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*e objective of this paper is to investigate the buckling behavior and design method of the ultimate strength for the cold-
formed steel (CFS) built-up I-sectional columns under axial compression which failed in distortional buckling and interactive
buckling. A total of 56 CFS built-up I-sectional columns subjected to axial compression were tested, and the different buckling
modes and ultimate strengths were analyzed in detail by varying the thickness, the length, the spacing of screws, the end
fastener group, and the cross-sectional dimensions of CFS built-up I-sectional columns. It was shown in the test that noticeable
interaction of local and distortional buckling or interaction of local, distortional, and global buckling was observed for the
built-up I-sectional columns with different lengths and cross-sectional dimensions. A finite element model (FEM) was de-
veloped and validated with experimental results. A further parametric study has been conducted including different cross
sections and slenderness ratios for the built-up I-sectional columns. *e load-carrying capacities obtained from the ex-
perimental and numerical study were used to investigate the feasibility of the current direct strength method (DSM) when DSM
was applied to CFS built-up I-sectional columns.*e comparison results showed that the current DSM is not safe for CFS built-
up columns failed in distortional buckling and interactive buckling. *erefore, the improved design formulas were proposed,
and their accuracy was verified by using finite element analysis (FEA) and experimental results of CFS built-up I-sectional
columns subjected to axial compression.

1. Introduction

*e use of CFS members has become increasingly popular
during the past few decades because CFS has high strength
and stiffness, convenient manufacturing and transportation,
and a high construction speed. In many countries, CFS can
be found as a common structural style to construct the
commercial and residential buildings. Recently, the multi-
storey building and the long-span frame constructed by
using CFS members have appeared in many fields. *ese
structures require higher axial or bending capacity, so
multiple members are connected together by screws or
welding to form a built-up CFS member as a common
solution in current practice when the individual section is
not able to carry the required load.

Currently, the effective width method (EWM) [1, 2]
and the DSM [2] are two basic design methods for CFS
members in CFS design specifications. However, the
EWM used to design CFS built-up I-sectional members in
some codes is highly simplified. “Technical Specification
for Low-Rise Cold-Formed *in-Walled Steel Buildings”
(JGJ227-2011) [1] specifies that the ultimate strength is the
summation of the ultimate strength of both individual
member for the built-up I-section column. *e 2016 AISI
Specification [2] specifies that the ultimate strength of
built-up I-sectional columns should be predicted with a
modified slenderness ratio (KL/r)m by considering the
effect of shear force between individual sections; the
modified slenderness ratio can be predicted by using the
following formula:
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where (KL/r)0 is the entire slenderness ratio of the built-up
section, a is the spacing of intermediate fasteners, and ri is
the minimum radius of gyration of gross cross-sectional area
of an individual section in a built-up column. It is needed to
note that this method is mainly focus on the overall buckling
by increasing the slenderness ratio to decrease the load
capacity of the CFS built-up column. However, the CFS
built-up columns are often governed by distortional buck-
ling, local buckling, and interaction with global buckling.
*e modified slenderness method cannot consider the effect
of the fastener on distortional buckling, local buckling, and
interaction buckling.

Some works have been conducted by researchers to study
the buckling modes and ultimate strength of axially-com-
pressed built-up columns. *e experiment of built-up
I-sectional columns formed with two channels and con-
nected with screws conducted by Stones [3] showed that
predicted ultimate strength of built-up columns subjected to
axial compression by using AISI design provision is con-
servative for columns with thin section and nonconservative
for columns with thick section. Whittle’s study reported the
same results [4].*e tests on 60 CFS built-up columns under
axial compression were performed by Roy et al. [5]. *e
study results indicated that AISI standard is unconservative
for short columns failed by local buckling and overcon-
servative for the intermediate and slender columns failed by
overall buckling.

*e interaction buckling behavior and DSM for the
built-up columns have been studied by other researchers.
*e interaction local bucking and global buckling were
investigated for the CFS lipped channel built-up columns by
David et al. [6]. Rational design approaches about DSMwere
proposed. *e composite action about the CFS built-up stud
and the sheathing stud was studied by David et al. [7]. *e
research results indicated that the different combinations of
sheathing and the end boundary conditions had great impact
on the strength and stability of the stud. *e analytical
formulas to predict the distortional buckling [8] and local
buckling [9] for built-up members were also presented,
which consider the effects of the length of columns and the
end condition. *e effects of cross section and length of the
member on the buckling behavior of the built-up columns
connected with four U-sections were tested by Anbarasu
et al. [10], which showed that DSM cannot predict the ul-
timate strength of this kind of section. Anbarasu [11] nu-
merically investigated the structural behavior and presented
the design method of the CFS built-up column formed with
lipped sigma sections based on DSM.

A series of buckling tests and numerical analyses were
performed by some researchers [12–18] including various
types of CFS built-up cross-sections.*e axially-compressed
and eccentrically-compressed built-up box columns were
studied by experiment and finite element analysis [12]
considering the slenderness ratio and ratio of width to

thickness of the section. Li et al. [13, 14] investigated the
ultimate strength of CFS box columns by test and numerical
analysis and proposed the design method to predict the load
capacities of the built-up box members. Georgieva et al.
[15–18] studied a series of CFS built-up columns formed
with zee, sigma, and track sections. *e comparison on
ultimate strength between test results and results calculated
by using presented DSM which considers the buckling in-
teraction was completed.

Other research studies on CFS multilimbs built-up
columns had some noteworthy innovations. Nine multi-
limbs CFS built-up stubs with three sections were conducted
and analyzed using the finite element method by Liao et al.
[19]. All specimens failed in local buckling and distortional
buckling. 18 specimens of CFS three-limb built-up section
columns under axial compression were tested by Liu and
Zhou [20].*e calculated results showed that AISI DSMwas
conservative for the long column and middle length column,
while nonconservative for the short column. *e numerical
research about CFS quadruple-C built-up section members
was reported by Nie et al. [21]. All specimens failed in in-
teraction of local buckling and distortional buckling. *e
results predicted by using EWM and DSM were lower
slightly than test and FEA results when the slenderness ratio
of the column was less than 50, while the results calculated
were too conservative when the slenderness ratio of the
column was more than 50. *e numerical parametric study
on the structural behavior of battened cold-formed steel
built-up box columns composed of four lipped angles was
reported by considering the sectional compactness of the
lipped angle section, batten spacing, and global column
slenderness [22]. *e improved design procedure was
proposed in the basic of AS/NZS specifications and Euro-
pean standards. *e numerical investigation was conducted
for the axial capacity and the nonlinear deformation re-
sponse of pin-ended CFS built-up columns connected with
spacers by varying the plate slenderness of the lipped
channels, unbraced chord slenderness, and global slender-
ness [23]. *e new design equations for the reliable design
strength predictions of the CFS built-up column composed
of lipped channels with spacers were proposed. *e twenty
built-up cold-formed steel stub columns with four different
cross-sectional geometries were investigated [24]. *e ex-
periments showed a significant interaction between the
individual components of the columns, and the ultimate
cross-sectional capacity was much less dependent on the
connector spacing within the considered range of spacing.
*irty built-up double-box columns consisting of four cold-
formed steel channels were experimentally tested under
concentric and eccentric axial compression [25]. *e
methods in China and AISI S100-16 were found to be
conservative for calculating the eccentric axial compression
strengths of these built-up double-box columns. *e closed
form solution of buckling load for the built-up sections was
provided by Rasmussen et al. [26].

