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,e use of cold-formed steel (CFS) channels with circular or rectangular web holes is becoming increasingly popular in building
structures. However, such holes can result in sections becoming more susceptible to buckle and display lower load-carrying
capacities. ,is paper presents a total of 42 axial compression tests of CFS lipped channel slender columns with and without
circular and rectangular web holes, including different hole sizes and cross sections. ,e test results show that the axial members
with a small ratio of width to thickness were governed by global buckling, while the members with a large ratio of width to
thickness were controlled by the interaction of local, distortional, and global buckling. ,e axial strength decreased maximum by
20.48% and 22.98% for the member with circular holes and rectangular holes, compared to a member without a web hole. ,en, a
nonlinear elastoplastic finite element model (FEM) was developed, and the analysis results showed good agreement with the test
results. ,e validated FE model was used to conduct a parametric study involving 36 FEMs to investigate the effects of column
slenderness, dimension of the hole, and the number of holes on the axial strength of such channels. Furthermore, the formulas to
predict the global buckling coefficient and the effective area were modified for such sections with holes by using the verified FEM.
Finally, the tests and parametric study results were compared against the design strengths calculated in accordance with the
developed method. ,e comparison results show that the proposed design method closely predicts the axial capacity of CFS
channels with circular or rectangular web holes.

1. Introduction

,e CFS lipped channel sections have been widely used in
buildings as walls, floors, and ceilings due to their high-
strength-to-weight ratio and ease of construction. However,
the holes often appear in the web because of the installation
of electrical, plumbing, and heating conduits for such lipped
channel sections. ,e occurrence of holes in the web would
decrease the cross-section area and stiffness.

In the literature, some work has been reported on the
buckling behavior and the reduction in compression re-
sistance of channel sections having web openings. Stub
column tests conducted by Colberg [1] indicated that the
load-carrying capacity decreased with the increasing of the
ratio of circular hole diameter-to-depth of the web.,e same

conclusions have also been reported for stub columns with
circular, rectangular, and slotted web holes [2, 3]. ,e
compression tests of 24 short and intermediate CFS lipped
channel columns with and without slotted web holes showed
that the presence of slotted holes caused a slight decrease in
the ultimate capacity [4]. ,e axially compressed tests of
intermediate length CFS lipped channel columns with cir-
cular holes indicated that the stress of the plate adjacent to
the circular hole was higher than that of other parts and the
plate adjacent to the circle hole yielded early [5]. For lipped
channel columns with web stiffener, numerical and exper-
imental studies were carried out to analyze the effects of
holes on the failure mode and load-carrying capacity by Yao
et al. [5]. ,e results demonstrated that the holes led to the
change of bucking mode and decreased the ultimate
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strength. ,e modified direct strength method was devel-
oped based on the test results by Moen and Schafer [6, 7].
,e effects of holes on the buckling behavior of CFS channels
under axial compression were studied by Kulatunga et al.
[8, 9], and it was found that the ultimate failure load of the
channels under compression varied greatly with the pres-
ence of holes.

In the literature, some other significant work has been
reported on the reduction in strength of channel sections
having openings covering shear by Pham [10], Pham et al.
[11], and Keerthan andMahendran [12, 13], and the bending
of the beam by Moen et al. [14] and Zhao et al. [15, 16].

Recently, Chen et al. [17–19] reported experimental and
numerical studies on the axial strength of single channels
and back-to-back channels with edge-stiffened holes and
found that the axial strength of channels with edge-stiffened
holes was greater than those of plain channels. Meanwhile,
some other work has been reported on the strength of
channel sections having edge-stiffened holes covering web
crippling by Uzzaman et al. [20, 21].

In the literature, limited work has been reported on CFS
slender channels with holes in the web. A total of 21 channel
specimens test, including C-shaped cross sections with and
without web openings conducted by Dung et al. [22]. ,e
flexural-torsional buckling was observed for all slender
compressive specimens and the average strength of the
specimen was slightly reduced because of the web opening.
In order to develop the effective width method to predict the
load capacity of a channel with holes, an approximate
method to predict the elastic buckling stress of plates with
holes was developed [23]. Meanwhile, the simplified
methods to predict the local, distortional, and global critical
elastic buckling loads of CFS columns with holes were de-
veloped based on theoretical and FE analysis for developing
the direct strength method to calculate the strength of CFS
columns with holes [24–26].

In terms of the design standards, the American Iron and
Steel Institute (AISI) [27] and the Australian and New
Zealand Standards (AS/NZS) [28] do not provide sufficient
effective width design rules for determining the axial ca-
pacity of CFS channels with holes because the reduced ef-
fective width design method is only suitable to members
with relatively small holes in these codes. ,e direct strength
method is given in AISI for determining the axial capacity of
CFS channels with holes, but the elastic buckling capacity of
members with holes needs to be calculated by using the finite
element method or complicated formula. Meanwhile, there
is no design provision about the perforated plates and
members in the Chinese code [29].

As mentioned previously in the literature, most of the
researches considered the buckling behavior and design
method of the stud and intermediate length CFS channels
with small holes. Nevertheless, limited work has been re-
ported on slender columns with large holes under axial
compression. ,us, this paper reports 42 new experiments
on the axial strength of CFS slender lipped channels with
circular and rectangular holes in the web. Tensile coupon
tests were also conducted to determine the material prop-
erties of the channels. A nonlinear elastoplastic FE model

was then developed and validated against the test results in
terms of ultimate strength and buckling modes. Using the
validated FE model, a parametric study involving 36 models
was conducted to investigate the effects of column slen-
derness, hole size, and the number of holes on the axial
strength of such columns. ,e proven FEM was used to
develop the global buckling coefficient equation and effective
area formula of the CFS lipped channel section under axial
compression, considering the effect of holes. Finally, the
prediction method of ultimate axial strength of CFS lipped
channels with holes in the web was proposed and the design
strengths were compared against both the test and FEA
results.

