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This paper describes a study on the extreme thick-walled cold-formed square columns which are manufactured
from circular to square shape, of which the width was 800 mm and the thickness was 22 mm. A systematic in-
vestigation of material behavior, residual stress distribution, and axial compression performance was performed
numerically and experimentally. Results demonstrate thefollowing.1) The material properties of cold-formed

columns manufactured by indirect method are clearly changed because of the cold-formed processes and are
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more uniform than those of cold-formed columns manufactured by direct method. 2)The extreme thick-walled
cold-formed square columns work well under axial compression. 3) The residual stresses at the middle and cor-
ner parts of extreme thick-walled cold-formed square columnsareapproximately95 and 210 MPa, respectively.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Cold-formed steel members are widely used in civil engineering be-
cause of their high strength-to-weight ratio; their thickness is generally
limited to approximately3 mm because of the limitations of cold-
forming technology in the early stage. This thickness is much thinner
than that of hot-rolled steel section. Nowadays, cold-formed sections
with a wall-thickness greater than 6 mm, which are referred to as
“thick-walled”, are more commonly manufactured and used in civil en-
gineering [1]. They are commonly fabricated as closed shapes, such as
circular or square hollow sections, and used increasingly in columns of
high-rise buildings. The maximum size for the square hollow section
is 800 mm wide by 22 mm thick; this type of section was used in the
Tianjin Wanhui Square Project in China.

The cold-formed square hollow sections are divided into two kinds
based on the forming processes [2-3]. A cold-formed square hollow sec-
tion can be formed by rolling an annealed flat strip directly 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
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method,” and the latter is called “indirect method from circular to
square.” The different forming processes for cold-formed steel members
are known to result in their different mechanical properties, such as
yield strength, residual stress distribution, axial compression behavior,
and so on.

The material behavior is enhanced by cold-form processing, which
make its structural behavior different from the hot-rolled steel
members [4-7]. Although many studies have been performed to inves-
tigate the mechanical behavior of cold-formed steel members, they
were mainly focused on thin-walled cold-formed steel members
manufactured by the direct square method [8-13]. These studies pro-
vided important data for the design codes of thin-walled cold-formed
steel members.

Few studies have analyzed the material properties and strengths of
thick-walled cold-formed steel members. Li et al. [14], Li et al. [15],
and Hu et al. [5] studied the strain hardening effect experimentally
and theoretically for thick-walled cold-formed steel sections with thick-
ness ranging from 8 mm to 12 mm. Guo et al. [1] studied the mechanical
behavior of thick-walled cold-formed steel stub columns with thickness
ranging from 8 mm to 12 mm under axial loading. Tong et al. [2] studied
longitudinal residual stresses for cold-formed thick-walled square hol-
low sections.

The literature review above shows that past studies only focused on
cold-formed thick-walled section, whose cross-section was smaller
than 400 mm x 400 mm and whose thickness was thinner than
12 mm. The mechanical behavior of cold-formed thick-walled square
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hollow steel members change significantly with the increase of the
cross-section and thickness. Therefore, the present work experimental-
ly and theoretically studies the material properties, structural behavior,
and strengths of cold-formed thick-walled steel sections with cross-sec-
tions of about 800mm x 800 mm and thickness greater than 22 mm.

2. Experimental scheme
2.1. Specimens design

Two thick-walled cold-formed steel stub columns with same geo-
metric parameters were designed for this test, as shown in Fig. 1. The
specimens were manufactured by indirect method from circular
tosquare. The cross-section was 800 mm x 800 mm, the thickness was
22 mm, and the height was 2.4 m.

2.2. Material mechanical property

To understand the material mechanical property of the thick-walled
cold-formed steel members with different cross-section, a total of 27
tensile coupon tests on three cross-section steel members were per-
formed, as reported in Table 1; the tests included three corner coupons,
three near -corner coupons, and three flat coupons from each specimen,
as shown in Fig. 2. All these coupons were cut from the longitudinal di-
rection. The geometric size of the coupons from the flat position is
shown in Fig. 3(a). The geometric sizes of coupons from the flat corner
position and near -corner position are shown in Fig. 3(b). The material
properties of the cold-formed steel section for each group were deter-
mined as the average value of the three coupon tests from the same po-
sition. All the coupon dimensions complied with the Chinese metallic
material-tensile testing code [16].