Despite there are a large amount of research works about
built-up members under axial compression, limited research
studies have been reported to built-up CFS axial members
about distortional buckling and interaction buckling,
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especially designing with the direct strength method. In
order to analyze the distortional buckling and interactive
with local and/or global buckling, the built-up CFS columns
with steel grade LG550 were selected to test because these
members had the large width-to-thickness ratio and were
easy to cause distortional buckling and interactive buckling.
*is paper presented a detailed experimental results con-
sisting of 56 CFS built-up I-sectional columns under axial
compression with four different cross-sectional geometries.
*en, the proven finite element model was used to study the
effect of the slenderness ratio, spacing of screws, and end
fastener group on axial behavior of CFS built-up I-sectional
columns. Finally, the modified DSM was presented to de-
termine the ultimate strength of CFS built-up I-sectional
columns considering distortional buckling and interaction
buckling.

2. Design of Experiments

2.1. SpecimenGeometry. *e 56 built-up I-sectional columns
were manufactured using zinc-coated structural steel sheets
LQ550 with the nominal thickness of 0.8mm and 1.0mm.
*e definition of cross section is depicted in Figure 1, in
which h, b, a, and t represent the nominal height of the web,
the nominal width of the flange, the nominal depth of the lip,
and nominal thickness of cross section. *ere were four
kinds of cross sections selected to test, and the nominal
section dimensions are listed in Table 1.*e nominal lengths
were 500, 1500, and 2000mm for each kind of cross section.
*ere were 2 specimens for the built-up columns with length
500mm, and the spacing of screws was 150mm. *ere were
6 specimens for the built-up columns with length 1500mm
and 2000mm, including 150mm and 300mm spacing of
screws which satisfied the provision in the Chinese code [1],
with end fastener group (EFG) and without EFG. *e local
(L), distortional (D), and global (G) elastic buckling stress
(fcrl, fcrd, and fcre) for the channel sections are listed in
Table 1. *e slenderness ratio (λl, λd, and λc) for the local,
distortional, and global buckling used in the DSM and
slenderness ratio (λ� L/r) are also given in Table 1.*e screw
connections are detailed in Figure 2 for the built-up
I-sectional columns with the spacing of screws in 150mm.
*e specimens were labeled as depicted in Figure 3. For
example, the label “DC7510-15-S150-Y-1” defines the
specimen as follows: DC indicates that the section is a built-
up I-section connected with double C-sections, 7510 means
the nominal height of web and the nominal thickness of the
section are 75mm and 1.0mm, 15 indicates that the nominal
length of the specimen is 1500mm, S150 represents that the
spacing of screws is 150mm, Y means installing EFG, and 1
represents the sequence number of the same specimens. *e
measured dimensions of all specimens are tabulated in
Table 2. *e measured steel thickness is 0.794mm and
0.995mm for the steel with nominal thickness 0.8mm and
1.0mm, respectively.

2.2. Material Properties. A series of coupon tests were
conducted to determine the material properties of the

built-up columns. *e coupons of grade LQ550 were cut
along the longitudinal direction of specimens. For each
thickness of steel sheets, 3 tensile coupons were conducted
based on Chinese specifications GB/T228.1-2010 [27]. *e
stress-strain curves of the coupons for each thickness of steel
plates are shown in Figure 4. *e measured average material
properties including the 0.2% proof stress (f0.2), initial
Young’s modulus (E), ultimate strength (fu), and ultimate
strain (εu) are summarized in Table 3.

2.3. Imperfection Measurements. *e initial geometric im-
perfection generated in forming and transporting has a great
effect on the buckling behavior of the CFS column. *e
initial geometric imperfections along the longitudinal di-
rection of all simple C-sectional specimens were measured
before tests and measured with an interval of 50mm and
150mm for specimens with length 500mm and specimens
with length 1500mm and 2000mm, respectively. *e
measuring locations at cross section are shown in Figure 5.
*e locations 1, 2 (6), 3 (5), and 4 (7) indicate the deviations
from flats for the initial local imperfection, the initial dis-
tortional imperfection, the initial global imperfection about
the weak axis, and the initial global imperfections about the
great axis, respectively. *e initial imperfections along the
longitudinal direction for section DC7510 series and section
DC9008 series are depicted in Figure 6. *e initial imper-
fections of the other specimens had almost the similar
distribution to these specimens. *e initial geometric im-
perfections measured indicate that the imperfections have
no obvious rules along the longitudinal direction. However,
it is needed to note that the initial distortional imperfections
are larger than the initial local and global imperfections.
Table 2 lists the maximum initial geometric imperfection
magnitudes (Δmax) for all specimens.

2.4. Test Setup. *e specimens were loaded by a 50 kN
hydraulic jack and reaction frame system, as shown in
Figure 7. A 250mm× 200mm× 8mm thick steel platen was
rigidly fixed to the upper actuator, and another
250mm× 200mm× 8mm thick steel platen was put on the
lower steel block. *ese two steel platens were parallel by
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Figure 1: Built-up I-section column.
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adjusting the lower steel block. *e column specimens are
put directly on the steel platen as they were compressed.
Friction between the column ends and the steel platens was
the only lateral forces that restrained the column cross
section under load. *e axial compressive loading was ob-
tained from the load cell positioned at the top of the test
specimens. A total of 7 displacement transducers (D1 to D7)
were installed to measure the displacement of specimens at
specified points, as illustrated in Figure 8. *e lateral dis-
placement transducers D1–D6 were employed at the mid-
height of specimens, and the axial displacement transducer
D7 was put at the upper loaded plate to obtain the axial
shorten displacements of the specimens. All the test data
could be obtained by using the YJ16 data acquisition
instrument.

3. Experiment Results

3.1. Buckling and Failure Mode. Table 4 presents the test
results of 56 built-up I-sectional columns under axial
compression, including the buckling modes by visual

inspection and load capacities, where L, D, and G represent
local buckling, distortional buckling, and overall buckling,
respectively. Two types of buckling modes were found in the
tests, as shown in Table 4. *e section DC7510-20 series and
the section DC8008-20 series failed in interaction of local,
distortional, and overall buckling modes. *e interaction of
local and distortional buckling was the main buckling modes
for the other specimens.