2. Experimental Investigation

2.1. Test Specimens. ,is test employed 42 CFS lipped
channel axially compressed members. ,ere were 6 non-
perforated members, 18 members with circular holes, and 18
members with rectangular holes. ,e definitions of geo-
metric parameters of the specimen and the location, spacing,
and types of holes are illustrated in Figure 1. Four cross
sections 75× 40×10× 0.8mm, 75× 40×10×1mm,
90× 50×15× 0.8mm, and 80× 60×10× 0.8mm
(h× b× a× t, h: web depth, b: flange width, a: lip length, t:
thickness) were selected. ,e nominal thicknesses of the
specimens are 0.8mm and 1.0mm.,e diameters of circular
holes are 0.3, 0.5, and 0.7 to the web depth.,e heights of the
rectangular holes are 0.2, 0.4, and 0.6 to the web depth. ,e
ratio of length-to-width (Lh/Hh) of the rectangular hole is
equal to 2. Each specimen is 2000mm and has three holes.
,e hole spacings are 500mm and 600mm for members
with circular and rectangular holes, respectively. ,e la-
beling rule of all specimens is defined in Figure 2. ,e
nominal and measured dimensions of all specimens are
tabulated in Table 1.

2.2. Material Properties. Steel sheets of grade LQ550 with
two kinds of thicknesses were selected to manufacture the
specimens. 3 tensile coupon tests of steel sheets with dif-
ferent thicknesses were conducted to determine the material
properties based on Chinese specifications of “Tensile tests of
metallic materials part 1: test methods at room temperature”
(GB/T228.1-2010) [30]. ,e stress-strain curves of one of the
coupons for every kind of steel plate are shown in Figure 3,
and the other stress-strain curves are the same as these
curves. ,e measured average material properties, including
the static 0.2% proof stress (f0.2), initial Young’s modulus
(E), ultimate strength (fu), and ultimate strain (εu), are listed
in Table 2.

2.3. Initial Geometric Imperfections. Initial geometric im-
perfections are usually generated in cold form and trans-
portation, which has a great effect on the buckling behavior
of CFS members. Initial geometric imperfections along the
longitudinal direction of all specimens were measured be-
fore tests.,e initial geometric imperfections weremeasured
with an interval of 150mm along the specimen length. ,e
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Figure 1: Section dimensions and hole size of CFS lipped channel columns: (a) lipped channel section, (b) web with circular holes, and (c)
web with rectangular holes.
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Nominal web height, mm
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Sequence number of the
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Figure 2: Specimen labeling.

Table 1: Nominal and measured section dimensions of specimens.

Specimen
Nominal section dimensions Measured section dimensions Maximum of initial

geometric imperfections
h

(mm)
b

(mm)
a

(mm)
t

(mm)
Slenderness

ratio L (mm) h1
(mm)

b1
(mm)

b2
(mm)

a1
(mm)

a2
(mm) Δmax (mm)

C7508-
CH3-1

75 40 10 0.8 89.91

2000.00 74.73 38.51 40.35 9.75 8.87 0.927

C7508-
CH3-2 2000.00 73.94 39.81 39.34 9.65 9.72 1.062

C7508-
CH5-1 1999.95 74.66 38.95 38.93 10.31 9.69 0.823

C7508-
CH5-2 2000.00 73.78 39.63 39.73 9.57 10.06 1.326

C7508-
CH7-1 1999.60 74.01 39.58 39.58 9.56 9.84 1.856

C7508-
CH7-2 1999.70 73.92 38.95 39.83 10.22 9.64 0.902
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Table 1: Continued.

Specimen
Nominal section dimensions Measured section dimensions Maximum of initial

geometric imperfections
h

(mm)
b

(mm)
a

(mm)
t

(mm)
Slenderness

ratio L (mm) h1
(mm)

b1
(mm)

b2
(mm)

a1
(mm)

a2
(mm) Δmax (mm)

C7510-
NH-1

75 40 10 1 90.55

2000.00 75.05 39.97 39.84 9.98 9.84 0.812

C7510-
NH-2 2000.10 75.13 39.95 40.00 9.85 9.98 1.856

C7510-
RH2-1 2001.25 74.51 39.50 39.69 9.39 9.92 0.925

C7510-
RH2-2 2001.15 73.97 39.24 38.91 10.00 10.50 0.756

C7510-
RH4-1 2001.20 73.70 40.09 39.47 9.52 9.93 1.012

C7510-
RH4-2 2001.10 74.04 39.45 39.41 9.70 10.04 1.201

C7510-
RH6-1 2001.25 73.91 39.35 39.68 9.83 9.86 0.856

C7510-
RH6-2 2001.15 74.10 38.83 39.83 9.90 9.44 0.914

C9008-
NH-1

90 50 15 0.8 72.38

2000.05 89.96 49.69 49.67 14.83 14.95 1.302

C9008-
NH-2 1999.85 89.91 50.02 50.04 14.86 14.84 1.202

C9008-
CH3-1 1999.25 89.82 48.95 50.13 14.21 14.45 0.852

C9008-
CH3-2 1999.25 89.85 48.18 49.27 15.48 14.58 0.962

C9008-
CH5-1 1999.55 88.25 49.65 50.81 14.09 14.71 0.861

C9008-
CH5-2 1999.50 89.97 50.26 49.52 14.02 14.53 0.934

C9008-
CH7-1 1999.58 89.99 50.26 49.52 14.02 14.53 1.023

C9008-
CH7-2 1999.62 89.97 50.26 49.52 14.02 14.53 0.954

C9008-
RH2-1 1999.60 89.96 49.79 49.60 13.96 14.84 0.895

C9008-
RH2-2 1999.70 89.26 49.65 49.93 14.29 15.33 0.697

C9008-
RH4-1 1999.95 89.07 48.45 49.08 15.57 14.52 1.203

C9008-
RH4-2 2000.05 89.58 49.76 48.86 14.60 14.70 1.322

C9008-
RH6-1 1999.80 90.01 49.35 49.29 14.71 14.77 0.891

C9008-
RH6-2 1999.85 89.95 49.57 49.38 15.04 14.78 1.849
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Table 1: Continued.

