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Cold-formed rectangular steel columns with large and thick walls are increasingly applied in engineering re-
cently. The section dimension and wall thickness have increased continuously to 800 and 22 mm, respectively,
which causes the significant differences of cold-formed effects between cold-formed rectangular steel columns
with thin and thick walls. Therefore, the mechanical performance and design method of cold-formed rectangu-
lar steel columns with thick walls should be studied. In this study, two section dimensions (700 mm x 20 mm
and 600 mm x 16 mm) were selected for the axial load test and analysis of cold-formed rectangular steel col-
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Thick-walled columns have lower cold-formed effects than direct cold-formed rectangular steel columns. (2) Cold-formed

rectangular steel columns with large and thick walls have high-bearing capacity under axial loads, which are
manifested by local plate instability. (3) Calculation formula of ultimate bearing capacity with considerations
to local plate buckling is proposed. The calculated and test results are in accordance with numerical simulation
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results.
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1. Introduction

Cold-formed steel is an efficient, economic, and environment-friendly
building material with a reasonable section shape, good mechanical
properties, and high steel utilization. Cold-formed steel possesses prom-
ising application prospects in the modern construction industry [1].
Currently, considerable research has mainly focused on cold-formed
steel columns with thin walls. Relative systematic standards and guide-
lines for cold-formed steel columns with thin walls are issued [2-7].
The demands for cold-formed steel columns with thick walls have
increased gradually with the development of cold-formed technology
and large engineering construction. With the development of cold
-formed steels, the height and thickness of cross-section of cold-formed
thin-walled rectangular steel columns has reached 800 mm and 22 mm
respectively, which have been used in the Tianjin Wanhui Square Project
in China (Figs. 1-2). However, few studies have referred to the mechan-
ical properties and the design method of large-section cold-formed steel
columns with thick walls.
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Wen conducted an experimental study on the axial bearing capacity
of short cold-formed steel columns with wall thickness ranging 7.5-16
mm [8]. Li discussed the reliability of an axial compression member
with 8-12 mm thick cold-formed steel columns [9-11]. Chen investi-
gated the ultimate bearing capacity of cold-formed rectangular steel
columns with 8-9 mm thick walls [12]. Liu examined the axial compres-
sion performance of cold-formed rectangular steel columns with 22
mm thick walls [13].

The previous research on cold-formed thin-walled and thick-walled
section steel found that the cold hardening effect is intensified as the
thickness increases; where the strength increases by 4% to 34% for thin-
walled rectangular steel tube (0.4-6 mm thick) [14-16], but increases
by 8% to 41% for thick-walled one (6-16 mm thick) [10,17-20]. For
thin-walled cold-formed steel tube made by direct method, the yielding
strength in the corner part is 30%-55% higher than that in the flat part,
especially when the width-to-thickness ratio is large [10,14-16,19]; the
strength of cold-formed member made by direct method is 6%-20%
higher than that by indirect method [13,17].

Similar to rolled steel, the cold-formed steel also would experience
different failure modes (overall buckling or local buckling) due to
different slenderness ratio and width-to-thickness ratio [8,12,21,22],
and the local buckling mainly occurred to the welding parts [19,11]. As
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Fig. 1. Overview of Tianjin Wanhui Square Project.

Fig. 2. The construction site of Tianjin Wanhui Square Project.

the thickness grows, the material strength and the cold hardening effect material nonlinearity and geometric nonlinearity [5-7,13,14,23]; how-
increase, the yielding strength increases by 16%-41% compared to base ever, few research concerned about residual stress. The residual stress

metal [19,11]. had some effect on the bearing capacity of cold-formed rectangular
The previous numerical studies for cold-form steel members was steel tube, for example the load bearing capacity would decrease by
usually used FEM analysis, which considering the initial imperfection, about 7% and the member would experience earlier failure [12,24-26].

Fig. 3. Longitudinal distribution of residual stress for thin-walled cold-formed rectangular steel tube (0.4-6 mm).
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Fig. 4. Longitudinal distribution of residual stress for thick-walled cold-formed rectangular
steel tube (10-16 mm).

The distribution and the amplitude of residual stress would vary with
different thickness [17-19,27-30] (Figs. 3-5), leading to differences in
mechanical performances; therefore, the thickness exerted obvious in-
fluence on the mechanical performances of cold-formed rectangular
steel tube.

To sum up, insufficient research on mechanical properties and the
design method of cold-formed steel columns with thick walls are
found, which limited their engineering applications. In this paper, the
axial compression performance and eccentric bearing capacity of
indirect cold-formed rectangular steel columns with thick walls are
investigated through test and numerical simulation. The calculation
formula of axial loads and the eccentric bearing capacity of cold-
formed rectangular steel columns with large sections and thick walls
are proposed.

