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Abstract: To investigate the axial compressive behavior of an opening cold-formed thin-wall C-steel
combined double-limb column, C-steel combined I-section columns were modeled in this paper,
and the models were validated by experiments on axial-compressed combined columns. Parametric
analyses were carried out on the combined columns. The effects of slenderness ratio, height to
thickness ratio, width to thickness ratio, bolt spacing, and opening in the web on the ultimate
compressive bearing capacity of the combined columns were investigated. It was observed that the
slenderness ratio had the most significant effects on the combined column. Furthermore, the formulas
predicting the compressive bearing capacity in the Chinese and AISI standards were compared,
and the accuracy of the formulas was studied. Afterward, the formulas with higher accuracy and
applicability for the ultimate compressive bearing capacity for the C-steel combined I-section column
were proposed. The compression stability factor and reduction factor were fitted in this paper. The
proposed formulas and factors can predict the ultimate compressive bearing capacity of the C-steel
combined I-section column.

Keywords: combined column; numerical analyses; ultimate compressive bearing capacity;
slenderness ratio; opening ratio

1. Introduction

Steel structures and composite structures have been widely used in civil and industrial
engineering [1–3]. Due to its advantages of light weight, high strength, energy saving,
environmental protection, and rapid construction [4,5], the cold-formed thin-walled steel
structure has been widely used in engineering structures [6–9]. In applications of the
columns, two or more U-shaped and C-shaped cold-formed thin-walled steel members are
usually connected with self-tapping screws, rivets, or bolts to form combined columns with
better mechanical properties. The combined components are suitable for multistorey build-
ings [10–13]. Compared with a single section, a cold-formed thin-walled steel combined
column has the advantages of greatly improving the bearing capacity, bending and tor-
sional stiffness, and convenient manufacturing and construction [14,15]. Among all kinds
of combined cross-sections, the I-shaped cross-section with two C-shaped cross-sections
assembled back-to-back is the most widely used, and its structural schematic diagram is
shown in Figure 1. In this paper, this type of combined column is called a C-steel combined
I-section column.

In recent decades, much research has been conducted on cold-form thin-walled com-
bined columns. Bae et al. carried out experiments on combined columns with U-shaped,
2U-shaped, and 2U + C-shaped combined cross sections, and proved that steel columns
with combined cross sections have higher compressive bearing capacity [16]. Whittle and
Ramseyer conducted experimental studies on a C-shaped thin-walled steel combined box
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section with double limb, and found that the reasonable spacing of connectors can effec-
tively avoid the instability of members [17]. Zhou et al. carried out numerical analyses on
the cold-formed thin-walled combined columns to investigate the influence of the sectional
form, size, and slenderness ratio on the combination effects, and suggested that the stable
bearing capacity of the combined column should be set as 0.7 times that of the overall
sectional stability bearing capacity to ensure the reliability of the connector [18]. Chen
et al. investigated the influence of the thickness of the backing plate and the spacing of the
backing plate on the mechanical properties of the combined column through experiments
and numerical studies, and proposed a formula for calculating the bearing capacity of
the columns with the effective width method [19–21]. Li et al. proposed a formula for
calculating the elastic distortion buckling stress of the combined box-section columns [22].
Dabaon and Ellobody studied the failure mode and deformation behavior of combined
columns through experiments, and found that the European code and Australian code were
not conservative for the destruction of the combined columns with local buckling [23,24].
Abbasi and Khezri analyzed the elastic buckling of the combined columns, and proposed
an element with adjustable stiffness characteristics to simulate connectors between the
combined columns [25]. Recently, Rahnavard also carried out numerical analyses on the
box-section combined columns, and investigated the influence of the form and spacing of
the batten plate on the buckling behavior of combined members [26]. Zhou et al. carried
out axial compression tests on long columns with C-shaped cross-section and box-shaped
cross-section combined with the C-steel. It was found that the failure mode of the specimens
was mainly global bending [27–30].
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Figure 1. Diagram of the C-steel combined I-section column (a) Cross section; (b) 3D diagram; (c) 
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Since the I-shaped cross section column has been widely adopted in building engi-
neering, many studies have been conducted on the C-steel combined I-section column
with double limb. Stone and Laboube analyzed the buckling form and ultimate bearing
capacity of 32 assembled I-section members connected by self-drilling screws under axial
compression, and proved that the ultimate bearing capacity calculated by the American
code was conservative [31]. Yao studied the effects of the slenderness ratio and screw
spacing on the mechanical properties of I-section steel columns. The experiments showed
that the slenderness ratio had a great influence on the compressive bearing capacity of
I-section steel columns [32]. Fratamicoa carried out buckling and failure tests and numer-
ical analyses on I-shaped cross-section columns with double-limb open-ended grooved
steel. It was found that local–global mutual buckling and bending–torsional buckling are
common failure modes of open-ended assembled specimens [33,34]. In addition, through
Southwell’s method [35] to obtain the end stiffness, the design method based on direct
strength was proposed. Roy and Ting focused on the influence of the member thickness and
slenderness ratio on the compression performance of the combined I-shaped members. The
results showed that the thickness and slenderness ratio were important factors affecting
the bearing capacity of the composite column [36,37]. In previous research, it was observed
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that the lateral torsional buckling occurred at the beam or column [38–41]. The lateral
torsional buckling of the C-steel combined I-section column should be investigated.

In summary, in previous research, the connection form of cold-formed thin-walled
steel I-section columns was mostly screw connection. There are few studies on the bolt-
connected combined I-section column. Furthermore, the research was mostly concentrated
on the combined I-section column with complete section form. There are few studies
on I-section combined column with opening web. The openings in the web may affect
the compressive bearing capacity of the I-section combined column. To investigate the
axial compressive behavior of the C-steel combined I-section column, the finite element
models of the columns were established in this paper. The finite element models were
validated by experiments. In addition, parametric analyses were conducted on the I-
section combined columns with complete and opening webs to investigate the mechanical
behaviors. Moreover, the design formulas of the I-section combined column were proposed,
and the applicability and accuracy of the proposed formulas were verified in this paper.