3.1.1. Built-Up Columns with the Nominal Length of 500mm.
*e typical buckling modes of specimens with the nominal
length of 500mm are illustrated in Figure 9. All specimens
failed in interaction of distortional buckling and local
buckling and displayed a distortional buckling half-wave and
many local buckling half-waves. *ere was no evident de-
formation during the initial stage of loading, and distortional
buckling (Figure 9(a)) was observed with increasing of
loading for section DC7510 series, section DC10008 series,
and section DC8008 series. *en, local buckling in web
(Figure 9(a)) was observed for all specimens with increasing
of loading. Meanwhile, local buckling in the flange
(Figure 9(c)) occurred for section DC10008 series and
DC8008 series because the flanges of these sections have
large ratio of width to thickness. *e specimens finally failed
because of the plastic crush which resulted from the large
buckling deformation (Figure 9(d)). For section DC9008
series, local buckling in web (Figure 9(b)) appeared before
the observation of distortional buckling and failed with
plastic crush (Figure 9(d)) as same as other specimens.*ere

Table 1: Nominal dimensions of sections.

Specimen h (mm) b (mm) a (mm) t (mm) L (mm) fcrl fcrd fcre λl λd λc λ

DC7510 75 40 10 1
500

186 291.4
783.6 2.05

1.37
0.84 33.31

1500 122.14 0.81 2.12 99.94
2000 73.16 0.63 2.74 133.25

DC10008 100 90 10 0.8
500

54 60
1562 5.38

3.03
0.59 15.45

1500 130.2 1.55 2.06 46.35
2000 104.4 1.39 2.30 61.79

DC9008 90 50 15 0.8
500

84 204
1131.1 3.67

1.64
0.70 25.78

1500 177.6 1.45 1.76 77.33
2000 103.8 1.11 2.30 103.10

DC8008 80 60 10 0.8
500

94.8 120.7
952 3.17

2.13
0.76 22.56

1500 123.8 1.14 2.11 67.67
2000 73.9 0.88 2.73 90.23

Z
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8415015015084 150
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1616 150150150
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Figure 2: Screw arrangement of built-up I-sectional columns. (a) Built-up I-sectional columns without the end fastener group. (b) Built-up
I-sectional columns with the end fastener group.

Length

Spacing of screws
Sequence number of the

same specimens

End fastener group
Has fastener group (Y)
No fastener group (N)

DC

Height of web

Thickness

Figure 3: Specimen labeling.
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Table 2: Measured dimensions of specimens.

Specimen Section L1 (mm) h1 (mm) b1 (mm) a1 (mm) ∆max (mm)

DC7510-05-S150-N-1 a 499.5 73.88 39.46 9.14 1.62b 73.7 39.4 9.84

DC7510-05-S150-N-2 a 499.5 73.72 39.28 9.23 1.42b 73.21 39.35 9.08

DC7510-15-S150-N-1 a 1500 74.2 39.21 9.64 1.22b 73.89 39.07 9.25

DC7508-15-S150-N-2 a 1500 73.59 39.85 9.19 0.89b 73.94 39.52 9.78

DC7508-15-S300-N-1 a 1500 73.99 39 9.01 1.07b 73.06 39.89 9.78

DC7510-15-S300-N-2 a 1500 74.16 39.96 9.94 1.22b 75.58 39.05 10.69

DC7510-15-S150-Y-1 a 1500 75 39.65 10.08 0.53b 75 39.77 9.9

DC7510-15-S300-Y-1 a 1500 73.77 39.65 10.08 0.78b 74.27 39.77 9.9

DC7510-20-S150-N-1 a 1999.85 75.75 39.86 9.89 0.82b 75.47 39.76 9.04

DC7510-20-S150-N-2 a 1999.8 75.21 39.97 9.32 0.56b 74.8 39.82 9.31

DC7510-20-S300-N-1 a 1999.65 74.15 40.13 9.99 0.75b 75.31 39.79 10.08

DC7510-20-S300-N-2 a 1999.95 75.96 39.82 9.58 1.04b 75.31 39.81 9.93

DC7510-20-S150-Y-1 a 1999.55 75.56 39.78 9.74 1.22b 74.48 40.68 9.95

DC7510-20-S300-Y-1 a 1999.8 74.58 39.93 9.91 1.28b 75.76 39.64 9.67

DC10008-05-S150-N-1 a 499.5 97.91 89.17 9.91 0.53b 97.48 89.91 9.44

DC10008-05-S150-N-2 a 499.5 98.45 89.47 9.45 0.62b 97.99 88.79 9.7

DC10008-15-S150-N-1 a 1499.25 99.13 89.99 9.29 1.03b 99.21 89.41 9.72

DC10008-15-S150-N-2 a 1499.25 98.96 89.74 9.82 1.15b 98.97 89.54 9.4

DC10008-15-S300-N-1 a 1499.1 97.89 89.9 9.59 1.28b 97.54 88.72 9.46

DC10008-15-S300-N-2 a 1499.25 95.58 89.82 9.18 1.08b 98.2 89.7 8.99

DC10008-15-S150-Y-1 a 1500 98.55 89.78 9.77 0.85b 99.4 89.54 9.73

DC10008-15-S300-Y-1 a 1500 98.98 90.38 8.9 0.96b 99.27 89.41 9.79

DC10008-20-S150-N-1 a 2000 98.03 89.56 10.04 1.20b 99.66 89.2 9.65

DC10008-20-S150-N-2 a 1999.95 99.53 89.6 9.52 1.18b 99.22 89.42 9.73

DC10008-20-S300-N-1 a 2000.05 99.14 89.49 9.63 1.10b 98.88 89.75 9.62

DC10008-20-S300-N-2 a 1999.95 99.57 89.62 9.3 0.96b 100.8 89.06 9.98

DC10008-20-S150-Y-1 a 2000 100.0 89.09 9.9 0.88b 99.61 89.08 9.64

DC10008-20-S300-Y-1 a 2000 99.48 89.32 9.36 0.84b 99.43 89.25 9.38

DC9008-05-S150-N-1 a 499.15 88.75 49.41 14.55 0.59b 88.26 49.16 14.76

DC9008-05-S150-N-2 a 499.1 89.26 49.03 15.83 1.21b 88.51 49.19 15.11
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was no failure about connection screws which indicate that
two C-sections in built-up specimens can work together and
develop composite action.

3.1.2. Built-Up Columns with the Nominal Length of
1500mm. *e typical buckling modes of specimens with the

nominal length of 1500mm are illustrated in Figure 10.
All specimens failed in interaction of distortional buckling
and local buckling and displayed three distortional
buckling half-waves and many local buckling half-waves.
*e local buckling in web (Figure 10(a)) appeared grad-
ually with increasing of loading for section DC7510 series,
section DC10010 series, and section DC8008 series.

Table 2: Continued.