Specimen
Nominal section dimensions Measured section dimensions Maximum of initial

geometric imperfections
h

(mm)
b

(mm)
a

(mm)
t

(mm)
Slenderness

ratio L (mm) h1
(mm)

b1
(mm)

b2
(mm)

a1
(mm)

a2
(mm) Δmax (mm)

C8008-
NH-1

80 60 10 0.8 82.00

2000.05 80.02 59 59.04 9.84 9.86 2.467

C8008-
NH-2 1999.8 79.89 60.03 60.07 9.6 9.58 1.312

C8008-
CH3-1 1999.7 79.88 59.62 60.27 8.88 9.11 1.512

C8008-
CH3-2 1999.85 79.14 60.58 59.84 9.62 8.49 0.912

C8008-
CH5-1 2000.05 80.22 59.10 59.41 10.01 9.32 1.325

C8008-
CH5-2 1999.9 79.66 59.34 59.46 9.87 9.40 0.816

C8008-
CH7-1 2000 79.90 58.71 59.28 9.75 9.81 0.988

C8008-
CH7-2 2000.05 80.43 58.70 59.01 10.07 9.70 1.324

C8008-
RH2-1 2000.10 79.29 59.33 59.40 9.74 9.92 1.624

C8008-
RH2-2 2000.15 79.48 59.02 59.86 10.22 9.16 1.214

C8008-
RH4-1 1999.95 80.24 59.80 58.75 9.61 9.22 1.212

C8008-
RH4-2 2000.00 80.51 58.67 59.10 10.02 9.39 0.897

C8008-
RH6-1 1999.90 78.25 59.10 59.02 10.92 9.80 1.245

C8008-
RH6-1 2000.00 79.80 59.48 59.26 9.09 9.30 1.311
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Figure 3: Continued.
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measuring locations at cross section are illustrated in
Figure 4(a), which was suggested in reference [31]. ,e
locations 1, 2, 3, and 4 indicate the deviations from flats for
the initial local geometric imperfection, the initial distor-
tional geometric imperfection, the initial global geometric
imperfection about the weak axis, and the initial global
geometric imperfections about the great axis, respectively.
,e dial gauge was used to measure the initial geometric
imperfection, as shown in Figure 4(b). Table 1 lists the
maximum magnitudes (Δmax) of four kinds of initial geo-
metric imperfections for all specimens. ,e initial geometric
imperfections along the longitudinal direction for specimens
C7510-NH-1, C7508-CH3-1, C8008-NH-1, and C9008-NH-
1 are illustrated in Figures 5(a)–5(d), respectively. ,e initial
geometric imperfections of the other specimens have almost
the same distribution as these specimens. ,e measured
initial geometric imperfections indicate that the imperfec-
tions have no obvious rules along the longitudinal direction,
but the initial distortional geometric imperfection magni-
tudes are more than the initial local geometric imperfections
and initial global geometric imperfections, and the speci-
mens with large width-to-thickness ratio have bigger initial
geometric imperfection magnitudes.

2.4. Test Rig and Procedure. ,e specimens were loaded by a
50 kNHydraulic Jack and reaction frame system as shown in
Figure 6. ,e upper actuator and lower pedestal were fitted
with 250mm× 200mm× 8mm steel platen ground flat and
parallel.,e column specimens were put directly on the steel
platen as they were compressed. Friction between the col-
umn ends and the steel platens were the only lateral forces
that restrained the column cross section under load. ,e
axial compressive loading was obtained from the load cell
positioned at the top of the test specimens. To understand

clearly the displacement, deformation, and stress of the
specimen during the loading process, the position trans-
ducers and strain gauges were set up as suggested in ref-
erence [31]. For specimens without holes, four-position
transducers (Figure 7(a)) and four strain gauges
(Figure 7(b)) were arranged at the mid-height of the column
and a position transducer is arranged at the upper end plate
of the specimen to measure the vertical displacement under
load. For specimens with holes, four strain gauges
(Figure 7(c)) were adhered at the middle height location and
four strain gauges (Figure 7(d)) were adhered at the loca-
tions which are higher 100mm than mid-height. Four-po-
sition transducers (Figure 7(e)) were arranged at the middle
location to measure the displacement of web adjacent to the
hole and flanges. ,ree-position transducers (Figure 7(f ))
were set up at the web, which is higher 100mm than themid-
height of specimens. All the test data could be obtained by
using the YJ16 data acquisition instrument.

3. Test Results

3.1. Failure Buckling Mode and Load-Strain Curve.
Table 3 presents the results of 42 axially compressed spec-
imens about buckling modes and load capacities in this
experiment, where L, D, FT, and F represent the local
buckling, distortional buckling, flexural-torsional buckling,
and flexural buckling, respectively; Pt, Pa, Pc are the test
result, finite element analysis result, and calculated result by
using the proposed method, respectively.

As shown in Table 3, all specimens with circular holes
exhibited an obvious interaction of local buckling (see
Figure 8(a)), distortional buckling (see Figure 8(b)), and
global buckling (see Figure 8(c)) (flexural buckling or flexural-
tortional buckling). For global buckling, section C7508 with
small width to thickness exhibited flexural-torsional buckling,
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Figure 3: Stress-strain curves of coupon test. (a) ,ickness t� 0.80mm. (b) ,ickness t� 1.00mm.

Table 2: Mean value of coupon tests.

t (mm) f0.2 (MPa) fu (MPa) E (MPa) εu (%)
0.80 600 602 2.16×105 7.19
1.00 620 634 2.15×105 8.92
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section C8008 and section C9008 with the size of holes d/
h� 0.3 and 0.5 displaying flexural-torsional buckling, and
section C8008 and section C9008 with the size of holes d/
h� 0.7 displaying flexural buckling. ,e interaction buckling
progression under load for specimen C8008-CH7-1 is
depicted in Figure 8.

