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ABSTRACT

ARTICLE HISTORY

The axial bearing properties of cold-formed steel U-section short columns are investigated in this paper, including 12 columns with four
types of lengths i.e.300 mm, 360 mm, 420 mm, and 450 mm. Then finite element models (FEM) were developed to simulate the
experimental specimens and compared with the test results to guarantee the rationality of FEM. Moreover, the width-to-thickness and the
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height-to-thickness of CFS U-section short columns were examined by FEM. An approach to accurately predict the ultimate capacity of

CFS U-section short columns was proposed and certified by a large number of experimental and numerical simulation data, in order to
remedy the deficiency that the direct strength method (DSM) has a large error in calculating the ultimate capacity of CFS U-section short
columns. Specifically, this paper not only clarified the proposed method depending on the DSM for calculating the ultimate capacity of
the CFS U-section columns but also provides reference for practical engineering design and application.
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1. Introduction

The cold-formed steel (CFS) structure and design theory of building
structures improved the development of thin-walled and lightweight members.
Due to the advantages of the diversity of cross sections, good mechanical
properties, light material and material saving, while the CFS offering a satis-
factory strength to mass ratio and higher post-buckling strength. The common
components of CFS, including channel section, Z-section, hat-section,
U-section and other single open sections, had been studied quite mature by
many scholars [1-10]. Meanwhile, design methods of these simple sections
were recorded in the North American Specification (AISIS100) [11] and
Australian/New Zealand Standard (AS/NZS 4600) [12], including the effec-
tive width method (EWM) and direct strength method (DSM). Moreover, the
bearing capacity of the U-section members according to the design methods
[11, 12] has been studied quite mature by many researchers [13-19], while the
research results showed that the ultimate capacity of CFS U-section members
calculated by these methods [11,12] has large error and is unsafe. Therefore, it
is necessary to propose a design method in calculating the ultimate capacity
for CFS U-section short columns, as shown in Fig. 1.

In the past few years, ample studies have been devoted to the structural
behavior and ultimate capacity of U-section members at home and abroad.
Ungermann et al. [13] conducted an experiment on plain channel short col-
umns. The research results demonstrated that short column subjected to local
buckling only and an approach for an approximation of effective stiffness for
coupled instabilities was proposed based on eurocode 3. Loughlan [14] de-
veloped numerical studies for fixed-end plain channel columns to examine
them interaction of the local-overall flexural and the influence on behavior of
local conditions at the plate ends. The results indicated that different boundary
conditions resulted in quite different buckling responses of the U-section
columns. An experimental research investigating the buckling and ultimate
capacity of the CFS plain and dimpled steel columns was conducted by Ngu-
yen et al. [15]. The studies revealed that the buckling and ultimate capacities
of dimpled steel columns were up to 33% and 26% greater than plain steel
columns, respectively. Duarte [16] presented the experimental and numerical
study of CFS plain channel beams. Based on the slenderness concept, a new
slenderness-based approach for the web crippling design was proposed. CFS
plain channel members were researched by Young [17-19] according to ex-
periments and numerical analyses. The buckling modes and design method
were studied by his team.

In this paper, the buckling modes and ultimate capacities of CFS
U-section short columns were investigated by the experiment and numerical
simulations. Extensive parameters studies were carried out to study the influ-
ence of the width-thickness ratio and the height-thickness ratio of the
cross-section on ultimate capacities and buckling modes of CFS U-section
short columns. Depending on the experimental results and parametric study,
an approach to predict the ultimate capacity of CFS U-section short columns
was proposed based on the DSM. Then the results obtained by the modified
method compared with the data obtained from experiment, FEM and the DSM

[11], in order to verify the accuracy of the modified method.
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Fig. 1 U-shaped cross-section
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2. Experimental design
2.1. Test setup