The tensile coupons were tested according to the with the Chinese
metallic material-tensile testing code [16] using a 600 kN capacity Uni-
versal Testing Machine. The average stress-strain curve for each position
is shown in Fig. 4. The average values of yield strength, ultimate
strength, yield-strength ratio, and elongation for each position are listed
in Table 1. Given that some coupons do not have evident yield plat-
forms, the stress of 0.2% residual deformation was set as the yield
strength.

Fig. 1. The geometric size of the tested specimen.

Table 1
The material test results of the cold-formed members.
Square Position Yield Ultimate Yield Elongation
tube strength strength ratio
(MPa) (MPa)
600 x 16 Middle 396 475 0.834 18.50%
Side 347 447 0.776 28.50%
Corner 415 501 0.828 19.30%
700 x 20 Middle 375 450 0.833 23.50%
Side 396 458 0.865 20.00%
Corner 397 469 0.846 22.70%
800 x 22 Middle 328 434 0.756 30.00%
Side 399 481 0.83 24.00%
Corner 386 472 0.818 25.20%

Based on the test results shown in Fig. 4-5 and Table 1, the following
conclusions were formed:

1) Almost all tensile coupons experience three stages: yielding, neck-
ing, and fracture; the fractures of all tensile coupons are always lo-
cated at the parallel section as shown in Fig. 5. But several coupons
had no yielding stages because the cold-formed process reduced
the ductility of the steel materials to some extent.

\S)
—

Given that the cold-formed steel members formed by indirect meth-
od from circular to square experience the cold forming processes
two times, its mechanical properties are more uniform than that of
cold-formed steel members manufactured by direct method; this
was proven by the test results. The yield strengths for the corner
parts were 19.6, 5.9, and 17.68% higher than that of other locations,
whereas the yield strengths for corner parts for the cold-formed
steel members manufactured by direct method in previous studies
were 30-50%. Therefore, the cold forming process has a significant
effect on the material properties.

3) Inaddition to the individual tensile coupons, the mechanical proper-
ties of the cold-formed steel members studied in this research meet
the following requirements: the elongation must be higher than
20%, and the yield ratio must be lower than 0.85.

The yield strengths of the studied cold-formed steel members were
calculated by Formula (1) given in “Technical code of cold-formed thin-
walled steel structures”(GB 50018-2002) [17]. f' is the calculated
strength value of cold-formed steel. fis the design strength value of
steel. 7 is the coefficent which depends on the shaping method, at
this time, the square columns are manufactured from circular columns,
son=1.7[17].yis the ratio of tensile strength to yield strength, regard-
ing Q235 steel, vy = 1.58.n is the number of corners of cross section, for
the columns here, n = 4.6; is the central angle of corner which is defined
with rad. [ is the length of cross section central axial line. t is the thick-
ness of column section. The calculation results are listed in Table 2.

Comer _ Middle
Side
Weld
S - )
wzzCorner  =zzMiddle ===Side

Fig. 2. Specimen sampling position.
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Fig. 3. The form and dimensions of specimens (Unit: mm).

The ratio of the calculated value to the test value is about 0.8 on average.
Therefore, Formula (1) is able to predict the yield strength of the thick-
walled cold-formed steel members manufactured by indirect method.
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2.3. Test conditions and procedures

In the test, an electro hydraulic servo pressure machine was used to
control pressure and displacement well. The vertical deformation and
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lateral deformation in the middle of the column were measured by a
displacement meter. The strain gauges were located at 1/4, 1/2, and 3/
4 of the column height, as shown in Fig. 6. The overall view is shown
in Fig. 7.