2. Numerical Simulations on C-Steel Combined I-Section Columns
2.1. Finite Element Models

To investigate the compressive performance of the cold-formed thin-walled C-steel
combined I-section columns with double limbs and the factors affecting their buckling
mode, the C-steel combined I-section columns were simulated in Ansys [42]. In the com-
bined column, the C-steel and terminal pad were simulated by Shell 181 elements, and
the bolts in the web were modeled by Solid 185 elements. Since the two C-shaped steels
were combined, the interactions between the two C-shaped steels were set as Targel 70
and Contal 174, respectively. Furthermore, the interactions between the C-shaped steels
and terminal pads were surface-to-line interaction. Thus, the interactions between the
terminal pad and C-shaped steels were set as Targel 70 and Contal 175, which can obtain
better simulation effects in surface-to-line interaction [42]. In the finite element models, the
pre-tension was set as 125 kN. The combined specimens in [43] were simulated in this paper,
and the parameters of the specimens are listed in Table 1. The meanings of the notations in
Table 1 are shown in Figure 2. Moreover, δ0, λy, and A denote the initial geometric defect,
slenderness ratio of a single limb component in the weak axis direction, and sectional area
of the combined column, respectively. The naming rules of the specimens are shown in
Figure 3. In Figure 3, the prefixes S, M, and L denote the short, medium, and long columns,
respectively.

Table 1. Parameters of the C-steel combined I-section columns in Ref [43].

L/mm h/mm b/mm c/mm t/mm δ0/mm λy A/mm2

SC-90-A1 270 92.8 41.8 14.8 1.19 0.412 8.45 466.5
SC-90-A2 270 93.8 41.8 14.7 1.19 0.521 8.47 468.4
MC-90-A1 1533 93.5 41.5 15.0 1.18 0.565 96.51 464.0
MC-90-A2 1531 92.5 42.0 14.5 1.20 0.433 95.73 469.0
LC-90-A1 3033 91.8 43.2 14.4 1.19 0.521 184.56 468.9
LC-90-A2 3038 92.8 40.2 15.0 1.18 0.374 197.15 456.2
SC-140-A1 451 142.7 42.9 15.1 1.47 0.646 14.47 724.3
SC-140-A2 451 144.2 42.8 14.8 1.48 0.535 14.59 731.1
MC-140-A1 1532 142.0 42.5 15.5 1.48 0.652 98.82 726.9
MC-140-A2 1533 142.0 42.0 15.0 1.48 0.443 100.66 721.0
LC-140-A1 3034 140.8 42.0 15.5 1.49 0.656 197.96 725.0
LC-140-A2 3033 141.5 42.3 16.0 1.47 0.661 195.37 722.5
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According to the material tests in [43], the elastic modulus, Poisson’s ratio and yield
strength of the steel were set as 2.05 × 105 N/mm2, 0.303 and 305.4 N/mm2, respectively. In
the finite element simulations, the von Mises yield rule was used. To simulate the boundary
conditions, in the finite element models, the translation displacements ux, uy, and uz of
the upper terminal pad were constrain, and the ux and uy displacements of the bottom
terminal pad were fixed. The finite element model of the C-steel combined I-section column
is shown in Figure 4.
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2.2. Finite Element Model Validations

The ultimate compressive bearing capacities of the combined columns in experiments
and simulations are listed in Table 2. In Table 2, NFE and NTE denote the compressive
bearing capacities obtained by the finite element analyses and experiments. According to
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Table 2, the compressive bearing capacities obtained by the simulations and experiments
were similar, and the average error was 2.6%. Furthermore, the failure mode obtained by
the simulations were the same as those observed in the tests. Figure 5 shows the load–
vertical displacement (F-∆) relationship curves of the specimens. For the short, medium,
and long combined columns, the curves obtained by tests and simulations were similar.
Moreover, the failure modes of the C-steel combined I-section columns are compared in
Figure 6. The failure modes observed in the tests and predicted in the numerical analyses
were the same. Therefore, the finite element modeling method was validated and can be
adopted to investigate the ultimate compressive bearing capacity of the C-steel combined
I-section columns.

Table 2. Comparisons between the simulated and tested compressive bearing capacities.

Simulation Experiment
NFE/NTE Error/%

NFE/kN Failure Mode NTE/kN Failure Mode

SC-90-A1 133.6 Local buckling 127.7 Local buckling 1.046 4.62
SC-90-A2 133.5 Local buckling 132.8 Local buckling 1.005 0.53

MC-90-A1 102.3 Local + overall
buckling + distortion 97.7 Local + overall

buckling + distortion 1.047 4.71

MC-90-A2 106.7 Local + overall
buckling + distortion 103.0 Local + overall

buckling + distortion 1.036 3.59

LC-90-A1 44.5 Overall buckling 42.6 Overall buckling 1.045 4.46
LC-90-A2 44.9 Overall buckling 39.9 Overall buckling 1.125 12.53
SC-140-A1 142.7 Local buckling + distortion 130.7 Local buckling + distortion 1.092 9.18
SC-140-A2 143.1 Local buckling + distortion 139.6 Local buckling + distortion 1.025 2.51

MC-140-A1 106.2 Local + overall
buckling + distortion 105.8 Local + overall

buckling + distortion 0.856 0.38

MC-140-A2 105.1 Local + overall
buckling + distortion 101.0 Local + overall

buckling + distortion 1.041 4.06

LC-140-A1 48.0 Overall buckling 49.2 Overall buckling 0.976 −2.44
LC-140-A2 47.7 Overall buckling 46.9 Overall buckling 1.017 1.71
Mean value - - - - 1.026 3.82

Variance - - - - 0.063 3.98
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Figure 5. Load–vertical displacement relationship curves of the C-steel combined I-section columns
(a) SC-90-300-A1; (b) MC-140-1500-A1; (c) LC-90-3000-A1.
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3. Parametric Analyses on C-Steel Combined I-Section Columns

To investigate the effects of different parameters on the ultimate compressive bearing
capacity of the combined columns, 171 combined columns were analyzed in this section. In
the analyses, the initial defect mode was set as the first-order buckling mode shape, and
the defect value was set as L/1000 [44], where L is the length of the column. In this section,
the effects of the holes on the web were also studied, and the naming rule of the combined
columns in the parametric analyses is shown in Figure 7.
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3.1. Effects of Slenderness Ratio

To investigate the effects of the slenderness ratio on the ultimate compressive bear-
ing capacity, the combined columns, C90-40-15-1.5, C120-40-15-1.5, C140-40-15-1.5, and
C160-40-15-1.5, with different lengths (300, 600, 900, 1200, 1500, 1800, and 3000 mm) were
modeled in this section. Taking C120-40-1.5 combined columns as examples, with different
length, the failure modes of the columns are shown in Figure 8, and the load–vertical
displacement relationship curves of C120-40-1.5 combined columns are shown in Figure 9.
For the short, medium, and long columns, the failure modes were local, local buckling–
distortion, and overall buckling, respectively.

