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Abstract. Cold-formed steel members with perforations have been commonly
applied to meet the demands for technical installations. The design of the per-
forated members was regulated in Specification AISI S100-16 using the Direct
Strength Method (DSM). This method is based on elastic buckling analyses to
predict the capacities of cold-formed steel members. The determination of elastic
buckling loads is compulsory for the application of the DSMmethod in the design
and has been presented in the Specification. The specification regulations are only
applied for symmetrical and evenly spaced holes. The paper, therefore, investi-
gates the effects of unsymmetrical, unevenly spaced and eccentric holes on the
elastic global buckling loads of perforated channel members using finite element
analyses. The effect of symmetrical and evenly web holes on the elastic global
buckling loads of cold-formed steel channel members in comparison with those
of gross section members is also investigated.

Keywords: Hole locations · Elastic global buckling loads · Cold-formed steel
channel members · Perforations

1 Introduction

Webholes are found in a variety of cold-formed steelmembers to allow technical services
to pass through. These holes are commonly pre-punched in the webs of channel or Zed
sections that have significant impacts on the stability and capacity of this type of structural
member. The design of the cold-formed steel members with holes was also included in
the Specification AISI S100-16 [1] using the Direct Strength Method (DSM). The DSM
method can provide the sectional and member capacities based on the elastic buckling
loads. The determination of the elastic buckling loads, therefore, is mandatory for the
design of perforated members.

A large number of studies on the cold-formed steel members with perforations have
been available in literature. An experimental program presented in [2] investigated the
strength of stub columns with circular holes to illustrate the strength decreasing with the
increasing of hole diameter. The influences of circular, slotted and rectangular web holes

© The Author(s) 2022
G. Feng (Ed.): ICCE 2021, LNCE 213, pp. 57–69, 2022.
https://doi.org/10.1007/978-981-19-1260-3_6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1260-3_6&domain=pdf
https://doi.org/10.1007/978-981-19-1260-3_6


58 N. H. Pham

on the strengths of stub columns were also investigated by many studies [3–5]. A variety
of studies carried out by Moen and Schafer [6–13] to study the stability and capacity
of cold-formed steel members with holes. These studies were the base to propose a
simple method to determine the elastic sectional and global buckling loads of perforated
members and the DSM design formulae for the design of perforated members. These
proposals were then included in the Specification AISI S100-16 [1]. In order to support
the elastic buckling analyses of perforated sections, a simple hole module was developed
by the American Iron and Steel Institute [14] to perform the elastic buckling analysis
and obtain the elastic buckling loads of perforated sections that can be used for the
DSM design. Moen and Yu [15, 16] studied the elastic buckling analysis of cold-formed
members with edge-stiffened holes. These previous studies were aimed to investigate the
stability and the capacities of perforated members with symmetrical and evenly spaced
holes whereas studies on asymmetric and unevenly web holes remain scarce.

The influences of hole locations on the capacities of stub columns were reported in
[17–19] and the effects of hole lengths on the behaviors of compression elements were
studied in [20]. Ortiz-Colberg [2] carried out 25 intermediate column tests and pointed
out that the column strengths were not impacted by a single hole along the length of the
column tests.Moen and Schafer [6] investigate the effects of the locations of a single hole
on the elastic buckling of an intermediate column length. Their research demonstrated
that the locations of the single hole have a minimal impact on the elastic buckling loads
of the investigated columns. The influence of unsymmetrical and unevenly web holes
of the elastic buckling loads of long perforated members are not reported. This paper,
therefore, investigates the effects of unevenly spaced and/or unsymmetrical web holes
or eccentric web holes on the elastic global buckling loads of long perforated members
under compression or bending using finite element analyses. The finite element models
used for this investigation were verified against test results as presented in Pham et al.
[21, 22]. Also, the influence of symmetrical and evenly web holes on the elastic global
buckling loads of cold-formed steel channel members in comparison with those of gross
section members according to the specification AISI S100-16 [1] is included.

2 Finite Element Models for Buckling Analyses

Material properties are used for the investigation including Young’s modulus E =
203400 MPa and Poisson’s constant µ = 0.3. The finite element models for buckling
analyses were developed and validated against the test results as fully reported in Pham
et al. [21, 22] including compression and bending models.