In the test, 2000 kN weight (approximately 10% of ultimate load)
was applied for 10 min as the pre-loading process to ensure that every
part contacts well, and the test signal transmission works well. The
loading process maintained a smooth loading rate. It was controlled ac-
cording to the pressure first. Then, it was controlled by displacement at
a load of about 15,000 kN. The ultimate load was determined according
to the following codes: the displacement increases as load drops rapidly,
or the specimen crash.
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(a) Specimens from square tube 600mmx16mm (b) Specimens from square tube 700mmx20mm
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(c) Specimens from square tube 800mmx22mm

Fig. 4. Stress-strain curve from tensile coupon test.
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(a)Middle part specimens

(b)Side part specimens (c)Corner part specimens

Fig. 5. The specimen fractured morphology

3. Experimental results analysis

The first specimen reached ultimate load at 21,800 kN; at the same
time, concave-convex deformation was present at adjacent surfaces of
the upper region. The second specimen reached ultimate load at
22,000 kN and had no evident phenomenon. Finally, the maximum de-
formation of Specimen 800-22-1 and Specimen 800-22-2 were
24.79 mm and 20.41 mm, respectively. The failure modes are shown
in Fig. 8.

The load-strain curves for the typical measured points are shown in
Figs. 9 and 10. The load-strain curves of measuring points 1, 11, 21, and
31 at the corner part and measuring points 5, 17, 25, and 37 at the mid-
dle flat part are shown in Fig. 9 to compare the strain variation trend be-
tween these two parts. The annular curve in Fig. 9 (a) is a result of
exchanging the loading regime; point 31 of column 800-22-1 was bro-
ken soon after the start of the experiment, so its curve wasn't plotted.
The strain of 800-22-1 is smaller than that of 800-22-2, when the ulti-
mate load is reached. After observing all the selected points, the elastic

Table 2
Comparison between test value and calculation value for yield strength.
Section Position  Yield Calculated  Calculated bearing  Strength
strength f,  strengthf;  capacity column ratio fi/f,
(MPa) (MPa) (kN)
600 x 16 Middle 396 302.33 11,300 0.763
Side 347 0.871
Corner 415 0.729
700 x 20 Middle 375 294.216 16,000 0.785
Side 396 0.743
Corner 397 0.741
800 x 22 Middle 328 290.87 19,900 0.887
Side 399 0.729
Corner 386 0.754
% by
31 25,
29 25’ -
wf oz
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21/22
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Fig. 6. The location of strain gauges.

developments of both the specimens are not clear. More importantly,
the strains at the corner are similar to the strains at the flat part, even
though the initial residual strains of these two parts are different. The
load-strain curves of measuring points 23, 25, and 27 are plotted in
Fig. 10 to analyze the strain distribution along the longitudinal direction.
The strains have no obvious change along the longitudinal direction.

4. Numerical simulation
4.1. Axial compression performance simulation

ABAQUS software was used to predict the stress and deformation of
thick-walled cold-formed steel stub columns under axial compression
and to analyze the residual stress distribution induced by the forming
process.

The procedures to predict the axial compression behavior of steel
columns is listed as follow. Step 1: Establish the finite element model;
Step 2: Run eigenvalue buckling analysis to obtain the worst initial im-
perfection distribution; Step 3: Run nonlinear analysis to obtain ulti-
mate loads and critical displacement considering the material
nonlinearity and geometric nonlinearity.

The rectangle shell element S4R was adopted to simulate the steel
stub column. The thickness of the shell element S4R was set as
22 mm. The size of the mesh was controlled at about 50 mm, and the
mesh size in the corner of the column was set to about 25 mm to ensure
simulation accuracy.

Fig. 7. The axial compression test equipment.
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(2)800-22-1

(b)The concave surface of 800-22-1

(c)800-22-2

Fig. 8. Post -test phenomenon.

The FE model for the thick-walled cold-formed steel column was di-
vided into two parts based on material property. One was the side and
corner parts which have similar material properties, and the other
was the middle flat part, as shown in Fig. 11 and Fig. 12. The material
mechanical property in the yellow section of the FE model was set
with yield strength at 386 MPa, ultimate strength at 472 MPa, and elas-
tic modulus at 210 GPa. The material mechanical property in the blue
section of the FE model was set with yield strength at 328 MPa, ultimate
strength at 434 MPa, and elastic modulus at 210 GPa, the ultimate
strains of two kinds of material were both defined as 0.1,the material
properties used in this FE model are shown in Fig. 13.