Specimen Section L1 (mm) h1 (mm) b1 (mm) a1 (mm) ∆max (mm)

DC9008-15-S150-N-1 a 1499.5 89.4 49.57 14.68 0.65b 89.3 49.52 14.47

DC9008-15-S150-N-2 a 1499.35 89.14 49.51 14.51 1.20b 89.37 49.89 14.13

DC9008-15-S300-N-1 a 1499.3 87.55 49.44 14.88 0.47b 89.3 49.75 14.49

DC9008-15-S300-N-2 a 1500 90.1 50.25 14.9 0.68b 89.9 49.8 15.08

DC9008-15-S150-Y-1 a 1499.5 89.86 49.33 14.31 1.06b 90.03 49.06 14.57

DC9008-15-S300-Y-1 a 1499.25 90.05 48.53 15.34 0.73b 89.98 49.82 14.39

DC9008-20-S150-N-1 a 2000 89.27 49.37 14.87 1.03b 89.76 49.35 14.77

DC9008-20-S150-N-2 a 1999.9 90.29 49.52 14.2 0.69b 89.86 49.73 14.15

DC9008-20-S300-N-1 a 2000 90.18 49.33 14.45 0.79b 89.12 49.61 14.6

DC9008-20-S300-N-2 a 1999.95 90.2 48.72 14.9 0.87b 89.03 49.48 14.78

DC9008-20-S150-Y-1 a 2000 88.67 49.51 15.25 1.03b 89.94 49.32 14.6

DC9008-20-S300-Y-1 a 1999.95 90.31 49.43 14.21 1.11b 89.43 48.85 15.1

DC8008-05-S150-N-1 a 499.45 79.05 59.1 9.83 0.78b 78.69 58.78 9.58

DC8008-05-S150-N-2 a 499.5 76.55 59.12 9.98 0.63b 77.99 59.45 9.9

DC8008-15-S150-N-1 a 1499.5 80.75 59.57 9.47 1.23b 79.54 59.63 9.64

DC8008-15-S150-N-2 a 1499.5 80.19 59.22 9.79 1.15b 79.56 59.33 9.84

DC8008-15-S300-N-1 a 1499.1 79.46 59.99 8.92 0.94b 79.12 59.65 9.55

DC8008-15-S300-N-2 a 1500 80 60 10 0.86b 80 60 10

DC8008-15-S150-Y-1 a 1499.5 78.98 59.51 9.39 0.92b 79.97 59.23 9.28

DC8008-15-S300-Y-1 a 1499.3 80.11 59.67 9.28 1.12b 79.71 59.65 9.57

DC8008-20-S150-N-1 a 1999.95 79.57 58.49 10.2 0.88b 79.41 58.42 10.27

DC8008-20-S150-N-2 a 1999.85 79.32 59.12 10.02 0.91b 78.87 59.7 9.53

DC8008-20-S300-N-1 a 1999.65 78.53 59.63 9.86 0.93b 78.39 60.03 9.33

DC8008-20-S300-N-2 a 2000 79.09 60.02 9.18 1.11b 79.71 59.51 9.44

DC8008-20-S150-Y-1 a 1999.95 79.86 59.3 9.93 1.08b 80.06 59.33 9.48

DC8008-20-S300-Y-1 a 2000 80.78 59.16 9.42 1.03b 79.43 59.32 9.67
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Meanwhile, local buckling in the flange (Figure 10(b)) can
be found for section DC10008 and DC8008. *en, dis-
tortional buckling (Figure 9(c)) was observed for all
specimens with increasing of loading. *e specimens fi-
nally collapsed with the plastic crush near its midheight
(Figure 9(d)). For section DC10008 series, distortional
buckling (Figure 9(c)) was observed before the local
buckling, and it failed with plastic crush (Figure 9(d)) as
same as other specimens. *ere was no failure about
connection screws.

3.1.3. Built-Up Columns with the Nominal Length of
2000mm. *e typical buckling modes of specimens with
nominal length of 2000mm are presented in Figure 11. For
section DC7510 series and section DC8008 series
(Figure 11(a)), the local buckling in web appeared with the
increasing of loading. *en specimens displayed the dis-
tortional buckling with the increasing of loading. *e
specimens finally collapsed with the global flexural buckling
because these sections had larger slenderness ratio than
other sections. However, for section DC10008 series and
section DC9008 series, the interaction of distortional
buckling and local buckling (Figure 11(b)) was observed,
and they failed with plastic crush.*ere was no failure about
connection screws.

3.2. Load and Axial Shorten Displacement Curves. Load and
axial shorten displacement curves and load and lateral
displacement curves for section DC7510 series are provided
in Figures 12 and 13, respectively. *e other load and
displacement datum can be found in [28]. As shown in
Figure 12, the two repeated tests displayed the almost same
curve which indicated that the obtained results in the
compression test are reliable. Meanwhile, it can be found
that the spacing of screws changing from 300 to 150mm and
arranging of the end fastener group can increase the ultimate
capacities and stiffness slightly. So, it may be indicated that
the spacing of screws and EFG can provide some benefit for
CFS built-up I-sectional columns. *e displacements of
displacement transducers 2 and 6 and 1 and 5 in Figure 13
indicate that the specimens displayed obvious distortional
buckling displacements.

Figure 14 shows the comparison on load vs. axial dis-
placement curves for section DC7510 series with different
lengths. It can be observed that the ultimate capacity and
stiffness would decrease with the increasing of length, which
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Figure 4: Stress-strain curve of coupon tests. (a) t� 0.8mm. (b) t� 1.00mm.
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Figure 5: Measure location of the initial geometric imperfection.

Table 3: Mean values of coupon tests.

t (mm) f0.2 (MPa) fu (MPa) E (MPa) εu (%)
0.8 600 602 2.16×105 7.19
1.00 620 634 2.15×105 8.92
Note. t is the nominal thickness.
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indicates that the slenderness ratio has important effect on
ultimate strength and stiffness of CFS built-up I-sectional
columns.

3.3. Ultimate Strength Analysis. *e ultimate strengths of
specimens with different sections, spacing of screws, and end
fastener group are summarized in Table 4, in which Pt and
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Figure 6: Initial imperfections of channel sections. (a) DC7510-05-S150-N-1. (b) DC9008-05-S150-N-1. (c) DC7510-15-S150-N-1.
(d) DC9008-15-S150-N-1. (e) DC7510-20-S150-N-1. (f ) DC9008-20-S150-N-1.
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Figure 7: Test setup.
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Figure 8: Arrangement of displacement transducers.

Table 4: Comparison on buckling modes and ultimate load capacities of built-up I-sectional columns.