The POPWILL structure testing machine system and counterforce portal
frame were utilized to apply a vertical load in this test. DH3820 static strain
testing system was implemented to collect the data of strains and displace-
ments. The loading device was illustrated in Fig. 2. The steel end plates with a
thickness of 16 mm were welded to both ends of the members in order to fix
the column. In order to eliminate the adverse influence of axial force shifting
with the occurrence of local buckling [20], the specimens were placed directly
on the testing rig to simulate the fixed-ended boundary condition, as shown in
Fig. 2(b).
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Fig. 2 Test set-up
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2.2. Specimens design U D=D=D=A M
The CFS U-section short columns were shown in Fig. 1. Referring to the

technical specification for CFS structure [21], four kinds of cross-sectional Repeat number

dimensions were designed, as listed in Table 1, and the labeling rule of spec- Axial loading

imens was presented in Fig. 3. Four kinds of lengths, 300mm, 360mm, )

420mm, 450mm, were designed in this study. The details of the U-section Width of flange

short column were summarized in Table 1. Length type

Height of web
U-section column
Fig. 3 Labeling rule of specimens
Table 1
Measured dimensions and failure loads of U-section short columns
. Geometric imperfection/mm Cross-section dimension/mm Test results
Specimen I/mm
A A A A Aw 2} & h b1 b2 t A/mm? Pu/kN Mode

U90-300-35-A1 298 1.00 150 030 020 035 250 0.02 96.00 3610 3520 119  199.10 36.80 L
U90 -300-35-A2 302 1.55 2.65 0.58 0.15 0.15 1.25 0.04 96.00 37.00 35.80 1.18 199.20 34.80 L
U90-300-35-A3 299 3.50 2.00 0.95 0.27 0.30 4.00 0.06 98.00 35.50 36.80 1.19 202.70 34.00 L
U120-360-50-A1 361 2.70 0.75 0.20 0.55 0.20 3.25 0.55 123.00 53.50 56.50 1.17 276.70 36.81 L
U120-360-50-A2 361 0.50 0.95 0.65 0.85 0.15 1.15 0.85 125.00 55.00 58.00 1.17 282.70 34.86 L
U120-360-50-A3 359 1.95 0.30 1.55 0.60 1.45 1.95 0.60 124.00 54.00 57.00 1.15 279.10 39.28 L
U140-420-50-A1 421 0.95 0.00 0.90 0.30 0.50 0.02 0.30 145.00 43.50 43.00 1.17 307.80 38.20 L
U140-420-50-A2 422 3.30 0.95 0.55 2.50 0.35 2.65 2.50 145.00 43.80 43.30 1.14 298.10 39.59 L
U140-420-50-A3 422 0.80 2.70 0.10 0.80 0.70 0.25 0.80 145.00 43.50 43.00 1.17 307.80 38.80 L
U140-450-35-A1 452 0.02 0.00 0.10 0.25 0.17 0.14 0.20 148.00 37.00 36.00 1.48 327.10 47.70 L
U140-450-35-A2 452 0.60 0.60 0.08 0.18 0.38 0.04 0.17 147.00 35.00 37.00 1.49 326.30 48.10 L
U140-450-35-A3 452 1.65 1.25 0.02 0.10 0.15 1.45 0.38 147.20 36.00 36.10 1.49 326.80 44.00 L

Note: 1. Ag=(h+b1+b1)>¢; Py is the ultimate capacity; Py=fy><Aq, where fy is the yield stress. 2. L means local buckling.

2.3. Material characterization

The material properties of basic components adopted in the test were
measured according to the codes GB/T228.1-2010 [22]. According to the
different thicknesses, two groups of specimens were designed: t;=1.2 mm,
t,=1.5 mm, as listed in Table 2. T1.2 means that the thickness is 1.2 mm and
the second number refers to the repeated number. In addition, the stress-strain
curves are presented in Fig. 4.