In terms of compression models, two model configurations were constructed with
the variations of end boundary conditions to obtain different global buckling modes.
The first configuration allows the specimens to freely rotating about the minor axis
to achieve the flexural buckling mode whereas the free rotation about the major axis
was used for the second configuration to obtain the flexural-torsional buckling mode.
Warping displacements were prevented at two ends for both two configurations. These
configuration models are illustrated in Fig. 1 and Fig. 2. The effective lengths, therefore,
were taken as Lx = Lz = 0.5 L; Ly = L and Ly = Lz = 0.5L; Lx = L for the first and
second configurations respectively, where L is the member length. The lateral load was
applied at the centroid of one end section.
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In terms of the bending model, the web of each end section was contacted with three
points through the shear centre of the section. The model configuration was developed
with simple supports and free warping displacements, as illustrated in Fig. 3. The effec-
tive lengths were taken as Lx = Ly = Lz = L, where L is the member length. Vertical
loads were applied at the shear centres (see loading points in Fig. 3) of the section.

Fig. 1. The flexural buckling model under compression
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Fig. 2. The flexural-torsional buckling model under compression

Shear centre shaft

Shear centre shaft

Applied load

Applied load

Fig. 3. The flexural-torsional buckling model under bending
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3 Effects of Symmetrical and Evenly Spaced Web Holes
on the Elastic Global Buckling Loads of Cold-Formed Steel
Channel Members

The global buckling loads of perforatedmembers can be determined using the “weighted
average” method as regulated in AISI S100-16 [1]. The elastic global buckling loads of a
column include the flexural or flexural-torsional buckling loads as presented in Eqs. (1)
and (2), whereas the global buckling moment of a flexural member is determined as in
Eq. (3).

The elastic flexural buckling load of a compressive member:

Pcre = π2EIy,avg
(KyL)2

(1)

The elastic flexural-torsional buckling load of a compressive member:

Pcre = 1

2β

[
(Pex + Pt) −

√
(Pex + Pt)2 − 4βPexPt

]
(2)

The elastic flexural-torsional buckling moment of a flexural member:

Mcre = π

KyL

√
EIy,avg

(
GJavg + π2ECw,net

(KtL)
2

)
(3)

where

Pex = π2EIx,avg
(KxL)2

; Pt = 1

r2o,avg

(
GJavg + π2ECw,net

(KtL)
2

)

Ix,avg, Iy,avg, Javg, ro,avg are the section properties determined using the “weighted
average” method as regulated in AISI S100-16, as follows:

Iavg = IgLg + InetLnet
L

; Javg = JgLg + JnetLnet
L

; ro,avg =
√
x2o,avg + y2o,avg + Ix,avg + Iy,avg

Aavg

Aavg = AgLg + AnetLnet
L

; xo,avg = xo,gLg + xo,netLnet
L

; yo,avg = yo,gLg + yo,netLnet
L

(Ig, Jg, Ag, Lg, xo,g, yo,g) and (Inet , Jnet , Anet , Lnet , xo,net , yo,net) are properties of the
gross section and the net section respectively.

Cw,net is the net warping constant of an assumed section with the assumed depth of
the hole (hhole*) determined in Eq. (4), where hhole is the actual depth of the hole and D
is the depth of the section.

hhole∗ = hhole + 1

2
(D − hhole)

(
hhole
D

)0,2

(4)

The C20015 section is selected for this investigation with the nominal dimensions
including D = 203 mm, B = 76 mm, L = 19.5 mm, t = 1.5 mm, as demonstrated in
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Fig. 4. The investigated member has a length of 2.5 m and 05 symmetrical and evenly
spaced web holes with the hole depth hhole varying from 0.2 to 0.8 times of the section
depth and the hole length varying from 0.5 to 2 times of the section depth. The spacing
between theseweb holes are illustrated in Fig. 5. The loads and boundary conditions have
been presented in Sect. 2. The elastic global buckling loads of the perforated members
are determined using the “weight average” method and plotted into the graphs in Figs. 6,
7 and 8 in comparison with those of gross section members.
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Fig. 4. Nomenclature and
nominal dimensions for C20015
section

Fig. 5. The locations of symmetrical and evenly spaced
web holes

Fig. 6. Flexural buckling loads under compression (Pcre,F is the flexural buckling load; Pcre,h
and Pcre,nh are elastic global buckling loads of the gross section and the net section.)

The investigated results show that the elastic global buckling loads decrease as the
hole sizes increase, relative to the web depth. The relationship between buckling loads
and the hole lengths is linear, interpolation then can be used to determine the buckling
loads of the intermediate points between the specific points of the hole lengths.

The web holes were found to have the most significant impacts on the flexural-
torsional buckling loads under compression with the reduction of nearly 50% compared
to those of the gross section, whereas these reduction values are about 30% for both
the flexural mode due to compression and the flexural-torsional buckling mode under
bending.
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Fig. 7. Flexural-torsional buckling loads under compression (Pcre,FT is the flexural-torsional
buckling load; Pcre,h and Pcre,nh are elastic global buckling loads of the gross section and the net
section.)

