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Abstract. The ultimate carrying capacity of axially loaded welded square box section members made of
medium and high strength steels (nominal yield stresses varying from 345 MPa to 460 MPa), with large
width-to-thickness ratios ranging from 35 to 70, is analyzed by finite element method (FEM). At the same
time, the numerical results are compared with the predicted results using Direct Strength Method (DSM),
modified DSM and Effective Yield Strength Method (EYSM). It shows that curve a, rather than curve b
recommended in Code for design of steel structures GB50017-2003, should be used to check the
local-overall interaction buckling strength of welded square section columns fabricated from medium and
high strength steels when using DSM, modified DSM and EYSM. Despite all this, EYSM is conservative.
Compared to EYSM and modified DSM, DSM provides a better prediction of the ultimate capacities of
welded square box compression members with large width-thickness ratios over a wide range of
width-thickness ratios, slenderness ratios and steel grades. However, for high strength steels (nominal yield
strength greater than 460 MPa), the numerical and existent experimental results indicate that DSM over-
estimates the load-carrying capacities of the columns with width-thickness ratio smaller than 45 and
slenderness ratio less than 80. Further, for the purpose of making it suitable for a wider scope, DSM has
been modified (called proposed modified DSM). The proposed modified DSM is in excellent agreement
with the numerical and existing experimental results.

Keywords: medium and high strength steel; welded square box section; compression member;
local-overall interaction buckling; ultimate carrying capacity; direct strength method; effective yield
strength method, FEM

1. Introduction

Modern steel structures are developing in the direction of large-span, high-rise and super
high-rise buildings in China, and this makes common carbon structural steel, such as Q235, cannot
meet the needs of practical engineering, and low alloy steels Q345, Q390, Q420 and even Q460
must be used. For example, Q460E was used in Beijing National Stadium (also known as the
Bird’s Nest). When a column subjected to pure axial compression is fabricated from these grades
of steel, for economic reasons, slender and wider welded cross-sections, which are liable to

*Corresponding author, Associate Professor, E-mail: shenhongxia88(@126.com

Copyright © 2014 Techno-Press, Ltd.
http://www.techno-press.org/?journal=scs&subpage=8 ISSN: 1229-9367 (Print), 1598-6233 (Online)



498 Hong-Xia Shen

achieve equal stabilities for both x and y axes, should be preferred, and a typical one is the welded
square box section. This means that local buckling of the plate elements may occur before overall
buckling and the compression members will fail in local-overall interaction buckling mode.

A large amount of research on the local and overall interaction buckling behavior of cold-
formed compression members has been made (Rusch and Lindner 2001, Sputo and Tovar 2005,
Tovar and Sputo 2005, Becque et al. 2008, Schafer 2008, de Miranda Batista 2009, Becque and
Rasmussen 2009, Shahbazian and Wang 2011, 2012, Georgieva et al. 2012, Landesmann and
Camotim 2013), and thus leading to two basic design methods for cold-formed steel members:
Effective Wide Method (EWM) and Direct Strength Method (DSM). Also a few investigations
have been reported on the interaction buckling experiments and numerical simulations of the
welded build-up columns (Guo 1992, Usami and Fukumoto 1982, 1984, Pircher et al. 2002, Kwon
et al. 2007, Chen 2009, Degée et al. 2008, Shen 2012). Meanwhile, these studies have developed
EWM, DSM and EYSM, and made them suitable for welded box-, H- and channel- cross-sections.
However, most of the previous studies are not in-depth and comprehensive enough to cover a wide
range of steel types and grades, on the other hand, simpler and newly developed design methods,
such as DSM and EYSM, for welded thin-walled sections still need to be improved, therefore,
further studies are necessary. Shen (2012) developed a double nonlinear (i.e., geometric and
material nonlinear) finite element model taking the geometric imperfections and residual stresses
into consideration by using ANSYS program and the ultimate carrying capacity of axially loaded
welded box section members made of Q235 steel, with slender plate elements, is modeled, and the
DSM was proved to be accurate in predicting the ultimate strength of welded box section columns.
In this paper, this finite element model is extended for medium and high strength steel (nominal
yield stress varying from 345 MPa to 460 MPa) columns, and the numerical results are compared
with two simpler design methods, namely DSM and EYSM, so as to evaluate the applicability of
the two techniques.