2. Test program
2.1. Specimen design

Cold-formed rectangular steel columns are divided into direct and
indirect types according to forming processes [17,31]. A cold-formed

square hollow section can be formed by rolling an annealed flat strip di-
rectly onto a square hollow section, which is then welded at the edges. A
cold-formed hollow section can also be formed by first rolling an
annealed flat strip onto a circular hollow section, which is then welded
at the edges; the process is completed by further rolling onto a square
hollow section. In this paper, the former forming process is called “direct
square method”, and the latter is called “indirect method from circular
to square”. In this study, indirect cold-formed rectangular steel columns
are used as the specimen.

Considering the test cost and test equipment capability, two cold-
formed rectangular steel column specimens are designed in this study
(Fig. 6). The section dimension, thickness, and height of specimen 1
are 600 mm x 600 mm, 16 mm, and 2.4 m, respectively. The section di-
mension, thickness, and height of specimen 2 are 700 mm x 700 mm,
20 mm, and 2.4 m, respectively.

2.2. Mechanical properties of materials

Three standard tensile samples are cut and processed at the side
and corner of each specimen. The static tensile test of 12 specimens
is conducted to determine the basic mechanical properties of cold-
formed rectangular steel columns. Fig. 7 depicts the sampling posi-
tions of specimens. All specimens are cut longitudinally. Fig. 8 illus-
trates the dimensions of specimens. The mean indexes of three
specimens at the same position are used to determine the basic me-
chanical properties of materials. Given that several specimens have
no evident yield platform, the yield strength is based on 0.2% of the
residual strain. The material mechanics test data of 800 x 22 speci-
mens refers to the method of Liu. Table 1 lists the elasticity modulus,
yield strength, ultimate strength, yield ratio, and elongation of mate-
rials at different positions. Fig. 9 shows the stress-strain curve, and
Fig. 10 presents the failure morphology of a specimen.

On the basis of the test results in Table 1 and Figs. 9-10, the conclu-
sions are summarized as follows:

(1) Standard tensile specimens have experienced three stages: yield,
necking down, and fracture. Given that the cold-formed technol-
ogy reduces the ductility of steel materials to some extent, most
specimens have no evident yield platform.

(a) Transverse cold-formed residual stress distribution on the external surface

(b) Longitudinal cold-formed residual stress distribution on the external surface

Fig. 5. Residual stress for cold-formed thick-walled rectangular steel tube (12 mm).
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(a) Specimen 1: 600 mmx16 mm (b) Specimen 2: 700 mmx20 mm

Fig. 6. Specimen size.

(2) The yield strengths of the corner and side locations are signifi-
cantly different. The yield strengths of the corner location are
18.57%, 16.18%, and 17.68% when the section dimensions are
600 mm x 16 mm, 700 mm x 20 mm, and 800 mm x 22 mm,
respectively, which are higher than those in the side location.
The difference of yield strength between the corner location
and side location is reduced with the increase of the width-to-
thickness ratio of the specimen.

(3) The cold-formed technique influences the material properties sig-
nificantly. In other words, the cold-formed effect of the indirect
cold-formed technique is lower than that of the direct cold-
formed technique. For the thin-walled component manufactured
by the direct cold-formed technique, the yield strength of the cor-

Fig. 7. Sampling positions of specimens.

(a) Specimen at 600 side location; (b) Specimen at 600 corner location

(c) Specimen at 700 side location and corner location

Fig. 8. Shape and dimension of specimens.
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Table 1
Test results of material properties.
Dimension (mm) Width-to-thickness ratio Position Yield strength (MPa) Ultimate stregnth (MPa) Young's modulus (GPa) Yield ratio Elongation
600 x 16 37.50 Side 350 450 209 0.778 27.70%
Corner 415 499 206 0.832 14.00%
700 x 20 35.00 Side 340 443 214 0.767 28.10%
Corner 395 488 208 0.809 17.60%
800 x 22 36.36 Side 328 434 213 0.756 30.00%
Corner 386 472 211 0.818 25.20%

Fig. 9. Stress-strain curves.

ner location is 30-50% higher compared with the side location,

which is significantly higher than component manufactured by

the indirect cold-formed technique.
(4) A significant gap of ultimate strength is found between the
corner location and the side location. The ultimate strengths of
the corner location are 10.89%, 10.16%, and 8.76% when the
section dimensions are 600 mm x 16 mm, 700 mm x 20 mm,
and 800 mm x 22 mm, respectively, which are higher than
those of the side locations. Such gap decreases with the increase
of specimen thickness.
The elongation of the cold-formed thick component is positively
related to thickness. The elongation of the side location is higher
than 20%, and the yield ratio is lower than 0.85. The elongation of
the corner location is approximately 15%, and the yield ratio is
roughly 0.9. The cold-formed thick component is highly sensitive
to cold-formed effects.