With different slenderness ratios, the ultimate compressive bearing capacities of the
four series combined columns are shown in Figure 10. The compressive bearing capacity
decreased with the increase in the slenderness ratio. When the slenderness ratios ranged
from 10 to 75 and 150 to 210, the compressive bearing capacity decreased slowly. With the
slenderness ratios lower than 75, the two C steels in the combined columns constrained
with each other, and only local buckling could be observed. When the slenderness ratios
were 75~150, the compressive bearing capacity decreased rapidly, caused by the distortion
in the combined columns. When the slenderness ratios were greater than 150, overall
buckling occurred. Thus, the compressive bearing capacity decreased rapidly.
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changing the height of the C steels, the stress distributions of the 1500 mm-length 
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8.0%, 11.5%, and 25.8%, respectively. In the models of the combined columns, with the 
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3.2. Effects of Height to Thickness Ratio of Web

To investigate the effects of height to thickness ratio of the web on the ultimate com-
pressive bearing capacity of the C-steel combined I-section columns, parametric analyses
were carried out on the columns with a width of flange, height of the curling, and thickness
of the steel of 40 mm, 15 mm, and 1.5 mm, respectively. Furthermore, the columns with
length of 300 mm, 900 mm, 1500 mm, and 3000 mm were analyzed. By changing the height
of the C steels, the stress distributions of the 1500 mm-length combined columns are shown
in Figure 11. With different height of the web, the load–vertical displacement relationship
curves are shown in Figure 12. According to Figures 11 and 12, with the increase in the
height to thickness ratio, the vertical displacement decreased, and the ultimate bearing
capacity increased. The maximum stresses gradually shifted to the web of the component.
The ultimate compressive bearing capacity versus height to thickness ratio of the web
relationship curves are shown in Figure 13. With the increase in height to thickness ratio of
the web, the bearing capacity increased slowly. For the four series of combined columns,
the increasing ratio of the height to thickness ratio was 122.2%, and the increasing ratios of
the compressive bearing capacity were 7.5%, 8.0%, 11.5%, and 25.8%, respectively. In the
models of the combined columns, with the increase in the height to thickness ratio of the
web, the cross-sectional areas of the columns increased. Additionally, it further reduced
the effect of height to thickness ratio of the web. Moreover, the direction of the web was in
the major axis of the combined columns, and the failure of the columns was mainly in the
weak axis. Thus, the effects of the height to thickness ratio of the web was not so obvious.
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3.3. Effects of Width to Thickness Ratio of Flange

In the parametric analyses, the thickness of the thin-walled steel plate was set as
1.5 mm, and the height of the curling and the length of the column were 15 mm and
1500 mm, respectively. The combined columns with a height of 90 mm, 120 mm, 140 mm,
and 160 mm were analyzed in this section. For the C90 series combined columns, under the
ultimate compressive load, the stress distributions are shown in Figure 14. With the increase
in the width to thickness ratio of the flange, the maximum stress gradually distributed on
the flanges, which means that the loads bore by the flanges increased. Figure 15 shows
the load–vertical displacement relationship curves of C90 series combined columns. The
large width to thickness ratio of the flanges constrained the deformation. The ultimate
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compressive bearing capacity versus width to thickness ratio of the flange are shown in
Figure 16. With the increase in the width to thickness ratio, the ultimate compressive
bearing capacity increased. Furthermore, when the width to thickness of the flange was in
the range of 22.5 to 30, the compressive bearing capacity increased rapidly. The direction of
the flange was along the weak axis of the C-steel combined I-section column. Therefore,
the effects of the width to thickness ratio of the flange were more obvious than those of the
height to thickness ratio of the web. In this section, the parametric analyses were carried
out on the medium columns. The large flange constrained the distortion of the columns
effectively. It was the reason why the ultimate compressive bearing capacity increased with
the increasing width to thickness ratio of the flange.

Buildings 2022, 12, 1378 10 of 24 
 

compressive bearing capacity versus width to thickness ratio of the flange are shown in 
Figure 16. With the increase in the width to thickness ratio, the ultimate compressive 
bearing capacity increased. Furthermore, when the width to thickness of the flange was 
in the range of 22.5 to 30, the compressive bearing capacity increased rapidly. The 
direction of the flange was along the weak axis of the C-steel combined I-section column. 
Therefore, the effects of the width to thickness ratio of the flange were more obvious than 
those of the height to thickness ratio of the web. In this section, the parametric analyses 
were carried out on the medium columns. The large flange constrained the distortion of 
the columns effectively. It was the reason why the ultimate compressive bearing capacity 
increased with the increasing width to thickness ratio of the flange. 

  
(a) (b) 

 
(c) 

Figure 14. Stress distortions of the combined columns with different width to thickness ratios of 
flange (a) C90-30-15-1.5-1500; (b) C90-45-15-1.5-1500; (c) C90-60-15-1.5-1500. Figure 14. Stress distortions of the combined columns with different width to thickness ratios of

flange (a) C90-30-15-1.5-1500; (b) C90-45-15-1.5-1500; (c) C90-60-15-1.5-1500.

Buildings 2022, 12, 1378 11 of 24 
 

 
Figure 15. F-Δ relationship curves of C90-B-15-1.5-1500. 

 
Figure 16. Nu-b/t relationship curves of the combined columns. 

3.4. Effects of Bolt Spacing 
The two C-steels were combined by the bolts on the webs to form an I-section column. 

The bolt spacing affects the combined effects. Li et al. recommended that the bolt spacing 
of the combined column should not be greater than 600 mm, and the number of bolts 
should be greater than three (when the length of the column is greater than 600 mm) [45]. 
In this section, parametric analyses were carried out on C140-40-15-1.5 combined columns 
to investigate the effects of the bolt spacing on the ultimate compressive bearing capacity. 
The lengths of the columns were set as 300 mm, 900 mm, 1500 mm, and 3000 mm. In the 
parametric analyses, the bolt spacings of the columns with different length can be found 
in Table 3. With different bolt spacing, the ultimate compressive bearing capacity of the I-
section combined columns are shown in Figure 17. According to Figure 17, the bolt 
spacing had less influence on the compressive bearing capacity. For the four series of 
combined columns with different length, the bolt spacing increasing ratios were 275%, 
800%, 1100%, and 1100%, respectively. However, the ultimate bearing capacity only 
increased by 0.6%, 0.6%, 1.1%, and 1.8%, respectively. 