,e test buckling mode in Table 3 indicates that all
specimens with rectangular holes for section C8008 and
C9008 with large width-to-thickness ratio exhibited obvious
interaction of local buckling, distortional buckling, and

global buckling. ,e section with small holes exhibited
flexural-torsional buckling and flexural buckling occurred
for the section with large holes. Section C7510 displayed the
flexural-torsional buckling because of the small width-to-
thickness ratio. Specimen C7510-RH6-1 is depicted in
Figure 9 as an example. ,e buckling deformations for all
other specimens with circular and rectangular holes are
provided in reference [32].

,e influence of the circular and rectangular holes on the
buckling load of columns and the stress of the web adjacent

1 3

4

2

(a) (b)

Figure 4: Measure of the longitudinal initial geometric imperfection at cross section. (a) Measured location. (b) Measured setup.

0.8

0.6

0.4

0.2

0.0

–0.2

–0.4
0 250 500 750 1000

L (mm)

∆ I
 (m

m
)

1250 1500 1750 2000

1
2

3
4

(a)

∆ I
 (m

m
)

0.8

0.6

0.4

0.2

0.0

–0.2

–0.4

–0.6

–0.8
0 250 500 750 1000

L (mm)
1250 1500 1750 2000

1
2

3
4

(b)

∆ I
 (m

m
)

1.0

0.8

0.6

0.4

0.2

0.0

–0.2

–0.4
2500 500 750 1000

L (mm)
1250 1500 1750 2000

1
2

3
4

(c)

∆ I
 (m

m
)

1.0

1.2

0.8

0.6

0.4

0.2

0.0

–0.2
0 250 500 750 1000

L (mm)
1250 1500 1750 2000

1
2

3
4

(d)

Figure 5: Initial geometric imperfections of specimens. (a) C7510-NH-1. (b) C7508-CH3-1. (c) C8008-NH-1. (d) C9008-NH-1.
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to the hole are provided in Figures 10 and 11 for section
C9008, respectively. ,e results of Figures 10 and 11 in-
dicate that the buckling stress of the web adjacent to the
hole and buckling loads of specimens significantly in-
creased with the increasing of the size of holes and the
circular and rectangular holes have a significant impact on
the stress concentration and distribution of CFS lipped
channel columns.

Figures 12 and 13 depict the web stress response of
section C9008 with circular and rectangular holes at the edge
of the hole (strain gauge 4) and the same transverse location
but higher 100mm than mid-height (strain gauge 1), re-
spectively. ,e comparisons show that the web stress at the
edge of the hole is higher than that of the other longitudinal
locations because of the stress concentrate led by the hole.
Meanwhile, the stress increases obviously with the increase
of the size of holes.

3.2. Load Capacities and Load-Displacement Curve.
Experimental ultimate capacities for all specimens with
circular holes and rectangular holes are summarized in
Table 3. ,e load capacities reduce with a decreased value of
6.7% and 13.13% when the ratio of hole diameter-to-web
depth increases from 0.3 to 0.5 and 0.7 for section C7508,
respectively.,e reduction values of load capacity are 7.42%,
15%, 20.48%, and 6.72%, 11.99%, and 18.28% when the ratio
of hole diameter-to-web depth increases from 0 to 0.3, 0.5,
0.7 for sections C9008 and C8008, respectively. ,e load
capacities reduce with a reduction value of 12.56%, 17.27%,
and 22.98%, 3.4%, 7.38%, and 19.78%, and 4.88%, 7.25%, and
17.02% when the ratio of hole height-to-web depth increases
from 0 to 0.2, 0.4, and 0.6 for sections C7510, C9008, and
C8008, respectively.,e comparison results indicate that the
ultimate capacities of the specimens decreased obviously
with the increase of the size of circular and rectangular holes.

(a)

Frame beam

Actuator

End plate

SpecimenFrame
column

End plate

Block

(b)

Figure 6: Test setup.
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Figure 7: Position transducers and strain gauge arrangement. (a) Position transducers at midheight for a nonperforated specimen. (b)
Strain gauges at midheight for a nonperforated specimen. (c) Strain gauges at midheight for a perforated specimen. (d) Position transducers
at midheight for a perforated specimen. (e) Strain gauges at higher 100mm than midheight for a perforated specimen. (f ) Position
transducers at higher 100mm than midheight for a perforated specimen.
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Figures 14 and 15 depict the comparison of load-dis-
placement curves of section C9008 with various sizes of
circular and rectangular holes, respectively. It can be ob-
served that the load capacity decreases with the increase of
the size of holes.

4. Verification of Finite Element Models

,e finite element program ABAQUS [33] was used to
simulate the buckling modes and behavior of the specimens
and perform further parametric analysis on the CFS lipped
channel axially compressed columns with circular and
rectangular holes. ,e S4R shell element was selected for the

modeling column and the analytical rigid body element was
used for modeling the upper and lower end steel plates of the
specimens. ,e dimensions of the cross-sections measured
before the tests were used in the FEM. ,e ultimate ca-
pacities obtained by using FEM indicated a maximum error
of 1.3 percent for specimen C7508-CH5-1 with a mesh size
of 5mm× 5mm and 10mm× 10mm. So the mesh size of
10mm× 10mmwas selected to model specimens in order to
reduce the analysis time. ,e ideal elastoplastic model based
on the material properties obtained from the coupon tests
shown in Table 2 was used in FEM. ,e end constraint
conditions of the test plate were all fixed by constraining the
five degrees of freedom of the reference point RP1 at the

Table 3: Comparison of buckling modes and ultimate capacities obtained from test, FEA, and predictions by using the proposed method.