—
w1
~

According to the test data from Table 1, the mean yield strength of
specimens can be calculated by Eq. (1). The yield strength of specimens
is calculated according to the Technical Code of Cold-formed Thin-wall

(a) Side location

Steel Structures [32] Eq. (2), North America/Australia/New Zealand Cold-
formed Steel Structure (AISI S100-2007) [33], (AS/NZS 4600-2005) [34]
(Eq. (3)), and European Design of Steel Structures (EN 1993-1-6-2006)
[35] (Eq. (4)). Table 2 lists the results.

fl :fmATl’l +fCAC

- 1)
fa= [1 027100 10”;29—;# )
f3 =G+ (1-0Ofn 3)

2
f4:fyb+(fu_fyb)knTt (4)

fiis the mean yield strength; f,,, and f. are the yield strength of flat
location and corner location; A,, and A. are the section area of the flat
location and the corner location; A, is the effective section; f5 is the
calculated strength according to Technical Code of Cold-formed Thin-
wall Steel Structures [32]. f is the design strength before cold-formed
process; 7 is the coefficient which depends on the forming process,
in this study, the square columns are manufactured from circular
columns, so 1= 1.7; vy is the ratio of tensile strength to yield
strength, regarding Q235 steel, y = 1.58; t is the thickness of column
section; [ is the length of cross section central axial line; n is the num-
ber of corners of cross section, for the columns in this study n = 4; 6;
is the central angle of corner which is defined with rad; f; is the
calculated strength according to AISI S100-2007 [33] or AS/NZS
4600-2005 [34]; C = ﬁ; f4 is the calculated strength according to
European Design of Steel Structures (EN 1993-1-6:2006) [35]; f, and
fyp are the tensile strength and yield strength of the steel; A is the
gross section area; k is the coefficient which depends on the shaping
method, regarding cold rolled steel, k = 7.

Table 2 exhibits that the calculated results of different equations are
close to the test values. The standard calculated results of different
countries are relatively conservative. The average yield strength from
Eq. (3) is 0.993 of measured yield strength, and the coefficient of
variation is 0.008, which indicate that the calculated results are close
to the test results. Therefore, the North America/Australia/New Zealand

(b) Corner location

Fig. 10. Fracture morphology of specimens.
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Table 2

Comparison of calculated results of different standard formulas and test results.
Dimension Test GB 50018-2002 AISI S100-2007 EN 1993-1-6:2006

AS/NZS 4600:2005
fi (MPa) f2 (MPa) flfi f5 (MPa) flfi fa (MPa) falfy

600 x 16 357 302 0.846 352 0.984 310 0.868
700 x 20 345 294 0.853 343 0.995 305 0.884
800 x 22 333 291 0.875 333 1.000 305 0.917
Average value 345 296 0.858 343 0.993 307 0.890
Coefficient of variation 0.035 0.019 0.018 0.028 0.008 0.009 0.028

Design Specifications for Cold-formed Steel Structure [33,34] can be used
in cold-formed rectangular steel columns with thick walls.

2.3. Loading scheme

Axial load was applied by electro-hydraulic servo oil press, and
the diagonal vertical displacement of the plate section at the top col-
umn was measured by two displacement meters. The strains at key
positions were tested by strain gauges. Strain gauges were installed
at 1/4, 1/2, and 3/4 heights of the column (Fig. 11). Fig. 12 shows
the overall test rig.

For a 700 x 700 x 20 specimen, 1600 kN (approximately 10% of the
estimated ultimate load) is applied in advance. The loading process
starts when all the components are contacted well and no transmission
error of test signals is found. A stable loading is maintained during the
loading process. First, the loading process is controlled by force and
then controlled by displacement when the bearing capacity reaches
roughly 13,000 kN. For a 600 x 600 x 16 specimen, 1100 kN (approxi-
mately 10% estimated ultimate load) is applied in advance. The loading
process is controlled by force first and then controlled by displacement
when the bearing capacity reaches roughly 10,000 kN. With the in-
crease of displacement, the load decreases because it is used as the ulti-
mate load.

Fig. 11. Distribution of strain gauges.

Fig. 12. Test apparatus for axial compression.

Fig. 13. Load-displacement curves.
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(a) 700x20 specimen (b) 700%x20 concave surface

Fig. 14. Test failure of a 700 x 20 specimen.
3. Experimental result analysis 14.85 and 15.65 mm, respectively. Fig. 13 illustrates the load-
displacement curves. According to the tested ultimate bearing capacity,

Ultimate loads of 700 x 20 and 600 x 16 specimens are 17,950 and the stability coefficients of specimens 1 and 2 are calculated (0.979 and
12,550 kN, respectively. Their maximum vertical deformations are 0.949). The 700 x 20 and 600 x 16 specimens presented local bump

(a) 600%16 specimen (b) 600x16 concave surface

Fig. 15. Test failure of a 600 x 16 specimen.
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(a) 700x20 specimen

(b) 600%16 specimen

Fig 16. Load-strain curves of middle section.