Table 2
Nominal and measured material properties obtained from tensile coupon tests
Specimen  fy/MPa  Mean fuMPa  Mean E/GPa  Mean  Elongation
T1.2-1 332,91 451.65 2.029 32.0
T1.2-2 331.62 33451 45242 45318 2071  2.065 36.0
T1.2-3 338.99 455.46 2.096 310
T15-1 293.56 353.91 1.890 40.0
T1.5-2 285.98 289.24 347.33 350.76 1.900 1.898 42.0
T1.5-3 306.70 366.70 2.050 33.9

Note: fy — the yield stress; f, — the ultimate stress; E- Elastic modulus
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Fig. 4 Stress vs. strain curve. (a) t=1.2. (b) t=1.5
2.4. Geometric Imperfections

In this study, the initial geometric imperfections of specimens, including
local and global imperfections, were measured. Local imperfection refers to
the flatness of the plate and the angle between the components, as shown in
Fig. 6. The specimens were fixed on the measuring platform and the rigid rod
was placed on the selected plate (see Fig. 6), measuring a value with a percen-
tile meter, and then removing the rigid rod to measure a value, finally, sub-
tracting the former value from the latter, that is, the local initial imperfection
of the plate, as listed in Table 1.

In addition, the initial geometrical imperfection of overall is the deriva-
tion of the vertical degree of the specimen. A dial indicator was used to assess
the initial bending of the test members (see Fig. 7). When measuring the ini-
tial bending of specimens, specimens were fixed on the measuring platform,
and then two values were measured at the two ends of members. Then an
average value was measured in the middle of specimens. The latter value was
utilized to subtract the average value in front of specimens, that is, the initial
bending of specimens (see Table 1).
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Fig. 5 Local imperfection
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3. Experimental results
3.1. Failure modes

3.1.1. U90 series column

The local buckling occurred (Fig. 8) on flanges
U90-300-35-A1~A3 specimen as load increased to 15.4 kN, while the slight
local buckling emerged on flanges of the A2 and A3 specimens when the load
reached approximately 18 kN. The failure modes were presented in Table 1.

_—
¥ U90-300-35-A2 I x

(a) Local buckling

148

U90-300-35-A1  U90-300-35-A2 | U90-300-35-A3

U  —

(b) Failure comparison of Al, A2 and A3 specimens

Fig. 8 Experimental phenomena of the U90-300-35-A series specimens

3.1.2. U120 series column

Fig. 9 shows the local buckling failure modes of U120-360-50-A1~A3
specimens subjected to axial pressure. There were no obvious local buckling
deformation on the web at the initial stage of loading attributed to the strong
welding between the end of the specimen and plates. The failure modes were
indicated in Table 1.

U120-360-50-A1 | N U120-360-50-A3

(b) Failure characteristics of Al, A2 and A3 specimens

Fig. 9 Experimental phenomena of the U120-360-50-A series specimens

3.1.3. U140 series column

Failure characteristics of U140-420-50-A1~A3 specimens were as fol-
lows: in the process of loading, local buckling occurred on flanges for the
three specimens, but no obvious local buckling deformation occurred on the
web. Ideally, plastic yielding occurred in the cross-sections of all three speci-
mens when the load reached about 39 kN. Ultimately, all three specimens
were damaged due to the local depression of webs and the extension of flang-
es, as shown in Fig. 10. The failure modes were presented in Table 1.
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U140-420-50-A2

U140-420-50-A3

| U140-420-50-A1

(a) Local buckling of A1, A2 and A3 specimens

U140-420-50-A1 U140-420-50-A2 “T U140-420-50-A3 |

(b) Failure characteristics of A1, A2 and A3 specimens

Fig. 10 Experimental phenomena of the U140-420-50-A series specimens

For U140-450-35-A series columns, due to the specimens were welded
strongly on the steel plate, the end of the specimens was not crushed and there
was no obvious local buckling deformation on the web at the initial loading
stage. Subsequently, with the increase of load, the experimental phenomena of
specimens were the same as the U140-450-35-A1~A3 specimens, as shown in
Fig. 11. The failure modes were indicated in Table 1.
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(b) Failure characteristics of A1, A2 and A3 specimens