Fig. 8. Flexural-torsional buckling moments under bending (Mcre,FT is the flexural-torsional
buckling moment; Mcre,h and Mcre,nh are elastic global buckling loads of the gross section and
the net section.)

Fig. 9. The original model - Model 0

The variation of hole lengths has insignificant impacts on the elastic global buckling
loads if the hole depths are small (see hhole/D = 0.2 in the graphs) with the small slopes
of the relationship lines. In terms of the large hole depths (see hhole/D = 0.8 in the
graphs), these slopes significantly increase to demonstrate the noticeable influences of
the hole lengths on the elastic global buckling loads.
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Fig. 10. Model 1 – Symmetrical holes Fig. 11. Model 3 – Symmetrical and eccentric
holes

4 Effects of Web Hole Locations on the Elastic Global Buckling
Loads of Perforated Channel Members

The investigated section is the C20030 section with the nominal dimensions including
D = 203; B = 76; L = 19.5; t = 3, and the nomenclature of this section is illustrated
in Fig. 4. The member length is taken as 4000 for investigation. The thickness and the
length of the investigated member are selected to obtain the global buckling modes
without the interactions with other sectional modes. The finite element models used in
this investigation are presented in Sect. 2.

There are 05 rectangular holes in the web of the section with the ratio of hole
length and section depth (Lhole/D) of 1.0 and the ratios of hole depth and section depth
(hhole/D) varying from 0.2 to 0.8. The spacings and locations of these holes are initially
symmetrical and even (see Fig. 9), are then rearranged as illustrated in Figs. 10, 11, 12
and 13 to investigate the effects of unsymmetrical, unevenly spaced and eccentric holes
on the elastic global buckling loads of channel members under compression or bending.
The eccentric values (e) are 0.25D, 0.125D and 0.05D for the ratios of hhole/D varying
from 0.2, 0.5 to 0.8 respectively. Failure modes are obtained as illustrated in Figs. 14, 15
and 16, and the deviation of buckling loads (in percentage) between investigated models
(Model 1 to Model 4) and the original model (Model 0) are illustrated in Fig. 17.
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Fig. 12. Model 2 – Unsymmetrical holes Fig. 13. Model 4 – Unsymmetrical and
eccentric holes

Fig. 14. Flexural buckling mode under compression

Fig. 15. Flexural-torsional buckling mode under compression
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Fig. 16. Flexural-torsional buckling mode under bending

The investigated results illustrate that thewebhole locations have aminimal influence
on the elastic global buckling of perforated members for the small hole depth (hhole/D
= 0.2), but it becomes significant impacts for the large hole (hhole/D = 0.8).

In terms of compression, the deviation is less than 3% for the flexural-torsional
bucklingmode regarding the hole depthswhereas it reaches 12% for the flexural buckling
mode with the large hole (hhole/D = 0.8). The simple method for the determination of
elastic global buckling loads for symmetrical and evenly spaced holes, therefore, can be
applied to this flexural-torsional buckling mode.

The results show that the elastic global buckling loads significantly decrease as the
web holes are arranged closely to the mid-length. This conclusion can be seen in the
results of Models 1.3 and 3.3 for both compression and bending.

The buckling loads are noticeable increase with the absence of the web hole at the
mid-length as seen in the results of Models 2.2 and 4.2. This illustrates the great impact
of the web hole at the mid-length on the elastic global buckling of perforated members.
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a) The flexural buckling mode under compression 

b) The flexural-torsional buckling mode under compression  
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c) The flexural-torsional bucking mode under bending 
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Fig. 17. The deviation of buckling loads between the Model 1 to Model 4 and the Model 0
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5 Conclusion

The paper investigated the effects of web holes on the elastic global buckling loads
of cold-formed steel channel members under compression or bending. The effects of
symmetrical and evenly spaced web holes on the elastic global buckling of cold-formed
steel channel members were carried out using the simple method according to the Spec-
ification AISI S100-16 with the following conclusions: as the sizes of holes increased,
the elastic buckling loads of perforated members decreased. In terms of the high ratio
of the hole depth and the section depth, the elastic buckling loads were observed to be
significantly reduced as the hole length increased.

The influences of hole locations on the elastic global buckling loadswere investigated
by using finite element analyses. The finite element models were validated in previous
studies of Pham et al. [21, 22], and they were used for elastic buckling analyses in this
investigation. Based on the investigated results, the following conclusions can be drawn:

– The “weighted average” method in the AISI S100 still can be used to determine
the elastic flexural-torsional buckling loads under compression due to the minimal
impacts of hole locations.

– The presence of the web hole at the mid-length has great impacts on the elastic global
buckling loads of perforated channel members under compression or bending.

These remarks are beneficial for the designers in selecting the sizes and locations of
the web holes in the design.
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