No. Specimen Test buckling
mode

FEA buckling
mode Pt (kN)

Pta
(kN) PA (kN)

PD
(kN)

PMD
(kN)

Pt/
PA

Pt/
PD

Pt/
PMD

1 DC7510-05-S150-
N-1 D+L D+L 105.44 108.66 120.92 126.74 104.29 0.872 0.832 1.011

2 DC7510-05-S150-
N-2 D+L D+L 111.88 121 125.5 104.7 0.925 0.891 1.069

3 DC7510-15-S150-
N-1 L +D L+D 92.9 94.55 96.78 128.04 96.33 0.960 0.726 0.964

4 DC7510-15-S150-
N-2 L +D L+D 96.2 96.3 128.5 95.9 0.999 0.749 1.003

5 DC7510-15-S300-
N-1 L +D L+D 91.8 92.05 92.92 — — 0.988 — —

6 DC7510-15-S300-
N-2 L +D L+D 92.3 92.38 — — 0.999 — —

7 DC7510-15-S150-Y-
1 L +D L+D 96.5 — 97.66 — — 0.988 — —

8 DC7510-15-S300-Y-
2 L +D L+D 94.9 100.53 — — 0.944 — —

9 DC7510-20-S150-
N-1 L +D+G L+D+G 89.41 87.79 92.9 127.89 89.1 0.962 0.699 1.003

10 DC7510-20-S150-
N-2 L +D+G L+D+G 86.16 90.47 127.44 86.05 0.952 0.676 1.001

11 DC7510-20-S300-
N-1 L +D+G L+D+G 87.34 87.10 91.62 — — 0.953 — —

12 DC7510-20-S300-
N-2 L +D+G L+D+G 86.86 91.2 — — 0.952 — —

13 DC7510-20-S150-Y-
1 L +D+G L+D+G 87.89 — 92.73 — — 0.937 — —

14 DC7510-20-S300-Y-
1 L +D+G L+D+G 88.54 92.89 — — 0.953 — —

15 DC9008-05-S150-
N-1 L +D L+D 71.03 69.97 77.72 105.9 67.88 0.914 0.671 1.046

16 DC9008-05-S150-
N-2 L +D L+D 68.9 76.16 105.96 67.35 0.905 0.650 1.023

17 DC9008-15-S150-
N-1 L +D L+D 66.48 66.12 73.53 104.28 67.78 0.904 0.638 0.981
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Table 4: Continued.

No. Specimen Test buckling
mode

FEA buckling
mode Pt (kN)

Pta
(kN) PA (kN)

PD
(kN)

PMD
(kN)

Pt/
PA

Pt/
PD

Pt/
PMD

18 DC9008-15-S150-
N-2 L +D L+D 65.76 72.06 103.95 67.23 0.913 0.633 0.978

19 DC9008-15-S300-
N-1 L +D L+D 67.82 67.31 74.16 — — 0.915 — —

20 DC9008-15-S300-
N-2 L +D L+D 66.8 73.24 — — 0.912 — —

21 DC9008-15-S150-Y-
1 L +D L+D 68.8 — 75.88 — — 0.907 — —

22 DC9008-15-S300-Y-
1 L +D L+D 67.9 73.26 — — 0.908 — —

23 DC9008-20-S150-
N-1 L +D L+D 69.33 70.47 73.04 98.27 64.19 0.949 0.706 1.080

24 DC9008-20-S150-
N-2 L +D L+D 71.6 73.77 98.05 65.45 0.971 0.730 1.094

25 DC9008-20-S300-
N-1 L +D L+D 70.16 70.20 70.42 — — 0.996 — —

26 DC9008-20-S300-
N-2 L +D L+D 70.24 70.95 — — 0.990 — —

27 DC9008-20-S150-Y-
1 L +D L+D 71.21 — 73.23 — — 0.945 — —

28 DC9008-20-S300-Y-
1 L +D L+D 70.84 72.13 — — 0.941 — —

29 DC10008-05-S150-
N-1 D+L D+L 58.29 59.37 63.32 71.06 47.61 0.921 0.820 1.224

30 DC10008-05-S150-
N-2 D+L D+L 60.45 62.5 70.98 47.85 0.967 0.852 1.263

31 DC10008-15-S150-
N-1 D+L D+L 56.275 54.00 55.11 70.96 47.68 1.021 0.793 1.180

32 DC10008-15-S150-
N-2 D+L D+L 51.725 54 70.75 47.75 0.958 0.731 1.083

33 DC10008-15-S300-
N-1 D+L D+L 52.6 52.70 55.23 — — 0.952 — —

34 DC10008-15-S300-
N-2 D+L D+L 52.8 53.93 — — 0.979 — —

35 DC10008-15-S150-
Y-1 D+L D+L 55.7 — 55.19 — — 1.009 — —

36 DC10008-15-S300-
Y-1 D+L D+L 57 55.22 — — 1.032 — —

37 DC10008-20-S150-
N-1 D+L D+L 56.33 55.57 54.48 70.65 47.76 1.034 0.797 1.179

38 DC10008-20-S150-
N-2 D+L D+L 54.8 54 70.12 47.95 1.015 0.782 1.143

39 DC10008-20-S300-
N-1 D+L D+L 52.54 53.15 52.61 — — 0.999 — —

40 DC10008-20-S300-
N-2 D+L D+L 53.76 53.14 — — 1.012 — —

41 DC10008-20-S150-
Y-1 D+L D+L 55.88 — 55.12 — — 1.014 — —

42 DC10008-20-S300-
Y-1 D+L D+L 53.85 52.1 — — 1.018 — —

43 DC8008-05-S150-
N-1 D+L D+L 64.26 63.49 68.37 79.01 58.46 0.940 0.813 1.099

44 DC8008-05-S150-
N-2 D+L D+L 62.72 67.67 78.32 58.12 0.927 0.801 1.079

45 DC8008-15-S150-
N-1 L +D L+D 55.7 57.50 55.63 79.71 57.21 1.001 0.699 0.974

46 DC8008-15-S150-
N-2 L +D L+D 59.3 56.75 79.53 56.35 1.045 0.746 1.052
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Pta were the tested ultimate load and the average ultimate
capacities of the two repeated specimens. From Table 4, it
can be known that for section DC7510 series and section
DC8008 series, the buckling modes changed from the in-
teraction of local and distortional buckling to the interaction
of local, distortional, and overall buckling. Meanwhile, the
length had significant effect on ultimate strength of speci-
mens failed with the interaction of local, distortional, and
overall buckling because the load capacities of these speci-
mens decreased obviously with the increasing of length. But,
for the section DC9008 series and section DC10008 series, all
specimens failed with the interaction of local and

distortional buckling, and the ultimate load capacities had
no obvious change which indicated that the length had less
influence on ultimate strength of specimens failed with the
interaction of local and distortional buckling.

*e ultimate load capacities increased 2%–5% when the
spacing of screws changed from 300mm to 150mm. *e
results indicated the reducing the spacing of connection
screws for same section can result in a certain increase in the
ultimate load capacity of the specimen.

*e ultimate load capacities increased 3%–10% when
the end fastener group was installed. *e results indicated
that the arrangement of EFG for the same section can lead

Table 4: Continued.