Table 3. Bolt spacings and ultimate compressive bearing capacity of combined columns. 

 Bolt Spacing/mm Increasing Ratio Increasing Bearing Capacity 
C140-40-1.5-300 40, 60, 80, 100, 120, 150 275% 0.6% 
C140-40-1.5-900 50-450, step: 50 800% 0.6% 
C140-40-1.5-1500 50-200, step: 5; 200-600, step: 100 1100% 1.1% 
C140-40-1.5-3000 50-200, step: 50; 200-600, step: 100 1100% 1.8% 

0.75 1.50 2.25 3.00 3.750
0

25

50

75

100

125

Vertical displacement Δ/mm

Lo
ad

 F
1/k

N

 C-90-30
 C-90-35
 C-90-40
 C-90-45
 C-90-50
 C-90-55
 C-90-60

20 25 30 35 40 45
80

95

110

125

140

Width to thickness ratio of flange b/t

Co
m

pr
es

siv
e 

be
ar

in
g 

ca
pa

ci
ty

 N
u/

kN

 C- 90 -B-15-1.5-1500
 C-120-B-15-1.5-1500
 C-140-B-15-1.5-1500
 C-160-B-15-1.5-1500

Figure 15. F-∆ relationship curves of C90-B-15-1.5-1500.



Buildings 2022, 12, 1378 11 of 23

Buildings 2022, 12, 1378 11 of 24 
 

 
Figure 15. F-Δ relationship curves of C90-B-15-1.5-1500. 

 
Figure 16. Nu-b/t relationship curves of the combined columns. 

3.4. Effects of Bolt Spacing 
The two C-steels were combined by the bolts on the webs to form an I-section column. 

The bolt spacing affects the combined effects. Li et al. recommended that the bolt spacing 
of the combined column should not be greater than 600 mm, and the number of bolts 
should be greater than three (when the length of the column is greater than 600 mm) [45]. 
In this section, parametric analyses were carried out on C140-40-15-1.5 combined columns 
to investigate the effects of the bolt spacing on the ultimate compressive bearing capacity. 
The lengths of the columns were set as 300 mm, 900 mm, 1500 mm, and 3000 mm. In the 
parametric analyses, the bolt spacings of the columns with different length can be found 
in Table 3. With different bolt spacing, the ultimate compressive bearing capacity of the I-
section combined columns are shown in Figure 17. According to Figure 17, the bolt 
spacing had less influence on the compressive bearing capacity. For the four series of 
combined columns with different length, the bolt spacing increasing ratios were 275%, 
800%, 1100%, and 1100%, respectively. However, the ultimate bearing capacity only 
increased by 0.6%, 0.6%, 1.1%, and 1.8%, respectively. 

Table 3. Bolt spacings and ultimate compressive bearing capacity of combined columns. 

 Bolt Spacing/mm Increasing Ratio Increasing Bearing Capacity 
C140-40-1.5-300 40, 60, 80, 100, 120, 150 275% 0.6% 
C140-40-1.5-900 50-450, step: 50 800% 0.6% 
C140-40-1.5-1500 50-200, step: 5; 200-600, step: 100 1100% 1.1% 
C140-40-1.5-3000 50-200, step: 50; 200-600, step: 100 1100% 1.8% 

0.75 1.50 2.25 3.00 3.750
0

25

50

75

100

125

Vertical displacement Δ/mm

Lo
ad

 F
1/k

N

 C-90-30
 C-90-35
 C-90-40
 C-90-45
 C-90-50
 C-90-55
 C-90-60

20 25 30 35 40 45
80

95

110

125

140

Width to thickness ratio of flange b/t

Co
m

pr
es

siv
e 

be
ar

in
g 

ca
pa

ci
ty

 N
u/

kN
 C- 90 -B-15-1.5-1500
 C-120-B-15-1.5-1500
 C-140-B-15-1.5-1500
 C-160-B-15-1.5-1500

Figure 16. Nu-b/t relationship curves of the combined columns.

3.4. Effects of Bolt Spacing

The two C-steels were combined by the bolts on the webs to form an I-section column.
The bolt spacing affects the combined effects. Li et al. recommended that the bolt spacing
of the combined column should not be greater than 600 mm, and the number of bolts
should be greater than three (when the length of the column is greater than 600 mm) [45].
In this section, parametric analyses were carried out on C140-40-15-1.5 combined columns
to investigate the effects of the bolt spacing on the ultimate compressive bearing capacity.
The lengths of the columns were set as 300 mm, 900 mm, 1500 mm, and 3000 mm. In the
parametric analyses, the bolt spacings of the columns with different length can be found
in Table 3. With different bolt spacing, the ultimate compressive bearing capacity of the I-
section combined columns are shown in Figure 17. According to Figure 17, the bolt spacing
had less influence on the compressive bearing capacity. For the four series of combined
columns with different length, the bolt spacing increasing ratios were 275%, 800%, 1100%,
and 1100%, respectively. However, the ultimate bearing capacity only increased by 0.6%,
0.6%, 1.1%, and 1.8%, respectively.

Table 3. Bolt spacings and ultimate compressive bearing capacity of combined columns.

Bolt Spacing/mm Increasing
Ratio

Increasing
Bearing Capacity

C140-40-1.5-300 40, 60, 80, 100, 120, 150 275% 0.6%
C140-40-1.5-900 50-450, step: 50 800% 0.6%

C140-40-1.5-1500 50-200, step: 5; 200-600, step: 100 1100% 1.1%
C140-40-1.5-3000 50-200, step: 50; 200-600, step: 100 1100% 1.8%
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3.5. Effects of Opening in the Web
3.5.1. Effects of Opening Ratio of the Web

The openings in the web reduce the sectional area of the web and affect the failure
mode of the combined columns. To investigate the effects of the opening ratios of the web
on the ultimate compressive bearing capacity, parametric analyses were carried out on
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C140-40-15-1.5 combined columns. The opening ratios were defined as the ratio of area of
the openings to that of the web. In the parametric analyses, the oval openings were set in
the web, and the spacing between the openings was fixed. The opening ratio increased
from 0 to 60%, and the increasing ratio was about 8%.