Specimen Test buckling mode FEA buckling mode Pt (kN) Decrease of load capacities (%) Pa (kN) Pc (kN) Pt/Pa Pt/Pc
C7508-CH3-1 L +D+ FT L+D+ FT 16.39 16.82 15.48 0.97 1.06
C7508-CH3-2 L+D+ FT L+D+ FT 16.58 16.75 15.94 0.99 1.04
C7508-CH5-1 L+D+ FT L+D+ FT 15.38 6.70 16.47 15.15 0.93 1.02
C7508-CH5-2 L+D+ FT L+D+ FT 15.38 6.70 16.14 14.97 0.95 1.03
C7508-CH7-1 L+D+ FT L+D+ FT 14.60 11.43 15.29 13.49 0.96 1.08
C7508-CH7-2 L+D+ FT L+D+ FT 14.32 13.13 15.53 13.53 0.92 1.06
C7510-NH-1 FT FT 27.78 28.06 25.61 0.99 1.08
C7510-NH-2 FT FT 26.93 27.61 25.32 0.98 1.06
C7510-RH2-1 FT FT 23.92 12.56 25.03 23.57 0.96 1.01
C7510-RH2-2 FT FT 24.37 10.91 26.32 24.16 0.93 1.01
C7510-RH4-1 FT FT 23.96 12.41 24.56 23.22 0.98 1.03
C7510-RH4-2 FT FT 22.63 17.27 24.90 23.22 0.91 0.97
C7510-RH6-1 FT FT 21.45 21.59 22.08 21.08 0.97 1.02
C7510-RH6-2 FT FT 21.07 22.98 22.17 20.98 0.95 1.00
C9008-NH-1 L+D+ FT L+D+ FT 23.72 23.94 23.31 0.99 1.02
C9008-NH-2 L+D+ FT L+D+ FT 24.52 23.92 23.52 1.02 1.04
C9008-CH3-1 L+D+ FT L+D+ FT 22.33 7.42 21.60 22.06 1.03 1.01
C9008-CH3-2 L+D+ FT L+D+ FT 22.67 6.01 22.09 22.49 1.03 1.01
C9008-CH5-1 L+D+ FT L+D+ FT 21.46 11.03 21.02 21.38 1.02 1.00
C9008-CH5-2 L+D+ FT L+D+ FT 20.50 15.00 21.28 21.45 0.96 0.96
C9008-CH7-1 L+D+ F L+D+ F 19.18 20.48 19.58 19.09 0.98 1.00
C9008-CH7-2 L+D+ F L+D+ F 19.41 19.53 20.03 19.06 0.97 1.02
C9008-RH2-1 L+D+ FT L+D+ FT 23.30 3.40 24.62 22.06 0.95 1.06
C9008-RH2-2 L+D+ FT L+D+ FT 24.80 x2.82 25.37 22.52 0.98 1.10
C9008-RH4-1 L+D+ FT L+D+ FT 22.88 5.14 22.87 22.72 1.00 1.01
C9008-RH4-2 L+D+ FT L+D+ FT 22.34 7.38 21.97 22.72 1.02 0.98
C9008-RH6-1 L+D+ F L+D+ F 19.35 19.78 19.49 20.48 0.99 0.94
C9008-RH6-2 L+D+ F L+D+ F 19.50 19.15 20.89 20.57 0.93 0.95
C8008-NH-1 L+D+ FT L+D+ FT 20.37 19.73 20.83 1.03 0.98
C8008-NH-2 L+D+ FT L+D+ FT 20.99 20.63 20.53 1.02 1.02
C8008-CH3-1 L+D+ FT L+D+ FT 19.30 6.67 18.59 19.24 1.04 1.00
C8008-CH3-2 L+D+ FT L+D+ FT 19.45 5.95 18.37 19.69 1.06 0.99
C8008-CH5-1 L+D+ FT L+D+ F 18.38 11.12 17.33 19.16 1.06 0.96
C8008-CH5-2 L+D+ FT L+D+ FT 18.20 11.99 17.51 19.19 1.04 0.95
C8008-CH7-1 L+D+ F L+D+ F 17.27 16.49 17.03 17.50 1.01 0.99
C8008-CH7-2 L+D+ F L+D+ F 16.90 18.28 17.21 17.51 0.98 0.97
C8008-RH2-1 L+D+ FT L+D+ FT 20.60 0.39 19.91 19.68 1.03 1.05
C8008-RH2-2 L+D+ FT L+D+ FT 19.67 4.88 19.76 20.00 1.00 0.98
C8008-RH4-1 L+D+ F L+D+ F 19.18 7.25 19.28 19.80 0.99 0.97
C8008-RH4-2 L+D+ F L+D+ F 19.40 6.19 18.77 19.90 1.03 0.97
C8008-RH6-1 L+D+ F L+D+ F 18.34 11.32 18.19 18.66 1.01 0.98
C8008-RH6-1 L+D+ F L+D+ F 17.16 17.02 17.74 18.10 0.97 0.95

Average 0.989 1.008
Standard deviation 0.038 0.040

Coefficient of variation 0.039 0.040
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upper end plate (2 translation degrees of freedom and 3
rotational degrees of freedom, releasing UZ degrees of
freedom to control displacement) and the six degrees of
freedom of the reference point RP2 at the lower end plate.
,e measured actual dimensions of the specimens (see in
Table 1) were all included in the models. ,e whole analysis
procedure included two phases: Firstly, an eigenvalue
buckling analysis was performed to find the most probable
elastic buckling mode of the specimen. ,e measured
maximum magnitude of the initial geometric imperfections
shown in Table 1 was applied to the first eigenmode to
produce the geometric imperfection of FEM. Secondly,
nonlinear analysis considering both materials nonlinear and

geometric nonlinear was carried out by using the arc-length
method to analyze the failure modes and ultimate load
capacity of specimens.