Fig. 11 Experimental phenomena of the U140-450-35-A series specimens

3.2. Axial load-displacement curve

Fig. 12 exhibits the load-displacement curve of specimens with four types
of lengths i.e.300 mm, 360 mm, 420 mm, and 450 mm. In the initial loading
period, load-axial displacement curves of all the specimens were basically
linear and smooth due to the stable stiffness of the test specimens. When
loaded to the ultimate load, the curve showed a downward trend. The stiffness
of the specimens decreased significantly, indicating that the test specimens
have been damaged. It is obvious that the experimental phenomena, variation
trend and ultimate capacity of the three specimens in each group were similar.
The phenomenon indicated the accuracy and reliability of the experiment
could be guaranteed.

4. The finite element analysis
4.1. Development of finite element model

The finite element software ABAQUS [23] was utilized in this study to

establish the finite element model (FEM). The measured geometric dimen-
sions, initial geometric imperfections and material properties (see Table 2) of
the test specimens were applied to the FEM.
The column was simulated by shell element, and the element type was the
four-node linear reduction integral element S4R. The more accurate results
can be obtained when the mesh of specimens was 5 mm <5 mm. In this paper,
the end of the test specimens was attached to the steel plate with a thickness of
16 mm by welding. Because the stiffness of the end plate was larger than that
of the specimens, the analytical stiffness was established at the end of the
specimen to save the calculation cost. The rigid body displacement was con-
trolled by the reference points on both sides of the model (RP1 and RP2 in Fig.
13). The fixed-ended boundary condition of the short columns was simulated
in the FEA by restraining all degree of freedom at both ends of the FEM
specimens, except for the translational degree of freedom in the axial loading
direction (see Fig. 13). The same as the experiment, the displacement loading
control method was employed in the FEA.

Inevitably, there were some imperfections in the fabrication process of
cold-formed steel. For the geometric imperfection, the FEM captured the
instability deformation modes according to the measured plate irregularity and
the initial bending of the specimen. The initial imperfection for local instabil-
ity and overall instability was advised by Zhang and Young [24].
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4.2. Validated of finite element model

The finite element models were verified by the CFS U-section columns in
this study. The results obtained from the FEA (Pgea) were compared with the
test results (Py), as listed in Table 3. The mean value of the Peea/P, ratio is
1.05, with the standard deviation (SD) of 0.041. It can be observed that the
ultimate capacity and failure mode obtained by the test and FEA is basically
the same. What's more, the failure modes and failure position of the experi-
mental specimens are the same as those predicted by FEA, as presented in Fig.
14. As expected, the comparison results clearly indicate that the FEA results
are in good agreement with the experimental results. Therefore, the FEM is
accurate and reliable in this paper.

Table 3
Comparison of the results of result and finite element analysis
Specimen FEA results Test results PrealPs
Prea/kN Mode Pu/kN Mode
U90-300-35-A1 37.26 L 36.82 L 1.01
U90 -300-35-A2 35.60 L 34.86 L 1.02
U90-300-35-A3 36.23 L 34.23 L 1.06
U120-360-50-A1 37.82 L 36.81 L 1.03
U120-360-50-A2 35.38 L 34.86 L 1.01
U120-360-50-A3 39.62 L 39.28 L 1.01
U140-420-50-A1 40.58 L 38.24 L 1.06
U140-420-50-A2 40.85 L 39.59 L 1.03
U140-420-50-A3 40.98 L 38.82 L 1.06
U140-450-35-A1 51.69 G 47.79 L 1.08
U140-450-35-A2 52.13 G 48.15 L 1.08
U140-450-35-A3 51.43 G 44.36 L 1.16
Mean 1.05

SD 0.041

5SmmX5 mm

Restrain Uy, U,
URX’ URy’ URz

Loading point

U120-360-50-A1

©
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U140-450-35-A1

Fig. 14 Comparisons of failure modes and locations between test and finite element
4.3. Parametric studies