With different lengths and opening ratios, the failure modes of the C-steel combined
I-section columns are shown in Figure 18. With the increase in the opening ratio, the
deformation of the columns was greater, and the local failure was more obvious in the
middle of the combined columns. The relationship between the ultimate compressive
bearing capacity and the opening ratios are shown in Figure 19. With the increase in the
opening ratio, the compressive bearing capacity decreased. The decreasing ratios of the
columns with 0~15% and 35~60% opening ratios were much greater than the columns with
opening ratios of 15~35%. For the four series of combined columns with different length,
the maximum increasing ratios of the opening ratio were 54.4%, 58.3%, 60.5%, and 62.9%,
respectively, and the corresponding ultimate compressive bearing capacity decreased by
56.1%, 68.0%, 74.9%, and 81.7%, respectively. Except in the case that the openings reduced
the sectional area of the web, the opening affected the half-wave length of the short column
when the distortion happened, which reduced the compressive bearing capacity. For the
medium and long combined columns, the openings aggravated the buckling of members
and reduced the bearing capacity of the combined columns.
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3.5.2. Effects of Opening Spacing

In the last section, it was found that the location of the opening in the web affected
the half-wave length of the columns. Therefore, in this section, parametric analyses were
conducted to investigate whether the opening spacing has an influence on the ultimate
compressive bearing capacity. Four series of C140-40-15-1.5 combined columns, with
a length of 1500 mm, were modeled, and the opening ratios were set as 8.0%, 24.3%,
40.4%, and 62.9%, respectively. The opening spacings were in the range of 60~600 mm,
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with an increasing step of 60 mm. The relationship between the ultimate compressive
bearing capacity and opening ratios are shown in Figure 20. According to Figure 20, the
compressive bearing capacity increased with the increasing opening spacing, but the effects
of the opening were not so obvious. When the opening spacing increased by 900%, the
ultimate compressive bearing capacities of the four groups of combined columns increased
by 6.5%, 6.9%, 6.8%, and 11.7%, respectively.
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4. Formulas for Ultimate Compressive Bearing Capacity
4.1. Formulas in Standards
4.1.1. Formulas in Chinese GB 50018 Standard

In the Chinese GB 50018 standard [46], there is no detailed recommended formula for
the compressive bearing capacity of the combined column. In this standard, the C-steel
combined I-section columns was seen as two individual C-section columns, and the method
of effective width was adopted. According to the Chinese GB 50018 standard, the ultimate
compressive bearing capacity of the combined column is:

Nu = ϕAe fy (1)

where ϕ is the compression stability factor. Ae (mm2) denotes the effective area of the cross
section and f y (N/mm2) is the yield strength of the steel. The compression stability factor
ϕ can be found in Appendix B for Section B in this standard [46].

The effective area of the cross section is:

Ae = (bew + bef + bec)t (2)

In Equation (2), bew, bef, and bec are the effective width of the web, flange, and curling,
respectively. When b/t ≤ 18αρ,

be = bc (3)

In Equation (3), b and t are the width and thickness of the plate, respectively. Further-
more, when 18αρ < b/t < 38αρ,

be =

(√
21.8αρ

b/t
− 0.1

)
bc (4)

and when b/t ≥ 38αρ,

be =
25αρ

b/t
bc (5)

In Equations (4) and (5), α is a coefficient, and

α = 1.15 − 0.15ψ (6)



Buildings 2022, 12, 1378 14 of 23

In Equation (6), ψ is the coefficient of inhomogeneity of compressive stress, and

ψ = σmin/σmax (7)

when ψ < 0, α = 1.15. In Equations (4) and (5),

ρ =
√

205k1k2/σ1 (8)

In Equation (8), σ1 = ϕf and k and k1 denote the stability coefficient and constraint
coefficient of the compressed plate, respectively. be is the width of the compressive area of
the plate. When ψ < 0, bc = b. Otherwise, bc = b/(1 − ψ).

4.1.2. Formulas in AISI S100-2016 Standard

In the AISI S100-2016 standard [47], the direct strength method was adopted to cal-
culate the compressive bearing capacity of the combined column. Since there is relative
deformation between the two connected components at the conditions, in this method, the
slenderness ratio of the combined columns was modulated as follows:

λm =

√
λ2

0 +
(
sa/iy

)2 (9)

where λm and λ0 denote the slenderness ratios of the combined columns before and after
the modulation, respectively. iy is the radius of gyration of the individual component alone
its weak axis, and sa is the distance between two connected components.

According to AISI S100-2006 standard, first, the compressive bearing capacity Pne with
overall buckling should be obtained. When λc ≤ 1.5,

Pne = 0.658λ2
c Ag fy (10)

Otherwise,
Pne =

(
0.877/λ2

c

)
Ag fy (11)

In Equations (10) and (11), λc is the influence coefficient of flexibility with overall
buckling, and λc =

√
fy/ fcre. Ag denotes the area of the cross section, and f cre is the elastic

buckling stress.
Second, the compressive bearing capacity Pnl with local–overall coupled buckling

should be determined. When λ1 ≤ 0.776,

Pnl = Ag fne (12)

When λ1 > 0.776,

Pnl =

1 − 0.15

(
1

λ2
l

)0.4
( 1

λ2
l

)0.4

Ag fne (13)

In Equations (12) and (13), λ1 is the influence coefficient of flexibility with local
buckling, and λ1 =

√
fne/ fo1. f ne and f ol are the critical elastic buckling stress with overall

and local buckling, respectively, and fne = Pne/Ag.
Moreover, the compressive bearing capacity Pnd with distortion–overall coupled

buckling can be calculated. When λd ≤ 0.561,

Pnd = Ag fy (14)

Otherwise,

Pnd =

1 − 0.25

(
1

λ2
d

)0.6
( 1

λ2
d

)0.6

Ag fy (15)
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In Equations (14) and (15), λd is the influence coefficient of flexibility with distortion
and f od the critical stress of the distortion.

The ultimate bearing capacity of the combined columns is the minimum value of three
values above, as shown in Equation (16).