,e failure buckling modes and load-carrying capacities
of all 42 specimens obtained by FEA are presented in Table 3.
,e maximum deviation value about the ultimate load ca-
pacity between the FEA and test is 10%. ,e mean value of
the test-to-FEA ratio for load capacity is 0.989, with the
corresponding coefficient of variation (COV) of 0.039 for all
specimens. Specimen C8008-CH7-1 and specimen C7510-
RH6-1 are taken as examples to present failure buckling
mode comparisons between FEA and test results, as shown
in Figures 16 and 17. ,e comparison of load-displacement
curves for specimen C9008-20-CH3-1 between FEA results
and the test results is shown in Figure 18. As shown in
Figure 18, it should be noted that the load-displacement
curves dropped abruptly because of the use of high-strength
steel, which leads to the effect of the difference of boundary
conditions between test and finite element can be ignored.

(a) (b) (c)

Figure 8: Buckling modes for specimen C8008-CH3-1. (a) Local
buckling. (b) Distortional buckling. (c) Flexure-torsional buckling.

Figure 9: Flexural-torsional buckling for specimen C7510-RH6-1.
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Figure 12: Load-strain curves for section C9008 with circular holes for No. 1 and No. 4 strain gauges. (a) Specimen C9008-CH3-1. (b)
Specimen C9008-CH5-2. (c) Specimen C9008-CH7-2.
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Figure 13: Load-strain curve for section C9008 with rectangular holes for No. 1 and No. 4 strain gauges. (a) Specimen C9008-RH2-2. (b)
Specimen C9008-RH4-1. (c) Specimen C9008-RH6-2.
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cular holes.
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Although boundary conditions employed in the testing are
not perfectly in line with the fix-ended conditions used in the
FEA, the above-mentioned comparison indicates that the
load-carrying capacities, the failure modes, and load-dis-
placement curves obtained from FEA show good agreement
with the test results. ,erefore, the FEM developed in this
study has been well validated with the tests.

5. Finite Element Parametric Study

FE parametric analyses on 36 CFS lipped channel columns
with various cross-section dimensions and sizes of web holes
were carried out by using the validated FEM.,e web height
ranges from 70 to 100mm and the plate thicknesses are 1.0
and 1.2mm.,e circular hole diameter-to-web depth ratio is
0.3 and 0.7. ,e rectangular hole height-to-web depth
ratio is 0.3 and 0.5. ,e hole height-to-length ratio is 0.5
for all rectangular holes. ,e labeling rule for FEA
members is the same as the one for test specimens, as
shown in Figure 2, except that the last digit in FEA
represents the number of holes. ,e results of ultimate
load capacity obtained from FEA (Pa) are listed in Tables 4
and 5 for CFS lipped channel columns with circular and
rectangular holes, respectively.

Tables 4 and 5 show that the axial capacities of CFS
channels with circular holes and rectangular holes were
reduced as the column slenderness increased. For example,
the axial capacity was reduced by 69.4% for C8910-RH3
columns when the length of the column increased from
600mm to 3000mm. Meanwhile, it can be found that the
effect of the hole size on the axial capacity of the CFS lipped
channels with holes was significant. For example, when the
ratio d/h increased from 0.3 to 0.7, the axial capacity of
section C8910-CH-1 decreased by 34.23%.

6. Modified Design Method for Columns with
Web Holes

,e test results and FEA results indicate that the web holes
influence the load capacity of CFS lipped channel axially
compressed columns.,erefore, the modified equation (1) is
used to predict the design strength of CFS lipped channel
columns with web holes under axial compression.

N � φh · Aeh · fy, (1)

where φh andAeh are themodified global buckling coefficient
and effective section area of compression members with web
holes, and fy is the material yield strength. It needs to note
that the hole spacings should be more than 2 timing the
diameter of the circular hole and 4 timing the height of the
rectangular hole.

6.1. Modified Global Buckling Coefficient of Compression
MemberswithWebHoles. ,e global buckling coefficient for
CFS axially compressed columns without holes can be de-
termined with the following:

φ �
Pcre

Py
�
1
2

1 +
1

λ
2 1 + ε0(  −

������������������

1 +
1

λ
2 1 + ε0(  

2

−
4

λ
2




⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
,

(2)

where λ � λ/π
����
fy/E


, λ is the slenderness ratio, λ � L/

���
I/A

√
,

L is the effective length of the column, I is the moment of
inertia of cross section about the axis of buckling, A is the
area of gross cross section, ε0 is the initial eccentricity, Pcre
and Py are critical global buckling strength and yield
strength, and Pcre can be calculated as follows for global
flexural buckling:

Pcre �
π2EI

L
2 �

π2EA

λ2
. (3)

For CFS lipped channel columns with holes, Moen and
Schafer [24] proposed the approximate prediction method
for critical elastic flexural buckling strength (Pcre), which can
be dominated by the weighted average method and the
prediction equation is as follows:

Pcre.h �
π2E
L
2

IgLg + InetLnet

L
  �

π2
EA

λ2h
, (4)

where Ig, Lg are the moment of inertia of nominal gross
cross section about the axis of buckling and segment length
without holes, respectively, Inet, Lnet are the moment of
inertia of net cross section about the axis of buckling and
length of holes, respectively, λh is the slenderness ratio
considering the effect of holes.

Section 75 × 30 ×10 × 2.5 is used as an example to
verify the accuracy and applicability of equation (4). ,e
comparisons of the critical elastic flexural buckling
strength between predicted results with different methods
and FEA results are plotted in Figure 19, where Pcre, Pnet,
and Pcre.h are FEA results, the predicted results with the
moment of inertia of net cross section, and the predicted
results with equation (4), respectively. It can be observed
that the predictions using the net section are too con-
servative and the predictions with formula (4) are
unconservative for members with large web holes.
,erefore, equation (4) is modified as equation (5) to give
more reliable prediction results for the critical elastic
flexural buckling strength of CFS lipped channel columns
with web hole based FEA.