(a) 700x20 specimen

(b) 600%16 specimen

Fig. 17. Load-strain curves of longitudinal direction.

Fig. 18. Section division.

buckling deformation. Specifically, deformation is observed on the
upper adjacent surface of a 700 x 20 specimen, and bump deformation
is observed on the lower adjacent surface of a 600 x 16 specimen. Figs.
14 and 15 depict the failure modes.

Figs. 16 and 14 show the load-stress curves at key test points. Fig. 16
exhibits the load-strain curves at points 1, 11, 21, and 31 of the corner
location and points 5, 17, 25, and 37. The sudden change of curves in
Fig. 16 is caused by changing the loading mode. According to the obser-
vation points, the strain variations of the corner and side locations of
two specimens are similar. Fig. 17 illustrates the load-strain curves at
points 35,37, and 39, which are distributed longitudinally on the convex
surface. Point 35 of a 700 x 22 specimen and point 39 of a 600 x 16
specimen are the measuring points of the convex locations, in which
the strain is significantly higher than the other measuring points of
the convex surface.

4. Numerical simulation

Given the residual stress caused by the cold-formed process and
cold-formed effect of materials, a finite element analysis model for
cold-formed rectangular steel columns with thick walls was established.
The results of the model were compared with the test data, which ver-
ified the feasibility of the model. The axial compression and eccentric
compression performances of cold-formed rectangular steel columns
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Fig. 19. Mesh.

with thick walls were discussed systematically by using the finite ele-
ment model.

4.1. Simulation of axial compression behavior

The axial load bearing capacity of cold-formed rectangular steel col-
umns with thick walls under the existence of initial imperfection and
residual stress was analyzed by ABAQUS. This process is accomplished
in three steps. Step 1: establish the finite element model. Step 2: intro-
duce the residual stress for eigenvalues buckling analysis to obtain the
worst initial imperfection distribution. Step 3: nonlinear analysis. One

Table 3
Material properties in numerical simulation.

Fig. 20. Stress-strain curves in the finite element model.

reference point is set at the top of the column and is coupled with the
column by the consideration of material nonlinearity and geometric
nonlinearity. Displacement is applied to this reference point, and the
ultimate load is obtained.

According to material properties, the finite element model of cold-
formed rectangular steel columns with thick walls is divided into two
locations: corner and side locations (Figs. 18 and 19). Table 3 and
Fig. 20 show the material properties of models.

The residual stress distribution model of cold-formed rectan-
gular steel columns with thick walls, which was proposed by
Zhang, was used to discuss the influences of residual stress on
the mechanical properties of steel columns [18]. In this residual
stress model, the internal and external surfaces are equal in size
but opposite in signs (Fig. 21). Suppose that residual stress is
present in the linear distribution along the thickness direction, f,
in Fig. 21 refers to yield strength at the corresponding position.
The stress distribution of the 700 x 20 x 2400 stub column finite
element analysis model after residual stress is introduced
(Fig. 22). First, eigenvalue buckling was analyzed, which obtained
the critical buckling load of elastoplasticity and failure mode of
nonlinear analysis. For the convenience of observation, deforma-
tion was amplified for 240 times. Fig. 23 depicts Von-Mises distri-
bution and deformation under nonlinear critical loads, and Fig. 24
shows that the simulated deformation is similar to the text
concave-convex phenomenon.

A numerical analysis considering residual stress was carried out, and
it was found that the local buckling happened on one-quarter height
from the top of column as shown in Fig. 24, which was consistent
with the experimental results. The load-strain curves for typical loca-
tions from numerical analysis were shown in Fig. 25 (RS = residual
stress), which were consistent with the experimental results. But, the

Dimension (mm) Location Yield strength Ultimate strength Elastic modulus Ultimate strain
(MPa) (MPa) (GPa)
0600 x 16 Side 350 450 210 0.1
Corner 415 499
0700 x 20 Side 340 443 210 0.1
Corner 395 488
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(a) Transverse cold-formed residual stress distribution on the external surface

(b) Longitudinal cold-formed residual stress distribution on the external surface

Fig. 21. Residual stress distribution model of cold-formed rectangular steel columns.

(a) Transverse cold-formed residual stress  (b) Longitudinal cold-formed residual stress

Fig. 22. Stress distribution in the finite element model after the involvement of residual stress.

Fig. 23. First-order buckling analysis. Fig. 24. Von Mises stress.
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(a)measuring points on the 1/4, 1/2, 3/4 of buckling surface on flat location

(b) measuring points on the corner location & 1/4 of buckling surface on flat location

Fig. 25. Test and FEM (with residual stress) load-strain curves.

(a)measuring points on the 1/4, 1/2, 3/4 of buckling surface on flat location

(b) measuring points on the corner location& 1/4 of buckling surface on flat location

Fig. 26. FEM (with and without residual stress) load-strain curves.

initial strains from numerical analysis were larger than that obtained
from tests due to the initial residual stress.