Eigenvalue buckling analysis was first performed to obtain the elas-
tic critical buckling load, as well as the failure modes for the nonlinear
analyses at a later step. The deformation was enlarged 240 times to ob-
serve the deformation well as shown in Fig. 14. The elastic critical buck-
ling load was 41,800 kN.

Nonlinear analysis was then performed to obtain the nonlinear crit-
ical load, first initial imperfection was imposed on the structure, and
then considering both materials nonlinearity and geometric nonlinear-
ity, displacement was imposed on a reference point which had been
coupled with the top surface of the column to get the ultimate load.
Nonlinear critical load was 19,810 kN. Fig. 15 shows the von-Mises
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Fig. 9. Load-strain curve of middle section.
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Fig. 10. Load-strain curve of the longitudinal direction.

stress distribution when nonlinear critical load is reached, and the de-
formation in Fig. 15 had been magnified for 3 times. It can be found
from Fig. 15 that the simulated deformation pattern is very similar to
the actual pattern with the convex-concave phenomenon.

The load-displacement curves were shown in Fig. 16. The average ul-
timate compression load of steel square column with section
800 mm x 22 mm from test was 21,640 kN, and corresponding value
from numerical simulation was 19,810 kN, which was consistent with
the test data. However, there was remarkable difference about the dis-
placement as shown in Fig. 16, and the difference may result from fol-
lowing conditions: 1) the test measuring error; 2) difference of initial
imperfections (e.g. initial geometric imperfection, residual stress in-
duced by cold-form process, stress-strain model of materials and so
on) between the numerical model and the tested specimens.

Fig. 11. Section partition.

4.2. Forming process simulation

Cold-formed tubes with size of 600 mm x 20 mm to
800 mm x 25 mm were first processed into a circular tube. Then, the
tubes were squeezed into square sections. The specific process was as
follows: push the circular pipe, and hydraulic pushing, lateral and extru-
sion, and adjusting shape, online nondestructive detection and correc-
tion adjustable straight, sawing and aging treatment.

The forming process of square members with a dimension of
800 mm x 22 mm and a height of 2400 mm was analyzed in ABAQUS
in the same way as the axial compression simulation. The input material
property parameter values of yield strength, ultimate strength, elastic
modulus, and the Poisson's ratio were 328 MPa, 434 MPa, 210 GPa,
and 0.3 respectively, the ultimate strain was defined as 0.1, which is
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Fig. 13. Stress-strain curves used in FE model.

the same as the material used in blue section above. First, a circular tube
model was established according to the actual shape shown in Fig. 17;
the grid mesh was similar to the mesh discussed in Section 4.1. The
forming process was simulated by the contact modular of ABAQUS.
The von-Mises stress of the forming process is shown in Fig. 18, and
the post-formed von-Mises stress is shown in Fig. 19.

As clearly illustrated in Figs. 18-20, the stresses at the corner were
larger than those in the middle part. Given the steel hardening effect,
the material yield strength is therefore larger, whereas the strength of
the middle plate is basically the same as the raw material. After the
forming process, part of the stress is reduced as a result of the elastic
strain's recovery; the residual stresses at the middle part and the corner
part were about 95 MPa and 210 MPa, respectively, or about 0.3f; and
0.6fy, respectively. The section stress distribution is shown in Fig. 20.

5. Parameter analysis and calculation formula of axial
compression capacity

The different sections and different slenderness ratios of the col-
umns is also examined. Similar to the model shown in Section 4.1,
models with sections of 600 x 16 and 700 x 20 were established to in-
vestigate the influence of different section sizes. New models with the

U, Magnitude
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Fig. 14. First order buckling mode (cm).
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Fig. 15. Von-Mises stress distribution (MPa).

heights of 4.8 m and 8 m were established to discover the influence of
different slenderness ratios. The numerical axial displacement was
found to be inaccurate. Thus, the present study only concentrated on
the bearing capacity of these columns.