Pmcre.h �
π2

E

L
2

IgLg + InetLnet

L
  1 + 0.08

Hh

h
  − 0.3

Hh

h
 

2
  1 −

nLh

L
 

2
  �

π2EIh

L
2 �

π2EA

λ2mh

, (5)
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Figure 18: Comparison of the load-displacement curve for specimen C9008 between FEA and test. (a) Specimen C9008-CH3-1. (b)
Specimen C9008-CH5-1. (c) Specimen C9008-CH7-1.
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Figure 16: Comparison on buckling modes for specimen C8008-CH7-1. (a) Local buckling. (b) Distortional buckling. (c) Flexural buckling.

S, mises

+5.512e + 02

+5.023e + 02

+4.535e + 02

+4.046e + 02

+3.558e + 02

+3.069e + 02

+2.581e + 02

+2.092e + 02

+1.604e + 02

+1.115e + 02

+6.268e + 01

+1.384e + 01

+6.000e + 02

Figure 17: Comparison of buckling modes for specimen C7510-RH6-1.
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Table 5: Comparison on ultimate strength between the FEA results and predicted results using the modified method for columns with
rectangular holes.

Specimen L
(mm)

h
(mm)

b
(mm)

a
(mm)

t
(mm)

fy
(MPa)

S
(mm)

Hole
number

Hh
(mm)

Lh
(mm)

Pa
(kN)

Pc
(kN) Pc/Pa

C8910-RH3-6 3000 89 40 13 1 280 500 6 26.7 53.4 9.20 9.07 0.99
C8910-RH3-3 1500 89 40 13 1 280 500 3 26.7 53.4 20.85 22.95 1.10
C8910-RH3-1 600 89 40 13 1 280 1 26.7 53.4 30.07 30.03 1.00
C8910-RH5-6 3000 89 40 13 1 280 500 6 44.5 89 8.58 8.84 1.03
C8910-RH5-3 1500 89 40 13 1 280 500 3 44.5 89 21.38 19.62 0.92
C8910-RH5-1 600 89 40 13 1 280 1 44.5 89 25.81 23.92 0.93
C7012-RH3-6 3000 70 35 11 1.2 350 500 6 21 42 7.64 7.07 0.93
C7012-RH3-3 1500 70 35 11 1.2 350 500 3 21 42 26.17 24.20 0.92
C7012-RH3-1 600 70 35 11 1.2 350 1 21 42 42.55 42.99 1.01
C7012-RH5-6 3000 70 35 11 1.2 350 500 6 35 70 7.19 6.93 0.96
C7012-RH5-3 1500 70 35 11 1.2 350 500 3 35 70 23.06 21.04 0.91
C7012-RH5-1 600 70 35 11 1.2 350 1 35 70 33.77 31.28 0.93
C10010-RH3-6 3000 100 50 12 1 550 500 6 30 60 13.56 13.30 0.98
C10010-RH3-3 1500 100 50 12 1 550 500 3 30 60 34.16 32.05 0.94
C10010-RH3-1 600 100 50 12 1 550 1 30 60 43.52 42.02 0.97
C10010-RH5-6 3000 100 50 12 1 550 500 6 50 100 13.14 13.02 0.99
C10010-RH5-3 1500 100 50 12 1 550 500 3 50 100 31.40 29.37 0.94
C10010-RH5-1 600 100 50 12 1 550 0 1 50 100 38.96 36.56 0.94

Average 0.965
Standard deviation 0.049

Coefficient of variation 0.051

Table 4: Comparison of ultimate strength between the FEA results and the predicted results by using the modified method for columns with
circular holes.

Specimen L (mm) h (mm) b (mm) a (mm) t (mm) fy (MPa) S (mm) Hole number d (mm) Pa (kN) Pc (kN) Pc/Pa
C8910-CH3-6 3000 89 40 13 1 280 500 6 26.7 9.30 9.13 0.98
C8910-CH3-3 1500 89 40 13 1 280 500 3 26.7 21.31 23.27 1.09
C8910-CH3-1 600 89 40 13 1 280 1 26.7 31.87 30.58 0.96
C8910-CH7-6 3000 89 40 13 1 280 500 6 62.3 7.94 7.94 1.00
C8910-CH7-3 1500 89 40 13 1 280 500 3 62.3 17.58 16.17 0.92
C8910-CH7-1 600 89 40 13 1 280 1 62.3 20.96 18.75 0.90
C7012-CH3-6 3000 70 35 11 1.2 350 500 6 21 7.71 7.11 0.92
C7012-CH3-3 1500 70 35 11 1.2 350 500 3 21 27.03 24.35 0.90
C7012-CH3-1 600 70 35 11 1.2 350 1 21 44.00 43.48 0.99
C7012-CH7-6 3000 70 35 11 1.2 350 500 6 49 6.74 6.90 1.02
C7012-CH7-3 1500 70 35 11 1.2 350 500 3 49 20.02 18.07 0.90
C7012-CH7-1 600 70 35 11 1.2 350 1 49 27.36 24.75 0.91
C10010-CH3-6 3000 100 50 12 1 550 500 6 30 13.80 13.37 0.97
C10010-CH3-3 1500 100 50 12 1 550 500 3 30 36.68 34.59 0.94
C10010-CH3-1 600 100 50 12 1 550 1 30 46.40 42.83 0.92
C10010-CH7-6 3000 100 50 12 1 550 500 6 70 12.73 12.97 1.02
C10010-CH7-3 1500 100 50 12 1 550 500 3 70 30.48 28.23 0.93
C10010-CH7-1 600 100 50 12 1 550 1 70 32.85 29.88 0.91

Average 0.954
Standard deviation 0.054

Coefficient of variation 0.057
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where Ih and λmh are the modified moments of inertia of
gross cross section about the axis of buckling and slen-
derness ratio considering the effect of holes.

,e comparison of critical global buckling strength
between FEA results and predicted results (Pmcre.h) by using
equation (5) shown in Figure 19 indicates that formula (5) is
accurate.