The length of specimens was designed to be about three times the web
height (see Table 4) according to American Structural Stability Association.
In this paper, a total of 64 FEM are designed by changing the height of webs,
the width of flanges, and the thickness of the section. The results obtained by
FEA were listed in Table 4, and the following points can be summarized by

151

analysis results:

1.With the height and thickness of webs unchanged, the ultimate capaci-
ties of members increased with the increase of the width-thickness ratio of
flanges. The phenomenon was mainly attributed to the enhanced constraint of
flanges on the web with the increase of the width-thickness ratio of flanges.
Therefore, the more difficult the web is to buckle, the higher the ultimate
capacities of members will be.

2.The height of webs and the width of flanges remained unchanged, the
ultimate capacities of all members were increased by increasing the thickness,
and the increase of the ultimate capacity was very significant. This is mainly
due to the increase of the thickness, for one thing, the buckling capacity of a
single plate was improved, for another, the moment of inertia of member
section was increased.

3.With the same flange width and thickness, increasing the
height-thickness ratio of webs cannot significantly improve the ultimate ca-
pacity of U-section short columns. On one hand, the increase of web
height-thickness ratios resulted in the decrease of the critical local buckling
load, which led to local buckling more easily, and then affected the ultimate
capacity of members. On the other hand, the inertia moment of the section
around the weak axis increased slightly with the increase of web
height-thickness ratios, which was the reason why simply increasing web
height-thickness ratio cannot obviously improve the ultimate capacity of
specimens.

Table 4
The parametric analysis of CFS U-section short columns

Specimen I/mm b/t hit Prea Specimen I/mm Prea b/t hit
U140-20-1.0 420 20 140 25.18 U100-20-1.0 300 24.57 20 100
U140-20-1.5 420 13.33 93.33 48.25 U100-20-1.5 300 47.73 13.33 66.67
U140-20-2.0 420 10 70 74.65 U100-20-2.0 300 73.96 10 50
U140-20-2.5 420 8 56 105.39 U100-20-2.5 300 101.45 8 40
U140-40-1.0 420 40 140 30.32 U100-40-1.0 300 28.59 40 100
U140-40-1.5 420 26.67 93.33 58.36 U100-40-1.5 300 57.13 26.67 66.67
U140-40-2.0 420 20 70 93.85 U100-40-2.0 300 91.83 20 50
U140-40-2.5 420 16 56 136.94 U100-40-2.5 300 130.7 16 40
U140-60-1.0 420 60 140 32.11 U100-60-1.0 300 31.07 60 100
U140-60-1.5 420 40 93.33 65.16 U100-60-1.5 300 64.1 40 66.67
U140-60-2.0 420 30 70 104.21 U100-60-2.0 300 103.75 30 50
U140-60-2.5 420 24 56 151.67 U100-60-2.5 300 149.15 24 40
U140-80-1.0 420 80 140 32.69 U100-80-1.0 300 32.89 80 100
U140-80-1.5 420 53.33 93.33 68.1 U100-80-1.5 300 66.8 53.33 66.67
U140-80-2.0 420 40 70 114.38 U100-80-2.0 300 113.63 40 50
U140-80-2.5 420 32 56 166.05 U100-80-2.5 300 163.9 32 40
U120-20-1.0 360 20 120 24.92 U80-20-1.0 240 23.96 20 80
U120-20-1.5 360 13.33 80 47.79 U80-20-1.5 240 46.99 13.33 53.33
U120-20-2.0 360 10 60 74.54 U80-20-2.0 240 71.07 10 40
U120-20-2.5 360 8 48 103.28 U80-20-2.5 240 93.49 8 32
U120-40-1.0 360 40 120 29.48 U80-40-1.0 240 29.03 40 80
U120-40-1.5 360 26.67 80 57.84 U80-40-1.5 240 56.8 26.67 53.33
U120-40-2.0 360 20 60 92.15 U80-40-2.0 240 90.38 20 40
U120-40-2.5 360 16 48 132.71 U80-40-2.5 240 123.92 16 32
U120-60-1.0 360 60 120 3161 U80-60-1.0 240 31.25 60 80
U120-60-1.5 360 40 80 64.32 U80-60-1.5 240 65.58 40 53.33
U120-60-2.0 360 30 60 104.5 U80-60-2.0 240 103.45 30 40
U120-60-2.5 360 24 48 151.21 U80-60-2.5 240 145.84 24 32
U120-80-1.0 360 80 120 32.42 U80-80-1.0 240 31.56 80 80
U120-80-1.5 360 53.33 80 68.43 U80-80-1.5 240 69 53.33 53.33
U120-80-2.0 360 40 60 114.03 U80-80-2.0 240 110.96 40 40
U120-80-2.5 360 32 48 165.67 U80-80-2.5 240 155.99 32 32