No. Specimen Test buckling
mode

FEA buckling
mode Pt (kN)

Pta
(kN) PA (kN)

PD
(kN)

PMD
(kN)

Pt/
PA

Pt/
PD

Pt/
PMD

47 DC8008-15-S300-
N-1 L +D L+D 54.4 55.90 53.43 — — 1.018 — —

48 DC8008-15-S300-
N-2 L +D L+D 57.4 55.04 — — 1.043 — —

49 DC8008-15-S150-Y-
1 L +D L+D 57.96 — 53.35 — — 0.955 — —

50 DC8008-15-S300-Y-
1 L +D L+D 59.1 59.74 — — 0.989 — —

51 DC8008-20-S150-
N-1 L +D+G L+D+G 57.97 56.40 54.68 79.03 55.13 1.060 0.734 1.052

52 DC8008-20-S150-
N-2 L +D+G L+D+G 54.82 54.21 78.21 54.45 1.011 0.701 1.007

53 DC8008-20-S300-
N-1 L +D+G L+D+G 52.5 52.04 53.31 — — 0.985 — —

54 DC8008-20-S300-
N-2 L +D+G L+D+G 51.58 52.24 — — 0.987 — —

55 DC8008-20-S150-Y-
1 L +D+G L+D+G 57.14 — 55.48 — — 0.976 — —

56 DC8008-20-S300-Y-
1 L +D+G L+D+G 52.73 53.66 — — 0.964 — —

Average 0.969 0.744 1.066
Standard deviation 0.036 0.057 0.064

Coefficient of variation 0.037 0.077 0.060

DC10008-05 DC7510-05 DC8008-05

(a)

DC9008-05

(b)

DC10008-05

(c)

DC7510-05 DC9008-05

(d)

Figure 9: Buckling modes of built-up columns with the nominal length of 500mm. (a) Distortional buckling + local buckling in web.
(b) Local buckling in web. (c) Local buckling in the flange. (d) Plastic crush.
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to a certain increase in the ultimate strength of the
specimen.

4. Verification of FEM and Parametric Study

4.1. Development of Finite Element Models. *e finite ele-
ment program ABAQUS [29] was used to simulate the
buckling modes and behavior of the specimens and perform
a further parametric analysis on the built-up I-sectional

columns. *e S4R shell element was selected for modeling
the column, and the analytical rigid body element was used
for modeling the upper and lower end steel plates of the
specimens. *e C3D8R solid element was used to simulate
the ST4.8 self-drilling screws used in the test. *e self-
drilling screw and the web were connected by tie (binding).
Because the two web surfaces were prone to puncture in the
FEA, the hard contact between the contact surfaces of the
webs was used to transfer the normal stress between the two

DC7510 DC8008

(a)

DC9008 DC10008

(b)

Figure 11: Buckling modes of built-up columns with the nominal length of 2000mm. (a) Local buckling in web + distortional buck-
ling + overall flexural buckling. (b) Local buckling in web + local buckling in flange + distortional buckling.

DC7510-S150-N-1 DC9008-S150-N-1

(a)

DC10008-S150-N-1

(b)

DC7510-S150-N-1 DC8008-S150-N-1 DC9008-S150-N-1 DC10008-S150-N-1

(c) (d)

Figure 10: Buckling modes of built-up columns with the nominal length of 1500mm. (a) Local buckling in web. (b) Local buckling in the
flange. (c) Distortional buckling + local buckling in web. (d) Plastic crush.
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Figure 13: Load and lateral displacement curve of section DC7510 series. (a) DC7510-05-S150-N-1. (b) DC7510-15-S150-Y-1. (c) DC7510-
20-S150-N-1.
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Figure 12: Load and axial shorten displacement curve of section DC7510 series. (a) Section DC7510-05 series. (b) Section DC7510-15 series.
(c) Section DC7510-20 series.
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Figure 14: Load and axial shorten displacement curve of section DC7510 series with different lengths.
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surfaces. *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 upper end plate (2 translation
degrees of freedom and 3 rotational degree 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.*emeasured actual dimensions and the
maximum initial imperfections of the specimens (see in
Table 2) were all included in the models. *e ideal elastic-
plastic constitutive was selected based on the coupon tests
(see in Table 3). *e whole analysis procedure included two
phases: firstly, an eigen-value buckling analysis was con-
ducted to find the first elastic buckling mode of the speci-
men. *e measured maximum magnitude of the initial
imperfections was applied to the first eigen mode to produce
the geometric imperfection of FEA. Secondly, nonlinear
analysis considering both the material nonlinear and geo-
metric nonlinear was performed by using the arc-length
method to analyze the failure modes and load capacities of
specimens. *e final FEM is shown in Figure 15.

4.2. Verification of Finite Element Models. *e comparisons
on the ultimate strengths and the buckling modes between
test and FEA results are summarized in Table 4, where PA
represents the ultimate strengths of specimens obtained by
FEA.*emean value of the ratio of test results to FEA results
(Pt/PA) is 0.969 with the corresponding coefficient of vari-
ation of 0.037. It shows that the FEA results match well with
the test results in the ultimate strengths. So, it indicates that
the FEA can simulate the ultimate strengths of specimens
accurately.*e comparisons on failure modes for the section
DC10008 series between the test and FEA are illustrated in
Figure 16, and the interaction of distortional buckling and
local buckling can be seen. *e comparisons show good
agreement about buckling modes between the test and FEA,
which indicates that the FEM can analyze the buckling
modes of this kind of built-up column well. *e load and
axial shorten displacement curves of section DC9008 ob-
tained by the FEA coincide well with the experimental result,
as shown in Figures 17(a)–17(c). Meanwhile, the compar-
ison on load and lateral displacement curves of specimen
DC7510-15-S150-Y-1 shown in Figure 17(d) indicated a
good agree about buckling mode, but the displacement
values had a litter different. *erefore, the FEM verified by
the tests is accurate and can be used to simulate the ultimate
strength, the failure mode, and the load and axial dis-
placement curve of CFS built-up I-sectional columns.

4.3. Finite Element Parametric Study. *e main parametric
studies in finite element analysis were the slenderness ratio,
the spacing of screws, and the end fastener group. *e
nominal dimension of cross section and the ideal elastic-
plastic constitutive relation were used in FEM. *e maxi-
mum magnitude of the initial geometric imperfection
supposed to be L/750 according to the Chinese specification
[1]. *e other conditions such as restraint conditions in the
FEM were same as introduced in Section 4.1.

4.3.1. Effect of the Slenderness Ratio. *e two tested and six
other normal sections were studied further by using pro-
gram ABAQUS in the same way.*e nominal dimensions of
cross sections selected to analyze are listed in Table 5. *e
lengths of chosen built-up columns were 500, 1000, 1500,
2000, and 3000mm.*e spacing of screws was 150mm.*e
maximum percent ratios of decreasing of load capacities
with the slenderness ratio are listed in Table 5. *e load
capacities obtained by FEA results are plotted in Figure 18.
Meanwhile, the load-axial displacement curves of built-up
I-sectional columns with different slenderness ratios and
yield strengths are illustrated in Figure 18. *e typical
buckling modes are shown in Figure 19 for section DC7510
series.