Based on formulas (3) and (5), the following equation
can be obtained:

λmh

λ
�

������
Pcre

Pmcre.h



�

��
I

Ih



, (6)

where Ih � (IgLg + InetLnet/L) [1 + 0.08(Hh/h)− 0.3(Hh/
h)2][1 − (nLh/L)2], then the modified global buckling co-
efficient can be determined using the following:
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(7)

where λmh � λmh/π
�����
fy/E


, λmh is the modified slenderness

ratio considering the effect of holes which can be calculated
by using equation (6).

For the global flexural-torsional buckling coefficient of
CFS axially compressed columns with holes, equation (7)
can also be used. Saint-Venant torsion constant can be
calculated using equation (8) and the warping constant can
be predicted assuming cross-section thickness is zero at the
hole as reported in [34].

Ith �
ItgLg + ItnetLnet

L
  1 + 0.08

Hh

h
  − 0.3

Hh

h
 

2
  1 −

nLh

L
 

2
 , (8)

where Itg and Itnet are Saint-Venant torsion constants of
gross cross section and net cross section.

For CFS lipped channel axiallycompressed members
with a circular hole, the diameter d can be used to replaceHh
and Lh in equations (5) and (8).

6.2. Modified Effective Area Equation for Compression
Members with Web Holes. ,e effective area of CFS axially
compressed stud columns with holes can be determined by
using the modified effective width method in [34]. However,
it needs to note that the effect of web holes on the effective
area will decrease with the increase of the length of columns.
,erefore, the effective areas of CFS columns with different
lengths can be predicted by using equation (9), considering
the effect of dimensions of holes and the length of columns
based on FEA results.

Aeh �

Ae1, λ≤
0.561A

Anet
,
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λ − λ1
λ2 − λ1

·
Ae2 − Ae1

Ae1
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0.561A

Anet
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,
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Anet
,
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(9)

where Ae1,Ae2 are the effective area considering the effect of
holes using the modified effective width method in [16] and
the effective area without considering the effect of holes.
Anet is the net sectional area, λ is the normalized slen-
derness ratio of columns, and λ1 � 0.561A/Anet,
λ2 � 1.5A/Anet.
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Figure 19: Comparison of elastic flexural buckling capacity between FE results and predicted results.
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6.3. Comparison of Design Capacity with Test and FEA Data.
,e load capacities determined by the modified design
formula (1) were compared with the ultimate capacities
obtained from tests and FE analyses, as listed in Tables 3–5.
,e mean value of the test-to-prediction ultimate strength
ratio (Pt/Pc) is 1.008 with the corresponding standard de-
viation of 0.04, as shown in Table 3. ,e mean values of
prediction-to-FEA ultimate strength ratios (Pc/Pa) are 0.954
and 0.965 with the corresponding standard deviation of
0.054 and 0.049 for columns with circular and rectangular
holes as listed in Tables 4 and 5, respectively.

Figures 20 and 21 show that the modified load capacity
curves for section 75× 30×10× 2.5 with the size of circular
holes d/h� 0.3, 0.5, and 0.7 and rectangular holesHh/h� 0.3,
0.5, and 0.7 give good agreement with the FEA results for
CFS lipped channel columns with web holes, respectively,
where Pa and Pc are FEA and predicted load capacities, Py is
the yield strength.

,e comparison results shown in Tables 3–5 and Fig-
ures 20 and 21 indicate that the predicted results by using a

modified formula based on modified global buckling coef-
ficient and modified effective area are extremely accurate.

7. Conclusions

,is paper presents a total of 42 experimental results on the
axial strength of CFS lipped channels with circular holes,
rectangular holes, and without holes. Based on the experi-
mental and numerical results presented in this paper, the
following conclusions can be drawn:

(1) It was found that all specimens with a large width-to-
thickness ratio exhibited the interaction of local
buckling, distortional buckling, and global buckling,
while specimens with a small width-to-thickness
ratio displayed global buckling. ,e width to
thickness of the plate adjacent to the hole decreased
with the increase of the hole size, so buckling stress
and the buckling load gradually increased. ,e axial
strength of the CFS lipped channel with holes
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Figure 20: Comparison of the ultimate capacity of columns with circular holes between FEA results and predicted results using the modified
method. (a) d/h� 0.3. (b) d/h� 0.5. (c) d/h� 0.7.
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Figure 21: Comparison of ultimate capacity of columns with rectangular holes between FEA results and predicted results using the modified
method (Hh : Lh � 1 : 2). (a) Hh/h� 0.3. (b) Hh/h� 0.5. (c) Hh/h� 0.7.

16 Advances in Civil Engineering



gradually decreased with the increase of the hole size.
,e axial strength decreased maximum by 20.48%
and 22.98% for the same sections with circular holes
and rectangular holes, compared to the member
without web holes.

(2) A nonlinear FE model was developed, showing a
good agreement with the test results both in terms of
ultimate strength and buckling mode. Using the
validated FEM, a parametric study comprising 36
models was conducted to investigate the effects of
column slenderness and size of the hole on the axial
strength of such channels. ,e results obtained from
the parametric study show that the axial capacity of
CFS lipped channels with holes was greatly decreased
due to the presence of holes and the effects of the hole
size on the axial capacity of such sections were
significant. ,e axial capacities of CFS lipped
channels with holes were decreased with the increase
of the column slenderness. ,e proven FEM was
used to develop the global buckling coefficient
equation and effective area formula of the CFS lipped
channel section under axial compression considering
the effect of holes.

(3) An improved design equations based on the devel-
oped global buckling coefficient equation and ef-
fective area formula were developed in this paper.
,e results obtained from numerical analysis and
tests were compared against the design strengths
determined from the developed design method for
CFS lipped channels with holes. It was found that the
developed design method can closely predict the
axial strength of CFS lipped channel columns with
holes, being only 4.6% maximum on average to
experimental and numerical results.
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