Note: U140-20-1.0, 140-the height of web (h); 20-the width of flange (b); 1.0-the thickness of section (t); Prea-the ultimate capacity obtained by the finite element analysis.
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5. Design methods

The direct strength method (DSM) was proposed by Schafer and Pekoz
[25, 26]. The DSM in the current North American Specification [11] and
Australian/New Zealand Standard (AS/NZS) [12] applies only to simple sin-
gle-limb sections, such as C-section, C-section with web stiffened, Z-section,
R-section and hat-section. However, it is strongly associated with the geomet-
ric parameters and physical parameters of the specimens selected by Schafer
in DSM. Therefore, whether the DSM is suitable for CFS U-section short
columns remains to be studied.

5.1. Elastic buckling stress

The buckling mode and the corresponding elastic buckling stress are first
determined for calculation using the DSM. These buckling modes and elastic
buckling stresses are availed from the generalized beam theory software
(GBTUL) [27].

5.2. Current direct strength method (CDSM)

The currently available DSM strength expressions, already included in
AISI [11] and AS/NZS [12], provided an effective approach to estimate the
ultimate capacity of CFS members subjected to columns or beams and failing
in local buckling (L), distortional buckling (D), global buckling (G) or lo-
cal-global buckling (LG) interactive modes. In the case of columns, the nom-
inal strength is given by the expressions:

152

presents a method in calculating the ultimate capacities of CFS U-section
short columns, as presented in Table 5. According to the above tests and ex-
tensive numerical simulation, only local buckling occurs in short columns,
therefore, the formula of DSM designed in this paper only includes local
buckling under axial compression, as shown in Eq. (5).

P if, 4, <0528

y

5
Py = P o P o . ®)
1-0.24| = = P if , 4, >0.528
P P

y
y y

where M=(Py/Pen)®®, Py=A*f,, Pcyi=A*fe, Pen is the elastic critical local buck-
ling load. fq is the elastic critical local buckling stress. f, is the yield stress of
the material. A is the gross cross-section area.

6. Comparison of experimental and numerical results with design pre-
dictions

The results obtained from the experiment (Pexp) and the FEA (Peea) Were
compared with the DSM (Pcpsm) and the modified DSM (Pwpsm) in order to
verify the validity of the modified method, as shown in Table 5 and Fig. 15. It
is clear that the results Pcpsm are generally unsafe with almost all data and the
curve, while the results Pypsw are generally conservative and reliable due to
the (Pexe and Peea)/ Pcpswm ratio mean value of 0.93 with the standard devia-
tion (SD) of 0.059. The mean value of the (Pexp and Prea)/ Pumpswm ratio is 1.01
with the SD of 0.056. It is demonstrated that the column strength obtained by
the DSM was not safe and unreliable, which are compared with the results of