In order to study the effect of the residual stress on the structural be-
havior, a numerical analysis was also conducted without residual stress.
Compared with the result considering the residual stress, it was found
that the ultimate capacity reduced by 6% due to residual stress as
shown in Fig. 26.

There had a difference of 3% between test result and numerical
results for ultimate bearing capacity as listed in Table 4; and load-
displacement curves from numerical analysis were similar to that
from tests, but the initial rigidity was larger as shown in Fig. 13.
The difference could be explained as follows:1) the measuring
deviation from the equipment; 2) the differences of initial imperfec-
tion between FEM model and specimen; 3) the gaps existing among

Table 4
Comparison between the tested and finite element simulations of bearing capacity.

Dimension Tested ultimate bearing Simulated ultimate bearing Error
capacity (kN) capacity (kN)

600 x 16 12,550 12,487 0.50%

700 x 20 17,950 18,486 2.99%

the components (such as specimen, sensors, the loading plate and
the ground).

4.2. Parameter analysis and calculation formula of axial bearing capacity

Cold-formed rectangular steel columns with thick walls
frequently bear large loads. Cold-formed rectangular steel columns
are generally shorter than 24 m. The models of section columns
(section dimension = 800 x 22, 700 x 20, and 600 x 16) with dif-
ferent normalized slenderness from 2.4 m to 24 m were established
and analyzed, which obtained the stable bearing capacities of
specimens (Table 5). Table 5 shows that the ultimate bearing capac-
ity of cold-formed rectangular steel columns with large and thick
walls decreases dramatically with the increase of the normalized
slenderness.

The numerical simulation results were compared with the calcu-
lated results of different standard formulas. The following conclusions
were obtained: (1) The stability coefficient (¢3) of the Technical Code
of Cold-formed Thin-wall Steel Structures [32] is small when A, < 0.380,
which indicates that the Technical Code of Cold-formed Thin-wall Steel
Structures is conservative. (2) When 0.380 < A, < 0.506, the axial stabil-
ity coefficient (¢1) calculated by the model is small, which indicates that
the axial stability coefficient calculated by the model is highly conserva-
tive. (3) When0.506 < A, < 1.266, the axial stability coefficient (¢4)
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Table 5
Comparison between the numerical simulation results and calculated results of axial compression stability coefficient of cold-formed rectangular steel columns with thick walls.
Dimension (mm) H (m) Ae N; (kN) b1 b2 b3 n s b1/d2 b1/d3
800 x 22 24 0.095 22,475 0.983 0.995 0.980 1.000 0.996 0.987 1.003
800 x 22 4.8 0.190 22,009 0.962 0.983 0.960 1.000 0.985 0.979 1.003
800 x 22 7.2 0.285 21,568 0.943 0.961 0.939 0.969 0.967 0.981 1.004
800 x 22 9.6 0.380 20,897 0914 0.935 0917 0.934 0.941 0.977 0.996
800 x 22 12.0 0.476 20,292 0.887 0.907 0.894 0.894 0.910 0.978 0.993
800 x 22 144 0.571 19,662 0.860 0.877 0.867 0.851 0.873 0.981 0.992
800 x 22 18.0 0.713 18,581 0.812 0.825 0.830 0.776 0.808 0.985 0.979
800 x 22 21.0 0.832 17,357 0.759 0.773 0.792 0.704 0.748 0.981 0.958
800 x 22 24.0 0.951 15,988 0.699 0.716 0.746 0.628 0.685 0.976 0.937
700 x 20 24 0.109 18,486 0.980 0.994 0.977 1.000 0.995 0.986 1.003
700 x 20 4.8 0.217 18,109 0.960 0.977 0.954 0.994 0.980 0.983 1.007
700 x 20 7.2 0.326 17,586 0.933 0.950 0.930 0.954 0.956 0.982 1.003
700 x 20 9.6 0.435 16,995 0.901 0.920 0.904 0912 0.924 0.980 0.997
700 x 20 12.0 0.543 16,369 0.868 0.886 0.874 0.864 0.884 0.980 0.993
700 x 20 14.4 0.679 15,581 0.826 0.838 0.839 0.795 0.824 0.986 0.985
700 x 20 18.0 0.815 14,519 0.770 0.781 0.798 0.715 0.757 0.986 0.965
700 x 20 21.0 0.951 13,112 0.695 0.716 0.746 0.628 0.685 0.971 0.932
700 x 20 24.0 1.087 11,831 0.627 0.645 0.684 0.543 0.610 0.973 0.918
600 x 16 2.4 0.127 12,487 0.970 0.992 0.974 1.000 0.993 0.978 0.997
600 x 16 4.8 0.253 12,225 0.950 0.970 0.947 0.981 0.974 0.980 1.004
600 x 16 7.2 0.380 11,816 0918 0.935 0917 0.934 0.941 0.982 1.001
600 x 16 9.6 0.506 11,354 0.882 0.898 0.885 0.881 0.898 0.983 0.997
600 x 16 12.0 0.633 10,861 0.844 0.855 0.851 0.820 0.846 0.987 0.992
600 x 16 14.4 0.759 10,170 0.790 0.805 0.817 0.749 0.786 0.982 0.968
600 x 16 18.0 0.949 9019 0.701 0.717 0.747 0.630 0.686 0.977 0.938
600 x 16 21.0 1.108 7929 0.616 0.635 0.673 0.531 0.598 0.971 0.916
600 x 16 24.0 1.266 6883 0.535 0.551 0.583 0.444 0.511 0.970 0917