It can be observed from Figures 18 and 19 that the
ultimate strengths of the CFS built-up I-sectional columns
decrease with the increasing of the slenderness ratio of
columns. Figure 20 illustrated the effect of the slenderness
ratio on buckling modes. For section DC7510 with nominal
length of 3000mm (Figure 20(a)) and 2500mm
(Figure 20(b)), the overall buckling is observed and the
deformation of cross section does not display the local and
distortional buckling. For section DC7510 with nominal
length of 2000mm (Figure 20(c)) and 1500mm
(Figure 20(d)), the overall buckling is observed and the
deformation of cross section displays the distortional
buckling. For section DC7510 with nominal length of
1000mm (Figure 20(e)) and 500mm (Figure 20(f)), the
deformations of members show the interaction of overall
buckling, distortional buckling, and local of flanges.

4.3.2. Effect of the Spacing of Screws. *e effects of the
spacing of screws were also numerically investigated. *e
load and axial displacement curves of section DC10010 with
different lengths (1000, 2000, and 3000mm) and different
spacing of screws (150, 300, and 450mm) are depicted in
Figure 21. Columns failed by combining overall, local, and
distortional buckling modes in different ways, depending of
the slenderness ratio related to each of the modes. *e
decreasing of load capacities is less than 5% when the
spacing of screws increases from 150mm to 450mm, as
shown in Figure 20. *e comparison results indicate that
spacing of screws has a litter effect on the ultimate strength
of built-up I-sectional columns when the spacing of screws is
less than 450mm.

Rigid body

RP1

RP2Hard contact

TIE constraint

TIE constraint

Figure 15: Finite element analysis model.
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(a) (b) (c)

Figure 16: Comparison of buckling modes between tests and finite element analysis. (a) DC10008-05. (b) DC10008-15. (c) DC10008-20.
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Figure 17: Continued.
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Figure 17: Comparison on load and displacement curves between tests and finite element analysis. (a) Load and axial displacement of
DC9008-05-S150-N-1. (b) Load and axial displacement of DC9008-15-S150-N-1. (c) Load and axial displacement of DC9008-20-S150-N-1.
(d) Load and lateral displacement of DC7510-15-S150-Y-1.

Table 5: Section matrix of CFS built-up columns in FEA and maximum percent ratio of decreasing of load capacity.

Section series h (mm) b (mm) a (mm) t (mm) fy (MPa) Slenderness ratio Maximum percent ratio of decreasing of load capacity
(%)

DC7510 75 40 8 1 550 12.15∼150.12 76.72
DC10010 100 51 12 1 550 9.88∼118.58 58.74
DC10075 100 51 12 0.75 550 9.88∼118.58 50.11
DC7012 69 35 11.3 1.2 350 13.89∼166.64 76.9
DC14008 140 50 10.3 0.8 350 11.24∼134.88 48.26
DC14012 140 50 11.3 1.2 350 11.24∼134.88 43.88
DC8910 89 41 13 1 280 11.71∼140.60 58.77
DC14010 140 41 13 1 280 13.14∼157.74 58.89

0 20 40 60 80 100 120 140 160 180
20

40

60

80

100

120

140

P A
 (k

N
)

λ

DC7510
DC10010
DC10075
DC7012

DC14008
DC14012
DC8910
DC14010

Figure 18: Load capacity-slenderness ratio curves of built-up I-sectional columns for different sections.
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4.3.3. Effect of the End Fastener Group. *e load capacities
and buckling modes of section DC10010 and section
DC7510 with and without the end fastener group are pre-
sented in Table 6, where PA1 and PA2 are the FEA results for
built-up columns without and with EFG. *e lengths of
these sections were 1500 and 2000mm, and the spacing of
screws were 150, 300, and 450mm.*e FEA results shown in
Table 6 indicated that the EFG has no obvious effect on the
ultimate strength of CFS built-up I-sectional columns when
the spacing of screws is equal to 150 or 300mm, but the EFG
has a certain effect on the ultimate strength when the spacing
of screws is equal to 450mm. *e comparison results show
that the EFG can increase the ultimate strength of CFS built-
up I-sectional columns which fail in interaction of local and

distortional buckling when the spacing of screws is equal to
450mm.

5. Design Method

*e EWM and DSM are two basic design methods for CFS
members in the worldwide design specifications.*eDSM is
only selected to determine the ultimate strength of the CFS
built-up I-sectional columns in this paper. But we need to
note that the current DSM has no design provision for the
CFS built-up I-sectional columns. *erefore, the feasibility
of DSM for determining the ultimate strength of CFS built-
up I-sectional columns under axial compression should be
evaluated.
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Figure 19: Load and axial shorten displacement curves of built-up I-sectional columns with different slenderness ratios. (a) DC8910 series.
(b) DC14010 series. (c) DC7012 series. (d) DC14012 series. (e) DC7510 series. (f ) DC10010 series.
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5.1. Direct Strength Method. *e DSM in AISI [2] considers
the distortional buckling, the overall buckling, and the in-
teraction of local buckling and overall buckling.*e ultimate

strength (PD) of CFS columns under axial compression is
equal to the minimum value of Pne, Pnl, and Pnd as follows:

PD � min Pne, Pnl, Pnd . (2)

Pne, Pnl, and Pnd can be predicted by using the following
formulas:

Pne �

0.658λ
2
c Py, λc ≤ 1.5,

0.877
λ2c

 Py, λc > 1.5,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(3)

Pnl �

Pne, λl ≤ 0.776,

1 − 0.15
Pcrl

Pne
 

0.4
⎛⎝ ⎞⎠

Pcrl

Pne
 

0.4

Pne, λl > 0.776,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(4)

Pnd �

Py, λ d ≤ 0.561,

1 − 0.25
Pcrd

Py

 

0.6
⎛⎝ ⎞⎠

Pcrd

Py

 

0.6

Py, λ d > 0.561,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(5)

where λc �
������
Py/Pcre


, λl �

�������
Pne/Pcrl


, λ d �

������
Py/Pcrd


,

Py � Agfy, Pcrl � Agfcl, Pcrd � Agfcd, Ag is the gross
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Figure 20: Failure modes of finite element analysis for section DC7510 series. (a) 3000mm. (b) 2500mm. (c) 2000mm. (d) 1500mm.
(e) 1000mm. (f) 500mm.
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tional columns with different spacing of screws.
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cross-sectional area, Pne, Pnl, and Pnd are the nominal
strength for overall buckling, interaction of local and global
buckling, and distortional buckling, respectively, Pcre, Pcrl,
and Pcrd are the elastic critical load for overall, local, dis-
tortional buckling, respectively, and fcre, fcrl, and fcrd are the
elastic critical stress for overall, local, and distortional
buckling, respectively.

*e prediction of the elastic critical overall, local, and
distortional buckling stress (fcre, fcrl, and fcrd) is the key
content before determining the ultimate strength of the CFS
members by using DSM. *e elastic critical overall, local,
and distortional buckling stress can be obtained by means of
the CUFSM proposed by Schafer [30]. *e software CUFSM
requires that the cross section of the analyzed member is
uniform along the longitudinal direction. Obviously, the
CFS built-up I-sectional members connected by the screws
cannot meet this condition. *erefore, the CFS built-up
I-sectional members cannot be directly calculated by using
CUFSM. *e simplified elastic buckling model needs to be
proposed to predict the elastic critical buckling stress of
built-up I-sectional columns under axial compression.