Pr=min (Pre, Pn, and Png) 1) . - o
the experimental and the FEA. Furthermore, it can be seen that the modified
22 ) method agree well with the experiment and FEA results, as shown in Fig. 15.
(0-658 ¢ )Py if 4.<15 Hence, the proposed method can be used to predict the ultimate capacity of
[y ) CFS U-section short columns and provides more reasonable design curves for
ne 0.877 . CFS U-section short columns.
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Fig. 15 Modification of the direct strength method
5.3. Modified direct strength method (MDSM)
Based on experiments, parametric analysis and Mulligan [28], this paper
Table5
Comparison of numerical and experimental results with design strengths
Test and FEA (kN) Comparison
Pcosm Pnvbsm
Source Specimen Pexp and Prea Pexp and Prea
Pexp and Prea (kN) (kN)
Pcosm Pnvpsm
This paper U90-300-35-A1 36.82 39.27 36.53 0.94 1.01
U90 -300-35-A2 34.86 34.75 32.66 1.00 1.07
U90-300-35-A3 34.23 35.82 33.64 0.96 1.02
U120-360-50-A1 36.81 38.71 36.72 0.95 1.00
U120-360-50-A2 34.86 38.96 36.99 0.89 0.94
U120-360-50-A3 39.28 38.09 36.20 1.03 1.09
U140-420-50-A1 38.24 40.62 38.68 0.94 0.99
U140-420-50-A2 39.59 39.99 38.04 0.99 1.04
U140-420-50-A3 38.82 40.80 38.84 0.95 1.00
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U140-450-35-Al 47.79 56.32 52.79 0.85 0.91
U140-450-35-A2 48.15 54.08 50.84 0.89 0.95
U140-450-35-A3 44.36 53.71 50.52 0.83 0.88