Note: H is the height of steel column. A. is the normalized slenderness. N, is the axial compression ultimate bearing capacity of numerical simulation.¢, is axial compression stability co-
efficient, which is calculated by the model. ¢, is the axial compression stability coefficient of the Code for Design of Steel Structures (GB 50017-2003) [36]. ¢ is the stability coefficient of the
Technical Code of Cold-formed Thin-wall Steel Structures [32]. ¢4 is the axial compression stability coefficient of the European Design of Steel Structures [35], and ¢s is the axial compression

stability coefficient of the Australia/New Zealand Cold-formed Steel Structure [34].

calculated by the European Design of Steel Structures [35] is small, which
indicates that the European Design of Steel Structures is highly
conservative.

According to ultimate bearing capacity (N;), which is obtained
from numerical analysis, the stability coefficient (¢¢) is calculated
from Eq. (5). Figs. 27-30 present the variations of ¢; normalized
slenderness. Given that Eq. (5) does not involve the local buckling
effects of steel plates in rectangular steel columns on ultimate bearing
capacities, the buckling adjustment factor of plates is introduced to
increase the calculation accuracy of the formula. The buckling adjust-
ment factor of plates can be determined according to data statistics of

Fig. 27. 800 x 22 axial compression stability coefficient.

¢1/¢> in Table 5. The mean ¢q/¢, in Table 5 is 0.98, and the coeffi-
cient of variation is 0.00499. Therefore, the buckling adjustment
factor of plates is 3; = 0.98. Eq. (6) shows the corrected calculation
formula of the stable bearing capacity of cold-formed rectangular
steel columns with thick walls.

N
st (5)
% <Bf. (6)

Fig. 28. 700 x 20 axial compression stability coefficient.
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Fig. 29. 600 x 16 axial compression stability coefficient.

where f is the design strength of steel material, A, is effective sec-
tional area, and ¢ is axial compression stability coefficient of the
steel structure.

4.3. Simulation of eccentric bearing capacity

In this study, the eccentric bearing capacity of cold-formed rectangu-
lar steel columns with large and thick columns has been discussed by
using the finite element model (Fig. 31). Fig. 32 depicts the overall
buckling failure mode of an 800 x 22 x 14,400 steel column when
eccentricity is 0.667, and Fig. 33 illustrates the load-displacement
curves under different eccentric distances. The ultimate bearing
capacity of the same specimen declines dramatically with the increase
of the eccentricity ratio. The two specimens show a nonlinear relation-
ship. The midspan lateral displacement at ultimate bearing capacity in-
creases with the increase of eccentricity. The higher the eccentricity is,
the larger the early deformation and the smaller the axial rigidity will
be. The deflections near the peak value are stable, and the ductility is
good.

The finite element models of three dimensions (800 mm x 22 mm,
700 mm x 20 mm, and 600 mm x 16 mm) under different normalized

Fig. 30. Overall axial compression stability coefficient.

Fig. 31. Overall finite element model of eccentric bearing capacity.

slenderness and eccentric distances are established. Table 6 shows the
bearing capacities of numerical simulation. The relation curves between
the stable bearing capacity of cold-formed rectangular steel columns
and different parameters are drawn on the basis of data in Table 6
(Fig. 34).

From Fig. 34, the ultimate bearing capacity of specimens decreases
nonlinearly with the increase of normalized slenderness with a cer-
tain eccentricity. The ultimate bearing capacities decrease by 45.81%,
44.98%, and 42.78% when the eccentricities are 0, 0.333, 0.666, and
1 and the normalized slenderness (A.) increases from 0.127 to
1.266. Therefore, the ultimate bearing capacity of specimen decreases
with the increase of an eccentric distance under fixed A.. The reduc-
tion amplitude declines gradually, and the ductility of specimens
increases.

To sum up, the normalized slenderness and eccentricity are the main
influencing factors of bearing capacity for cold-formed rectangular steel
columns with large and thick walls. The bearing capacity of specimen
decreases with the increase of the normalized slenderness or eccentric-
ity. A nonlinear negative correlation is found between eccentricity and
bearing capacity. Cold-formed rectangular steel columns with large
and thick walls have good deformation performance. The ductility of
specimens is positively related with normalized slenderness and
eccentricity.