Pn = min(Pne, Pnl, Pnd) (16)

4.2. Comparisons between the Results of Numerical Analyses and Standards

In this section, the ultimate bearing capacities of the C-steel combined I-section
columns obtained by the parametric analyses and formulas in standards were compared.
The comparing results of all the combined columns in the parametric analyses are listed
in Table A1 in Appendix A and some of the results are shown in Figure 21. In Table A1
and Figure 21, NFEM, NCGB, and NNAS denote the ultimate compressive bearing capacity
obtained by numerical analyses, the Chinese GB 50018 standard, and the AISI S100-2016
standard, respectively. According to Table A1 and Figure 21, the effective width method
in the GB 50018 standard was conservative, and the maximum error was 60.26%, and the
errors increased with greater slenderness ratio. Furthermore, the maximum error for the
AISI S100-2016 standard was 21.49%.
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Figure 21. Comparisons of the bearing capacities between numerical analyses and standards (a) C90-
40-15-1.5-L; (b) C140-40-15-1.5-L.

For the effective width method in the Chinese GB 50018 standard, the constraint effects
between the plates, affecting the effective width, were considered. However, the interactions
between the two C steels were ignored. With the increase in the slenderness ratio, the errors
between the standard factors and slenderness ratios were greater. Therefore, with greater
slenderness ratio, the formulas in Chinese GB 50018 standard were more conservative.
Considering the influences of the bolt spacing on the slenderness ratio, the slenderness
ratios in the AISI S100 standard were modulated. Thus, the accuracy of the method in the
AISI S100 standard was higher than that of GB 50018 standard. However, with greater
slenderness ratio, the influence of the bolt spacing on the slenderness ratio can be ignored.
Additionally, the errors of the direct strength method in the AISI S100 standard increased.

4.3. Proposed Formulas for Compressive Bearing Capacity of C-Steel Combined I-Section Column
4.3.1. Combined Column without Opening

Since the slenderness ratio has the most significant effects on the ultimate bearing
capacity of the combined column, and the combination’s effects are not considered in the
Chinese GB 50018 standard, the stability factor can be modulated to increase the accuracy
of the formulas.

According to the Chinese GB 50018 standard, the stability factor ϕ and the effective
area Ae of the cross section can be obtained. Thus, the stability factor in the numerical
analyses ϕFEM should be:

ϕFEM = NFEM/Ae fy (17)
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and the correction factor for the stability factor is:

ξ = ϕFEM/ϕ (18)

The compression stability factors obtained by Equation (17) and the GB 50018 standard
are shown in Figure 22 and Table A2 in Appendix B. Moreover, the relationship between
the correction factors and slenderness ratios is shown in Figure 23. With the increase in
the slenderness ratio, the correction factors increased rapidly. This is in accordance with
the errors obtained by the numerical analyses and formulas in the GB 50018 standard. The
formulas in the GB 50018 standard were more conservative with a greater slenderness ratio.
The correction factor of the compression stability factor in Figure 23 was fitted as:

ξ = 1.0528 × 10−5λ2 − 1.5318 × 10−4λ + 1.0661 (19)
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Figure 22. Stability factor of standard and numerical analyses.
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Figure 23. ξ–λ relationship.

Therefore, the ultimate compressive bearing capacity of the C-steel combined I-section
column is:

Nu = ξϕAe fy (20)

To validate the formulas proposed in this paper, the ultimate compressive bearing
capacity obtained by Equation (20), numerical analyses, and formulas in the GB 50018
standard are compared in Figure 24. In Figure 24, the ultimate bearing capacity obtained by
Equation (20) and numerical analyses were similar. The proposed formula can be used to
predict the ultimate compressive bearing capacity of the C-steel combined I-section column.
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Figure 24. Comparisons of the ultimate compressive bearing capabilities (a) C90-40-15-1.5; (b) C120-
40-15-1.5; (c) C140-40-15-1.5; (d) C160-40-15-1.5.

4.3.2. Combined Column with Openings

For the combined columns with openings, according to the parametric analyses, the
slenderness ratio and opening ratio both have significant effects on the ultimate compressive
bearing capacity. Comparing the ultimate compressive bearing capacities obtained by
Equation (20) and numerical analysis, the reduction factor is:

η = Nu/NFEM (21)

and the ultimate bearing capacity of the C-steel combined I-section column is:

Nu = ηξϕAe fy (22)

According to Equations (21) and (22) and the parametric analyses, the reduction factor
η can be obtained and is shown in Figure 25 and Table A3 in Appendix B. In Figure 25, the
reduction factor was fitted as:

η = −7.29K3 + 5.2892K2 − 1.7316K + 0.9748 (23)
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To validate Equation (22), the ultimate compressive bearing capacity obtained by the
numerical analyses and Equation (22) are shown in Figure 26. In Figure 26a, the two curves
are similar. In Figure 26b, Nu/NFEM is in the range from 0.924 to 1.035, and the average
value and variance are 0.999 and 0.018, respectively. Therefore, Equation (22) can be used to
predict the ultimate compressive bearing capacity of the C-steel combined I-section column
with opening in the web.
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5. Conclusions and Future Work

In this paper, the C-steel combined I-section columns were modeled. The numerical
models were validated by experiments. Parametric analyses were carried out on the
combined columns and the effects of slenderness ratio, height to thickness ratio, width to
thickness ratio, bolt spacing, and opening were investigated. Afterward, the formulas for
the ultimate compressive bearing capacity of the combined columns were proposed. The
following conclusions can be drawn:

(1) The slenderness ratio has the most significant effect on the ultimate compressive
bearing capacity of the combined column. With the increase in the height to thickness
ratio and width to thickness ratio, the bearing capacity increases. The bolt spacing
has less effect on the bearing capacity.

(2) The openings in the web decrease the ultimate compressive bearing capacity of the
combined column. The opening in the web should be considered.

(3) The proposed formulas in this paper can predict the ultimate compressive bearing
capacity of the combined columns with or without opening. The accuracy of the
proposed formulas is higher than those of the Chinese and AISI S100 standard.