A single lipped C-section was used to determine the
elastic local buckling stress of the CFS built-up I-sectional
column by ignoring the restraint of screws on the elastic
local buckling because the local buckling half-wavelength of
a built-up column is usually smaller than the spacing of
screws. On the contrary, the distortional buckling and
overall buckling half-wavelengths of a built-up column are
generally larger than the spacing of screws, and the torsion

stiffness of the built-up member can be significantly im-
proved by connecting two webs as a whole. *erefore, *e
elastic distortional buckling and overall buckling stress of
the CFS built-up I-sectional columns can be determined by
considering double C-sections as a whole I-section, as shown
in Figure 22.

*e ultimate strengths determined by using DSM design
formulas (2)–(5) and approximate elastic buckling stress
were compared with those obtained from tests as listed in
Table 4. *e comparison between the design curve of DSM
and the load capacities obtained from the test and the FE
parametric analyses is displayed in Figure 23. *e mean
value of test-to-prediction ultimate strength ratio (Pt/PD) is
0.744 with the corresponding coefficient of variation of
0.077, as shown in Table 4. *e calculated ultimate strengths
of built-up I-sections by using DSM are lower than that of
the test and FEA results, as illustrated in Table 4 and
Figure 23.

5.2. Modified Direct Strength Method. Since the interaction
buckling strength of local and global buckling (Pnl) is always
greater than or equal to global buckling strength (Pne), the
nominal ultimate strength of the CFS member is actually
equal to the lower value of the interaction buckling strength
between local and global (Pnl) and distortional buckling
strength (Pnd). *erefore, the interaction buckling strength
curve between local and global and distortional buckling
strength curve are modified in this section. *e prediction
formulas are as follows:

Table 6: Comparison on load capacities for built-up columns with and without the end fastener group.

Built-up columns L (mm) λ Buckling modes PA (kN) (PA2 −PA1)/PA1 (%)
DC10010-15-S150-N-S

1500 29.65

L +D 129.40 0.15DC10010-15-S150-Y-S L +D 129.60
DC10010-15-S300-N-S L +D 127.51 0.64DC10010-15-S300-Y-S L +D 128.32
DC10010-15-S450-N-S L +D 122.80 4.07DC10010-15-S450-Y-S L +D 127.80
DC10010-20-S150-N-S

2000 39.53

L +D 119.29 0.79DC10010-20-S150-Y-S L +D 120.24
DC10010-20-S300-N-S L +D 117.92 2.15DC10010-20-S300-Y-S L +D 120.46
DC10010-20-S450-N-S L +D 113.20 5.54DC10010-20-S450-Y-S L +D 119.47
DC7510-15-S150-N-S

1500 37.53

L +D 92.21 1.49DC7510-15-S150-Y-S L +D 93.58
DC7510-15-S300-N-S L +D 91.3 1.42DC7510-15-S300-Y-S L +D 92.6
DC7510-15-S450-N-S L +D 87.63 4.42DC7510-15-S450-Y-S L +D 91.5
DC7510-20-S150-N-S

2000 50.04

L +D 87.43 2.85DC7510-20-S150-Y-S L +D 89.92
DC7510-20-S300-N-S L +D 86.68 2.40DC7510-20-S300-Y-S L +D 88.76
DC7510-20-S450-N-S L +D 82.8 5.80DC7510-20-S450-Y-S L +D 87.6
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PMD � min Pmnl, Pmnd , (6)

Pmnl �

Pne, λl ≤ 0.636,

2.13 − 1.777
Pcrl

Pne
 

0.5
⎡⎣ ⎤⎦Pne, 0.636< λl < 0.838,

1 − 0.39
Pcrl

Pne
 

0.7
⎡⎣ ⎤⎦

Pcrl

Pne
 

0.7

Pne, λl ≥ 0.838,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

Pmnd �

Py, λ d ≤ 0.353,

1.216 − 0.612
Pcrd

Py

 

0.5
⎛⎝ ⎞⎠Py, 0.353< λ d < 0.786,

1 − 0.34
Pcrd

Py

 

0.8
⎡⎣ ⎤⎦

Pcrd

Py

 

0.8

Py, λ d ≥ 0.786.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

*e ultimate strength determined by using modified
DSM design formulas (6)–(8) and the approximate elastic
buckling stress were compared with the ultimate capacities
obtained from tests as listed in Table 4. *e comparison
between the design curve of the modified DSM and the load
capacities obtained from the test and the FE parametric
analyses results are shown in Figure 23. *e mean value of
the test-to-modified prediction ultimate strength ratio (Pt/
PMD) is 1.066 with the corresponding coefficient of variation
of 0.06, as shown in Table 4. It indicated that the calculated
ultimate strengths of built-up I-sections by using modified
DSM are safe and accurate, and the modified DSM can be
used to determine the ultimate strength of the CFS built-up
I-sectional columns under axial compression.

6. Conclusion

*e built-up I-section connected together with two lipped
channel sections by screws through the webs is the most
common built-up members used in CFS building. A total of
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Figure 23: Comparison of the test results, FEA results with the DSM curves, and modified DSM curves. (a) Local buckling and global
buckling interaction. (b) Distortional buckling.
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Figure 22: Cross section assumptions of the built-up I-section. (a) Double C-sections. (b) A whole I-section.
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56 CFS built-up I-sectional columns were tested. Based on
the experimental investigation, numerical simulation, and
theoretical analysis, some conclusions can be drawn as
follows.

*e interaction of local and distortional buckling and
interaction of local, distortional, and overall buckling
were observed in this test study. *is interaction buckling
had a significantly affect on the buckling behavior of CFS
built-up I-sectional columns under axial compression.
*e built-up columns showed great composite action
through the web screws. *e spacing of screws and the end
fastener group had a certain effect on ultimate strength of
built-up columns, especially for columns failed with
global buckling.

Numerical simulations for buckling modes and ultimate
capacities of built-up I-sectional members were reliable and
accurate.

*e finite element parametric analysis indicated that the
slenderness ratio had great influence on ultimate strength
and stiffness for the built-up I-sectional members failed with
local-distortional-overall buckling interaction and a few
effect for the built-up I-sectional members failed with local-
distortional buckling interaction. *e spacing of screws and
the end fastener group had a certain influence on ultimate
strength of CFS built-up I-sectional columns when the built-
up members had large spacing of screws.

*e ultimate strength predicted using the proposed
direct strength method in this paper can agree well with the
test results and finite element results when the elastic dis-
tortional buckling and the elastic global buckling stress of
the CFS built-up I-sectional columns are predicted by
keeping the built-up cross section as a whole I-section, and a
single C-section is used to determine the elastic local
buckling stress. *e comparison indicated that the proposed
DSM designmethod is reliable for the commonCFS built-up
I-sectional columns in this paper. It needs to further verify
for other CFS built-up I-sectional columns.
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