The calculation formula for the bearing capacity of cold-
formed rectangular steel columns in the Technical Code of Cold-
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Fig. 32. Von-Mises stress.

Formed Thin-Walled Steel Structures [32] did not consider
local plate buckling, and the local buckling adjustment factor of
plates was used to increase calculation accuracy. According to
numerical statistics of N;/Ns in Table 7, the value of N;/N3
decreases with the increase of normalized slenderness of the
specimen, and the effect of the local buckling of the plates
decreases with the increase of normalized slenderness of the
column. The mean of N;/N3 in Table 7 is 1.11, the coefficient of
variation is 0.056, and the maximum is 1.24. Therefore, a conser-
vative plate local buckling adjustment factor can be determined.
The local buckling adjustment factor of plates is 3, = 1.24. In
this study, the ultimate eccentric bearing capacity of
cold-formed rectangular steel columns with thick walls should
be calculated by Eq. (7):

N BmM
+ <f (7)
BadAe (] N / d’) W,
BN

Fig. 33. Load-displacement curves of cold-formed steel columns under different
eccentricity ratios.

5. Conclusions

On the basis of the experimental study and numerical
simulation analysis of the bearing capacity of cold-formed
rectangular steel columns with thick walls under axial and
eccentric compression loads, the conclusions are summarized as
follows:

(1) For indirect cold-formed rectangular steel columns, the yield
strength is 16%-19%, and the ultimate strength of the corner
location is 8%-11%, which are higher compared with those of
the side location, when the section dimension is 600-800
mm and the thickness ranges between 16 mm and 22 mm.
The cold-formed effect of indirect cold-formed rectangular
steel columns is lower than that of direct ones. The calculated
results of yield strength formula that considered the cold-
formed effect in North America/Australia/New Zealand Design
Specifications for Cold-formed Steel Structure are close to test re-
sults. The calculated results are applicable to the yield strength
of cold-formed rectangular steel columns with thickness over
16 mm.

Local buckling of plates is the main axial compressive failure mode
of cold-formed rectangular steel columns with thick walls. The sta-
bility coefficients of 2.4 m high steel columns with the section
dimensions of 700 mm x 20 mm and 600 mm x 16 mm are
0.979 and 0.949, respectively, which indicates their good local
stability.

According to the test and numerical simulation data, the
local bucking coefficient is introduced in the standard
formula. Given the effects of the local buckling of plates
on ultimate bearing capacity, the calculation formulas of
ultimate axial compressive bearing and ultimate eccentric
bearing capacities of cold-formed rectangular steel columns
with large and thick walls are proposed. The calculated
results conformed to the test and numerical simulation
results.

—
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Table 6
Comparison between the numerical simulation results and calculated results of ultimate eccentric bearing capacity of cold-formed rectangular steel columns.

Dimension (mm) ~ H(m)  Nieo333 (KN)  Nieoss7 (KN)  Nierooo (KN)  Naeo3zs (KN)  Nacoes7 (KN)  Naerooo (KN)  N3eozaz (KN)  Nseogsz (KN)  Naer000 (KN)

800 x 22 24 16,900 13,060 10,910 16,106 12,067 9655 15,672 11,676 9312
800 x 22 4.8 16,512 12,730 10,714 15,879 11,913 9547 15,356 11,472 9172
800 x 22 7.2 16,071 12,410 10,498 15,498 11,658 9367 14,976 11,216 8991
800 x 22 9.6 15,491 12,014 10,058 15,024 11,337 9139 14,538 10,916 8778
800 x 22 12.0 14,877 11,466 9667 14,483 10,966 8874 14,043 10,576 8534
800 x 22 14.4 14,230 11,000 9290 13,885 10,555 8577 13,492 10,200 8264
800 x 22 18.0 13,249 10,186 8616 12,875 9863 8075 12,667 9632 7853
800 x 22 21.0 12,174 9436 8028 11,941 9226 7611 11,929 9133 7492
800 x 22 240 11,135 8805 7423 10,966 8561 7122 11,173 8628 7126
700 x 20 24 14,029 10,864 9004 12,790 9580 7665 12,430 9261 7387
700 x 20 4.8 13,601 10,580 8773 12,551 9420 7552 12,131 9066 7251
700 x 20 7.2 12,995 10,109 8440 12,169 9163 7371 11,767 8819 7077
700 x 20 9.6 12,385 9617 7996 11,711 8850 7147 11,341 8527 6868
700 x 20 12.0 11,764 9153 7622 11,185 8489 6888 10,854 8194 6630
700 x 20 14.4 10,865 8461 7036 10,439 7978 6518 10,231 7766 6320
700 x 20 18.0 9970 7773 6464 9604 7408 6104 9568 7316 5995
700 x 20 210 9017 7092 5916 8718 6804 5660 8883 6858 5663
700 x 20 240 8101 6429 5412 7819 6188 5202 8210 6411 5338
600 x 16 24 9478 7421 6063 8424 6316 5056 8181 6102 4871
600 x 16 4.8 9186 7213 5902 8218 6178 4959 7941 5944 4761
600 x 16 7.2 8805 6949 5731 7899 5962 4807 7644 5742 4617
600 x 16 9.6 8218 6460 5331 7525 5706 4623 7298 5505 4447
600 x 16 12.0 7677 6060 5006 7089 5408 4408 6923 5247 4262
600 x 16 14.4 7143 5627 4655 6604 5076 4167 6536 4982 4070
600 x 16 18.0 6289 4986 4147 5807 4532 3768 5914 4565 3768
600 x 16 210 5740 4464 3742 5125 4063 3420 5398 4223 3519
600 x 16 24.0 5136 4083 3469 4479 3612 3077 4892 3889 3275