A formula for calculating the design load for thin-walled compres-
sion members is proposed based on the Chinese code (50,018-
2002 GB) [17]:

N
vl )

f:fmAmA‘:fc c (3)

In the formula, fis the design strength value of steel, and determined
by formula (3);A, is the effective section; and ¢ is the stability coeffi-
cient which is relevant with slenderness ratioA, and determined by Chi-
nese code [17]; f,and f, are the yield strength of middle part and corner
part of square steel columns, which were list in Table 1; A;,and A, are the
cross area of the middle part and corner part, which were shown in Fig.
12.

25000
20000
iz
2
g 15000
2
=
o
‘£ 10000
L
>
5000 - —— 800-1 Experimental Results
—— 800-2 Experimental Results
Numerical Simulation Results
0 1 1 1

0 4 8 12 16 20
Vertical displacement (mm)

Fig. 16. Load-displacement curves for the testes steel columns.
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Fig. 17. Circular tube model.

The extreme thick-walled cold-formed square steel columns are
usually to bear heavily loads, and their height is usually smaller than
8 m, and they are almost worked as stud columns. In this section, the
ultimate load under axial compression for a series of columns with
different section dimensions ranging from 600 mm x 16 mm to
800 mm x 22 mm and heights ranging from 2.4 m to 8.0 m were ana-
lyzed, and the results were list in Table 3.

It is clear from Table 3 that the extreme thick-walled cold-formed
square steel columns usually occurred strength failure nor the stability
failure, because there has little change for the ultimate load with col-
umn height increasing. It is also clear that the ultimate loads obtained
from numerical analysis are much smaller than the ultimate loads de-
termined by formula (2) presented in Chinese code (GB 50018-2002)
[17], because the formula (2) can not consider the local buckling of
steel plate of square columns. In this study, a local buckling adjustment
coefficient 3 was introduced to improve the calculation method as
shown in formula (3), and the value of B3 was determined as 0.90
based on the data in Table 3. It is clear in Table 3 that the N3 is consistent
well with N; from numerical analysis. Therefore, the formula (3) can be
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Fig. 18. von-Mises stress in forming process (MPa).
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used to predict the ultimate load of the extreme thick-walled cold-
formed square steel columns.

N

DA <pf €)

6. Conclusion

Through the experimental research and numerical analysis of the
axial compression behavior of the extremely thick-walled cold-formed
square columns, the following conclusions were obtained:

1) The material properties of square cold-formed columns manufactured
from circular hollow tube change clearly due to the cold-formed
processes; their properties are more uniform than that of cold-formed
columns manufactured by steel plates.

2) The main material properties of the extremely thick-walled cold-
formed square columns meet the Chinese code requirements. Its
yield segment is not clear, and its ductility decreases.

3) The extremely thick-walled cold-formed square columns works well
under axial compression, and the average bearing capacity of the
two specimens is about 21000kN. A formula was presented in this
study to predict the ultimate load of the extreme thick-walled
cold-formed square steel columns.

0.5fy
0.3fy
WA A 0

Fig. 20. The stress distribution (1/4 section).
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Table 3
The numerical results and calculation results.

Specimens(mm) H(m) o N; (KN) N (kN) N3 (kN) N;/N, Ny/N3
800 x 22 2.4 0980 19,810 22,645 20381 087 097
800 x 22 4.8 0.960 19500 22,184 19,966 0.88  0.98
800 x 22 8.0 0933 19410 21,559 19,403 0.90 1.00
700 x 20 2.4 0976 17,200 19,772 17,795 0.87 097
700 x 20 4.8 0936 16,940 18962 17,066 089  0.99
700 x 20 8.0 0.864 16430 17,503 15,753 094 1.04
600 x 16 2.4 0974 12,100 13320 11,988 091 1.01
600 x 16 4.8 0925 11,690 12,648 11,383 092 1.03
600 x 16 8.0 0.886 11,070 12,116 10,904 0.91 1.02

Note: H stands for the height of steel columns; N; stands for ultimate load from numerical
analysis; N; stands for ultimate load calculated by formula (2); N3 stands for ultimate load
calculated by formula (3).

4) The residual stresses at middle part and corner part of the extremely
thick-walled cold-formed square columns manufactured from
circular hollow tube are about 95 MPa and 210 MPa, respectively.
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