In our future work, experiments on the combined columns with openings in the web
will be conducted. In addition, we will try to investigate the eccentric compressive behavior
of the C-steel combined I-section columns. The combination effects of the column under
eccentric compression will be investigated. The formulas for eccentric compressed C-steel
combined I-section columns should be proposed. Furthermore, in our next step of research,
we will try to take retrofitting countermeasures to increase the bearing capacity of the
combined columns. Experiments and numerical analyses will be conducted, and the design
method of the retrofitting countermeasures should be proposed.
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Appendix A Comparisons of the Bearing Capacities between Numerical Analyses
and Standards

Table A1. Comparisons of the bearing capacities between numerical analyses and standards.

λy NFEM/kN NCGB/kN NNAS/kN NCGB/NFEM NNAS/NFEM

C90-40-15-1.5-300 9.9 139.8 131.5 136.3 0.941 0.975
C90-40-15-1.5-600 19.8 137 128.9 133.1 0.941 0.971
C90-40-15-1.5-900 29.7 134 126.1 129.4 0.941 0.966

C90-40-15-1.5-1200 79.1 117.1 106.5 113.4 0.909 0.968
C90-40-15-1.5-1500 98.9 102.7 91.8 99.6 0.894 0.970
C90-40-15-1.5-1800 118.6 87.5 74.1 84.1 0.847 0.961
C90-40-15-1.5-2400 158.2 61.4 45.2 58.8 0.736 0.957
C90-40-15-1.5-3000 197.7 45.8 29.7 40.7 0.648 0.890
C120-40-15-1.5-300 10.1 142.6 136.2 139.6 0.955 0.979
C120-40-15-1.5-600 20.3 140.7 133.4 136.2 0.948 0.968
C120-40-15-1.5-900 30.4 137.9 130.5 132.3 0.946 0.959
C120-40-15-1.5-1200 81.1 120.6 109.1 114.3 0.905 0.948
C120-40-15-1.5-1500 101.4 105.8 93.2 101.7 0.881 0.961
C120-40-15-1.5-1800 121.7 91.6 76.0 87.3 0.830 0.953
C120-40-15-1.5-2400 162.3 65.7 50.4 60.2 0.767 0.917
C120-40-15-1.5-3000 202.8 48.9 33.2 41.4 0.679 0.847
C140-40-15-1.5-300 10.4 144.8 139.0 140.2 0.960 0.968
C140-40-15-1.5-600 20.7 142.6 136.2 136.8 0.955 0.959
C140-40-15-1.5-900 31.0 140.1 133.1 132.7 0.950 0.948
C140-40-15-1.5-1200 82.8 122.9 110.4 115.1 0.898 0.937
C140-40-15-1.5-1500 103.5 107.2 93.5 103.8 0.872 0.968
C140-40-15-1.5-1800 124.2 94.1 76.0 84.7 0.808 0.900
C140-40-15-1.5-2400 165.5 68.6 51.8 56.5 0.755 0.823
C140-40-15-1.5-3000 206.9 50.4 35.0 43.5 0.694 0.864
C160-40-15-1.5-300 10.6 146.7 137.5 142.4 0.937 0.971
C160-40-15-1.5-600 21.1 144.5 135.4 141.3 0.937 0.978
C160-40-15-1.5-900 31.7 142 133.0 137.0 0.937 0.965
C160-40-15-1.5-1200 84.5 125.7 111.9 119.9 0.890 0.954
C160-40-15-1.5-1500 105.7 109.5 93.9 96.0 0.858 0.877
C160-40-15-1.5-1800 126.8 98 76.0 81.0 0.776 0.827
C160-40-15-1.5-2400 169.1 69.2 51.7 67.0 0.747 0.969
C160-40-15-1.5-3000 209.3 54.7 36.6 51.6 0.669 0.944

C92.8-41.8-14.8-1.19-270 8.5 133.6 118.0 125.6 0.883 0.940
C93.8-41.8-14.7-1.19-270 8.5 133.5 117.9 124.9 0.883 0.936
C93.5-41.5-15-1.18-1533 96.5 102.3 84.5 97.6 0.826 0.954
C92.5-42-14.5-1.2-1531 95.7 106.7 84.6 98.1 0.793 0.919

C91.8-43.2-14.4-1.19-3033 184.6 44.5 32.7 40.8 0.734 0.916
C92.8-40.2-15-1.18-3038 197.2 44.9 28.0 41.3 0.624 0.920

C142.7-42.9-15.1-1.47-451 14.5 142.7 134.4 140.3 0.942 0.983
C144.2-42.8-14.8-1.48-451 14.6 143.1 135.0 137.1 0.943 0.958
C142-42.5-15.5-1.48-1532 98.8 106.2 97.8 102.7 0.921 0.967

C142-42-15-1.48-1533 100.7 105.1 95.2 102.2 0.906 0.972
C140.8-42-15.5-1.49-3034 198.0 48 33.8 43.7 0.704 0.910
C141.5-42.3-16-1.47-3033 195.4 47.7 33.6 42.9 0.705 0.899

Mean value – – – – 0.847 0.939
Variance – – – – 0.101 0.041
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Appendix B Correction Factors of Compression Stability Factor

Table A2. Comparison of stability factor and correction factor of combined factor.

λy A/mm2 Ae/mm2 ϕFEM ϕ ξ

C90-40-15-1.5-300 9.9 562.2 442.3 0.974 1.035 1.063
C90-40-15-1.5-600 19.8 562.2 445.7 0.947 1.007 1.063
C90-40-15-1.5-900 29.7 562.2 449.5 0.919 0.976 1.062