Note: N1¢0.333, N1co.667, and Nie1.000 are the ultimate bearing capacities gained from the numerical simulation when the eccentricities are 0.333, 0.667, and 1.000, respectively.

Naeo333, Naeo.s67, and Naeq ooo are the ultimate bearing capacities gained from the Code for Design of Steel Structures [36] when the eccentricities are 0.333, 0.667, and 1.000, respectively.
N3¢0:333, N3eo.667> aNd N3e1 000 are the ultimate bearing capacities gained from the Technical Code of Cold-formed Thin-wall Steel Structures [32] when the eccentricities are 0.333, 0.667, and
1.000, respectively.

(a) 800 mmx22 mm (b) 700 mmx20 mm

(c) 600 mmx16 mm

Fig. 34. Relation curves between the ultimate eccentric bearing capacity and normalized slenderness of cold-formed rectangular steel columns.
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Table 7
Comparison between the numerical simulation results and calculated results.

Dimensions H Ae Nie0.333/N2e0333 Nieo.667/N2e0.667 Nie1.000/N2e1.000 Ni1e0.333/N3e0333 Ni0.667/N3e0.667 Nie1.000/N3e1.000
(mm) (m) (kN) (kN) (kN) (kN) (kN) (kN)
800 x 22 24 0.095 1.05 1.08 1.13 1.08 1.12 117
800 x 22 4.8 0.190 1.04 1.07 1.12 1.08 1.11 1.17
800 x 22 7.2 0.285 1.04 1.06 1.12 1.07 1.11 117
800 x 22 9.6 0.380 1.03 1.06 1.10 1.07 1.10 1.15
800 x 22 12.0 0.476 1.03 1.05 1.09 1.06 1.08 113
800 x 22 144 0.571 1.02 1.04 1.08 1.05 1.08 1.12
800 x 22 18.0 0.713 1.03 1.03 1.07 1.05 1.06 1.10
800 x 22 21.0 0.832 1.02 1.02 1.05 1.02 1.03 1.07
800 x 22 24.0 0.951 1.02 1.03 1.04 1.00 1.02 1.04
700 x 20 24 0.109 1.10 1.13 117 1.13 1.17 1.22
700 x 20 4.8 0.217 1.08 1.12 1.16 1.12 1.17 1.21
700 x 20 7.2 0.326 1.07 1.10 1.15 1.10 1.15 1.19
700 x 20 9.6 0.435 1.06 1.09 1.12 1.09 1.13 1.16
700 x 20 12.0 0.543 1.05 1.08 1.11 1.08 1.12 1.15
700 x 20 144 0.679 1.04 1.06 1.08 1.06 1.09 1.11
700 x 20 18.0 0.815 1.04 1.05 1.06 1.04 1.06 1.08
700 x 20 21.0 0.951 1.03 1.04 1.05 1.02 1.03 1.04
700 x 20 24.0 1.087 1.04 1.04 1.04 0.99 1.00 1.01
600 x 16 24 0.127 1.13 1.18 1.20 1.16 1.22 1.24
600 x 16 4.8 0.253 1.12 1.17 1.19 1.16 1.21 1.24
600 x 16 7.2 0.380 1.11 1.17 1.19 1.15 1.21 1.24
600 x 16 9.6 0.506 1.09 1.13 1.15 1.13 1.17 1.20
600 x 16 12.0 0.633 1.08 1.12 1.14 1.11 1.15 1.17
600 x 16 144 0.759 1.08 1.11 1.12 1.09 1.13 1.14
600 x 16 18.0 0.949 1.08 1.10 1.10 1.06 1.09 1.10
600 x 16 21.0 1.108 1.12 1.10 1.09 1.06 1.06 1.06
600 x 16 24.0 1.266 1.15 1.13 1.13 1.05 1.05 1.06
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