Mulligan [28] C1 32.92 3231 29.58 1.02 111
C2 32.69 3391 31.52 0.96 1.04

C3 34.69 34.75 32.68 1.00 1.06

C4 31.58 3421 32.26 0.92 0.98

C5 35.06 37.72 36.08 0.93 0.97

C6 35.09 38.01 36.36 0.92 0.97

C7 40.74 43.98 41.97 0.93 0.97

c8 40.92 49.28 47.25 0.83 0.87

C9 36.47 37.45 35.67 0.97 1.02
C10 37.90 40.78 39.11 0.93 0.97
Cl1 37.81 39.55 37.99 0.96 1.00
FEA U140-20-1.0 25.18 26.13 24.99 0.96 1.01
U140-20-1.5 48.25 53.37 50.01 0.90 0.96
U140-20-2.0 74.65 85.21 78.47 0.88 0.95
U140-20-2.5 105.39 126.79 114.10 0.83 0.92
U140-40-1.0 30.32 32.34 30.91 0.94 0.98
U140-40-1.5 58.36 65.19 61.09 0.90 0.96
U140-40-2.0 93.85 106.45 97.78 0.88 0.96
U140-40-2.5 136.94 154.85 139.37 0.88 0.98
U140-60-1.0 3211 34.66 33.29 0.93 0.96
U140-60-1.5 65.16 70.23 66.28 0.93 0.98
U140-60-2.0 104.21 115.00 106.67 0.91 0.98
U140-60-2.5 151.67 167.80 152.91 0.90 0.99
U140-80-1.0 32.69 35.18 33.98 0.93 0.96
U140-80-1.5 68.10 71.50 68.04 0.95 1.00
U140-80-2.0 114.38 117.51 110.19 0.97 1.04
U140-80-2.5 166.05 172.03 158.96 0.97 1.04
U120-20-1.0 24.92 26.49 25.14 0.94 0.99
U120-20-1.5 47.79 53.17 49.31 0.90 0.97
U120-20-2.0 74.54 86.44 78.29 0.86 0.95
U120-20-2.5 103.28 125.2 110.62 0.82 0.93
U120-40-1.0 29.48 32.18 30.6 0.92 0.96
U120-40-1.5 57.84 64.69 60.15 0.89 0.96
U120-40-2.0 92.15 105.28 95.69 0.88 0.96
U120-40-2.5 132.71 152.65 135.52 0.87 0.98
U120-60-1.0 31.61 33.70 32.29 0.94 0.98
U120-60-1.5 64.32 68.05 63.99 0.95 1.01
U120-60-2.0 104.50 111.28 102.71 0.94 1.02
U120-60-2.5 151.21 162.12 146.81 0.93 1.03
U120-80-1.0 32.42 34.30 33.07 0.95 0.98
U120-80-1.5 68.43 69.52 65.99 0.98 1.04
U120-80-2.0 114.03 114.14 106.67 1.00 1.07
U120-80-2.5 165.67 166.92 153.59 0.99 1.08
U100-20-1.0 2457 26.55 24.96 0.93 0.98
U100-20-1.5 47.73 52.98 48.42 0.90 0.99
U100-20-2.0 73.96 85.62 75.99 0.86 0.97
U100-20-2.5 101.45 123.25 106.05 0.82 0.96
U100-40-1.0 28.59 31.56 29.85 0.91 0.96
U100-40-1.5 57.13 63.23 58.29 0.90 0.98
U100-40-2.0 91.83 102.55 92.13 0.90 1.00
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U100-40-2.5 130.70 148.17 129.55 0.88 1.01
U100-60-1.0 31.07 32.46 31.02 0.96 1.00
U100-60-1.5 64.10 65.43 61.30 0.98 1.05
U100-60-2.0 103.75 106.84 98.10 0.97 1.06
U100-60-2.5 149.15 155.39 139.78 0.96 1.07
U100-80-1.0 32.89 32.99 31.76 1.00 1.04
U100-80-1.5 66.80 66.85 63.31 1.00 1.06
U100-80-2.0 113.63 109.64 102.16 1.04 1.11
U100-80-2.5 163.90 160.19 146.83 1.02 1.12
U80-20-1.0 23.96 26.63 24.69 0.90 0.97
U80-20-1.5 46.99 52.68 47.12 0.89 1.00
U80-20-2.0 71.07 84.39 72.64 0.84 0.98
U80-20-2.5 93.49 120.38 99.39 0.78 0.94
U80-40-1.0 29.03 30.21 28.42 0.96 1.02
U80-40-1.5 56.80 60.31 55.15 0.94 1.03
U80-40-2.0 90.38 97.48 86.57 0.93 1.04
U80-40-2.5 123.92 140.48 120.96 0.88 1.02
U80-60-1.0 31.25 31.23 29.75 1.00 1.05
U80-60-1.5 65.58 62.84 58.59 1.04 1.12
U80-60-2.0 103.45 102.46 93.46 1.01 1.11
U80-60-2.5 145.84 166.60 150.27 0.88 0.97
U80-80-1.0 31.56 31.44 30.22 1.00 1.04
U80-80-1.5 69.00 63.61 60.12 1.08 1.15
U80-80-2.0 110.96 104.23 96.85 1.06 1.15
U80-80-2.5 155.99 152.16 138.98 1.03 1.12
Mean 0.93 1.01
sD 0.059 0.056

Note: U80-80-2.5; U-short column; 80-the height of web; 80-the width of flange; 2.5-the thickness.

7. Conclusions

The calculation method to predict the ultimate capacity of CFS short
columns was proposed in this paper, according to the experiment, the finite
element analysis and the current direct strength method. By research of this
paper, the following conclusions are summarized:

1) The calculation results obtained from the current direct strength
method have a great error and are unsafe compared with the results obtained
by the tests, finite element parameter analysis, and other researchers' test data.

) The presented method in this paper provides accurate calculation
results for the prediction of the ultimate capacity of CFS U-section short col-
umns, that is, the calculation error and the discreteness is very small. The
modified direct strength method is a design method that can be used for engi-
neering design reference.

3) Due to the lack of accurate and reasonable design method for ul-
timate capacity of CFS U-section columns in previous researches, therefore,
the purpose of this paper is modify the direct strength method to apply to CFS
U-section short columns, and lay the foundation for future research on the
ultimate capacity of CFS built-up members.
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