =5, A = 0.538(%‘;“) Ap = 0538 {17(%) - 0.7],
0.9 0.9
_ 1 1
Mgy = 0.88 {1 —02(3) } (L) My
N lateral-torsional
Grey and Moen [4] My = % \/Ely,avg (G]avg + ECupnet %) buckling
beams with

edgé-stiffened holes) M_,4 = min(M, M ) distortional

crd crd—nhs Vlerd—h buckling

Mn[ = My, for /\1 <0.925

. 0.35 0.35

Yu [28] (beams with M, — {1 — 0.05( M- } Mert i ‘M, for A; > 0925 ‘

edge-stiffened holes) " ( My ) ( A:j ) Y local buckling
AI = Mcylznh
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Table A3. Design equations in web crippling.

Reference Equation Note
for circular holes:
. Ry = (1-06f), for0 < § <05
Davis and Yu [59] for square holes: ITF
Ry = (1-0774), for0 < § < 0.642
for unfastened flanges:
R, =1.04-068(f) +0.023(}) <
Uzzaman etal. [4] for fastened flanges: ITF
Rp=1-045(4) +009(}) <1
for unfastened flanges:
Rp=105-054(f) +0.01(}) <1
p h h) =
Uzzaman et al. [50] for fastened flanges: ITF
Rp=101-051(4) +0.06(}) <1
centred web holes:
for unfastened flanges:
Ry =098 -065(f) +0.07(}) <1
for fastened flanges:
R, =099-0.04(%) +003(N) <1
Yousefi et al. [58] ’ (h> ( h > ITF

offset web holes:
for unfastened flanges:

Ry = 0.94 - 062(4) +0.21(

:‘\R

for fastened flanges:

N‘\R

Uzzaman et al. [35]

centred web holes:
d
Ry =1.02-039(f) +0.02(
offset web holes:
Ry =1.01-0.16(4) +0.06(}

)
Ry = 0.94 — 048(%)+026
)

+0.04(t) +049(]) <

ITF, edge-stiffened holes

)
Ry = {1 - 0.197(%)2}
d
i

Sivakumaran and Zielonka [60] (0)3
Ry = 0964 —0.272(# ) +0.0631a < 1
Langan et al. [61] i IOF
x> 431(f) +0571 >0
centred web holes:
for unfastened flanges:
Ry =098 -026(f) +006(}) <1
for fastened flanges:
— _ d N
Lian et al. [55] Rp =09 0'06(h> + 0'01(11 ) =1 IOF
offset web holes:
for unfastened flanges:
Ry =0.99-026(%) +0.11(}) <
for fastened flanges:
Ry = 0.99 - 014(f) +0.07(}
Ry =108-0.63(f) +0.120 < 1
Langan et al. [61] EOF

w>525(4) - 06720
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Table A3. Cont.

Reference

Equation Note

centred web holes:
for unfastened flanges:

Ry =096~ 034(f) +0.09(
for fastened flanges:
Ry =093 - 0.41(f ) +0.16(

=1z
IN
_

)
)

IN

1

=1z

Lian et al. [53] EOF
offset web holes:
for unfastened flanges:
Ry =097 —026(4) +0.14(}
for fastened flanges:
Ry =097 —0.14(4) +0.07(}) <
for unfastened flanges:
Ry =090-060(f) +012(}) <1
p h h)—=
Uzzaman et al. [50] for fastened flanges: ETF
Ry =095-050(f) +0.08(}) <1
for unfastened flanges:
Ry =095-049(4) +0.17(f) <1
Uzzaman et al. [51] ETF

for fastened flanges:
Ry = 096 —0.36(

Uzzaman et al. [34]

centred web holes:

_ d N Ty q
Rp=092-035(4) +0.12(§) +021(%) +022(f) <1 ETE, edge-stiffened
offset web holes: holes

Ry =098 —0.11(§) +001(3) +005(’% ) +041(f) <1

-
N———

Table A4. Design equations in shear.

Reference

Equation Note

Eiler et al. [66]

Vil = Gs1 952+ Vi
gs1 =55 &, for5< ¢ <54
gs1 =1, for & > 54
g2 =15- ﬁ—05<13 for ¢ <54
qsz = 1 for & > 54
1= 7 28 , for c1rcular holes
— % for square holes

C.H. Pham [43]

kv:k0{1—05< )—4.2(1) },for%SO.Z
d 2
T

},f0r0.2< <06

square holes:
ko = ko {1 ~08(1) —4.5(5)2},f0r 4 <02
1\2
L

d
L
k0{115 295() 22
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Table A4. Cont.

Reference Equation Note

Vau = s - Vo
option 1:

gs =1 —0.6<%>,for0 <4<03
9s =1215-1316( ), for 03 < § <07

Keerthan and Mahendran [67]
9 = 0732~ 0.625( 1), for 07 < <085

option 2:
7s=1-06(f), for0 < f <03
7 = 1224~ 1.346(f ), for 03 < § < 0.85
Vi = Vy, for0 < § <01
V=V, —2(4-01)(V, -V, for0.1< 4 <06
S.H. Pham [44] yh =y <h )( y ’””"0'6) B
Vyh = vrd/ fOI‘ h > 0.6
v 4M,,
ord = T

Vyn = 0.6Aufy = Vy, for0 < § <01
Vi = Vy — (ﬁ) (% - 0.1) (Vy = Vs - 03), for 0.1 < & < m
D.K. Pham et al. [45] Vyn = Vora - 07, for § > m
m =0715-0.125(}) +001 (g)z,

0; = 0.745 + o.zs(g _ 0.025(%>2

)
kv:k0{1—0.8< )—45(1) } for 4 <02
2(f

L
C.H. Pham and Hancock [46] ko = ko {1.15 — 2.95(i> > ] for0.2 < ¢ 4 <06
ko _k0[04 033(%) for L > 0.6
Vi = 0. 6(dy —d) -
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