C90-40-15-1.5-1200 79.1 562.2 479.9 0.726 0.799 1.100
C90-40-15-1.5-1500 98.9 562.2 504.7 0.595 0.666 1.119
C90-40-15-1.5-1800 118.6 562.2 529.2 0.459 0.541 1.180
C90-40-15-1.5-2400 158.2 562.2 529.5 0.279 0.380 1.360
C90-40-15-1.5-3000 197.7 562.2 529.5 0.184 0.283 1.540
C120-40-15-1.5-300 10.1 652.2 458.2 0.973 1.019 1.047
C120-40-15-1.5-600 20.3 652.2 461.9 0.946 0.997 1.054
C120-40-15-1.5-900 30.4 652.2 466.0 0.917 0.969 1.057
C120-40-15-1.5-1200 81.1 652.2 499.9 0.715 0.790 1.105
C120-40-15-1.5-1500 101.4 652.2 529.6 0.576 0.654 1.135
C120-40-15-1.5-1800 121.7 652.2 564.7 0.440 0.531 1.206
C120-40-15-1.5-2400 162.3 652.2 619.5 0.267 0.347 1.303
C120-40-15-1.5-3000 202.8 652.2 619.5 0.175 0.258 1.475
C140-40-15-1.5-300 10.4 712.2 468.1 0.973 1.013 1.042
C140-40-15-1.5-600 20.7 712.2 472.0 0.945 0.989 1.047
C140-40-15-1.5-900 31.0 712.2 476.3 0.915 0.963 1.053
C140-40-15-1.5-1200 82.8 712.2 513.0 0.705 0.784 1.113
C140-40-15-1.5-1500 103.5 712.2 545.9 0.561 0.643 1.146
C140-40-15-1.5-1800 124.2 712.2 583.4 0.426 0.528 1.239
C140-40-15-1.5-2400 165.5 712.2 659.8 0.257 0.340 1.325
C140-40-15-1.5-3000 206.9 712.2 679.5 0.169 0.243 1.440
C160-40-15-1.5-300 10.6 772.2 463.3 0.972 1.037 1.067
C160-40-15-1.5-600 21.1 772.2 469.8 0.944 1.007 1.067
C160-40-15-1.5-900 31.7 772.2 477.2 0.913 0.974 1.068
C160-40-15-1.5-1200 84.5 772.2 527.7 0.694 0.780 1.123
C160-40-15-1.5-1500 105.7 772.2 564.1 0.545 0.636 1.166
C160-40-15-1.5-1800 126.8 772.2 604.2 0.412 0.531 1.290
C160-40-15-1.5-2400 169.1 772.2 684.9 0.247 0.331 1.339
C160-40-15-1.5-3000 209.3 772.2 739.5 0.162 0.242 1.496

C92.8-41.8-14.8-1.19-270 8.5 466.5 318.7 0.978 1.107 1.132
C93.8-41.8-14.7-1.19-270 8.5 468.4 318.5 0.978 1.107 1.132
C93.5-41.5-15-1.18-1533 96.5 464.0 359.5 0.770 0.932 1.211
C92.5-42-14.5-1.2-1531 95.7 469.0 361.5 0.767 0.967 1.261

C91.8-43.2-14.4-1.19-3033 184.6 468.9 436.7 0.245 0.334 1.363
C92.8-40.2-15-1.18-3038 197.2 456.2 424.1 0.216 0.347 1.603

C142.7-42.9-15.1-1.47-451 14.5 724.3 457.8 0.962 1.021 1.061
C144.2-42.8-14.8-1.48-451 14.6 731.1 459.8 0.961 1.019 1.060
C142-42.5-15.5-1.48-1532 98.8 726.9 537.7 0.596 0.647 1.086

C142-42-15-1.48-1533 100.7 721.0 535.6 0.582 0.642 1.104
C140.8-42-15.5-1.49-3034 198.0 725.0 692.3 0.160 0.227 1.420
C141.5-42.3-16-1.47-3033 195.4 722.5 689.7 0.160 0.226 1.418

Table A3. Comparison of opening ratio and reduction factor of combined factor.

λy
Opening Ratio

K/% NFEM Nu η

C140-40-15-1.5-300-K0% 10.4 0.0 144.8 148.2 0.977
C140-40-15-1.5-300-K7.7% 10.4 7.7 127.1 148.2 0.858
C140-40-15-1.5-300-K15.7% 10.4 15.7 119.3 148.2 0.805
C140-40-15-1.5-300-K23.7% 10.4 23.7 113.2 148.2 0.764
C140-40-15-1.5-300-K32.2% 10.4 32.2 108.3 148.2 0.731
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Table A3. Cont.

λy
Opening Ratio

K/% NFEM Nu η

C140-40-15-1.5-300-K39.7% 10.4 39.7 98.0 148.2 0.661
C140-40-15-1.5-300-K47.4% 10.4 47.4 84.7 148.2 0.572
C140-40-15-1.5-300-K54.4% 10.4 54.4 63.5 148.2 0.429

C140-40-15-1.5-900-K0% 31.0 0.0 140.1 142.6 0.982
C140-40-15-1.5-900-K7.8% 31.0 7.8 122.4 142.6 0.859
C140-40-15-1.5-900-K16% 31.0 16.0 113.3 142.6 0.794

C140-40-15-1.5-900-K23.7% 31.0 23.7 108.0 142.6 0.757
C140-40-15-1.5-900-K32.3% 31.0 32.3 104.3 142.6 0.732
C140-40-15-1.5-900-K40.6% 31.0 40.6 91.5 142.6 0.642
C140-40-15-1.5-900-K50.2% 31.0 50.2 72.1 142.6 0.506
C140-40-15-1.5-900-K58.3% 31.0 58.3 44.9 142.6 0.315
C140-40-15-1.5-1500-K0% 103.5 0.0 107.2 108.8 0.985

C140-40-15-1.5-1500-K8.1% 103.5 8.1 94.4 108.8 0.868
C140-40-15-1.5-1500-K16.2% 103.5 16.2 88.2 108.8 0.810
C140-40-15-1.5-1500-K24.3% 103.5 24.3 83.0 108.8 0.763
C140-40-15-1.5-1500-K32.6% 103.5 32.6 79.6 108.8 0.732
C140-40-15-1.5-1500-K40.4% 103.5 40.4 73.1 108.8 0.672
C140-40-15-1.5-1500-K49% 103.5 49.0 57.7 108.8 0.530

C140-40-15-1.5-1500-K60.5% 103.5 60.5 26.9 108.8 0.247
C140-40-15-1.5-3000-K0% 206.9 0.0 50.4 52.0 0.969

C140-40-15-1.5-3000-K7.9% 206.9 7.9 44.8 52.0 0.862
C140-40-15-1.5-3000-K16.1% 206.9 16.1 41.8 52.0 0.805
C140-40-15-1.5-3000-K24.5% 206.9 24.5 39.4 52.0 0.758
C140-40-15-1.5-3000-K32.3% 206.9 32.3 37.8 52.0 0.727
C140-40-15-1.5-3000-K39.5% 206.9 39.5 34.7 52.0 0.667
C140-40-15-1.5-3000-K51.7% 206.9 51.7 24.4 52.0 0.470
C140-40-15-1.5-3000-K62.9% 206.9 62.9 9.2 52.0 0.178
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