2. Geometric model
2.1 Research object

Research object of this paper focuses on a pin-ended steel member subjected to axial load, with
square box section fabricated from plate elements welded together at the corners. The geometric
dimensions of the cross-section are shown in Fig. 1(a). Although the plate thickness is possible to
affect the behavior of the compression members, a welded thin-walled section is studied in this
paper and its influence is small. Therefore, for all the simulation objects, the thickness of plate
elements, =4 mm. The ranges of the other parameters are summarized as follows:

(1) Steel grade: Q345, Q390, Q420 and SM58. SM58 is Japanese steel, the nominal yield stress of
which is 460 MPa, and equivalent to Chinese Q460 steel, So Q460 is not included in this
study.

(2) Two types of cross-sections: non-slender element sections and slender-element sections. The
non-slender sections are simulated to determine the type of the column curve, that is to say,
which one the welded square section should be when checking the global stability without
local plate buckling. The slender sections are used to investigate the local-overall interaction
buckling behavior.

(3) Slender ratio, A = I/i = 20, 40, 60 and 80 (/ is the column length, i is the radius of gyration of
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the cross-section about the buckling axis).
(4) Plate width-to-thickness ratio, b/t = 29, 30, 31 and 33 for non-slender sections; b/t = 35, 40, 45,
50, 55, 60 and 70 for slender sections.

2.2 Initial imperfection

Two kinds of initial imperfections, namely residual stresses and initial curvatures, are taken
into account. Residual stress measurements of the welded square box section were made by Usami
and Fukumoto (1984). SM58 steel plate of 4.5 mm thickness was used, the nominal yield strength
of which is 460 MPa and the measured yield strength is 568 MPa. The width-to-thickness ratio, b/t
= 29, 44 and 58. Measured residual stress patterns were all similar in shape to the well-known
pattern, tensile stresses about 80% of the measured yield strength (i.e., 0.8 x 568 =454 MPa, which
is very close to the nominal yield strength of 460 MPa) were measured near the corners and nearly
constant compressive stresses were observed over the central portion of each plate. The average
values of the measured compressive stresses were 32%, 22% and 15% of the measured yield
strength for specimens with b/t = 29, 44 and 58, respectively. As a result, the uniform residual
stress distribution model is adopted for all the steel grades in this study. Because of the similar
residual stress distributions on four plates of the cross-section, only one of them is plotted in
simplified pattern (Chen 1992) in Fig. 1(b), where tensile residual stresses are designated as positive
and compressive stresses as negative. Tensile residual stresses near the weld, with a magnitude
equal to the nominal yield strength, £, extend over a width of ¢ = 3¢. According to the equilibrium
condition, the magnitude of compressive residual stresses is equal to
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Fig. 1 Welded box-shaped section: (a) Geometric dimension; (b) Residual stress distribution
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where /4 is the distance between the centre lines of the two opposite plates (see Fig. 1(a)).

Both the global and local initial deflections are taken into account. The global initial curvature
is taken as a half-wave sine curve with amplitude of //1000. Due to the similarity of the four plate
elements, no interaction exists between the two adjacent plates and any of them may be regarded
as simply supported at its four edges. Thus, making use of a coordinate system shown in Fig. 1(a),
the forms of local initial deflections are assumed as follows

wza)osin#cos% (y=1hy/2) (2a)
or
=@, sin#cos% (x=%hy/2) (2b)

where b is the plate width; m = //b, which is the buckling half-wave number along the axial
direction (z-direction) of a member; and w,, the magnitude of initial imperfection in local mode,
which is taken as /1000 (Degée et al. 2008).

3. Finite element model and verification
3.1 Finite element model

Finite element model was developed using the commercial program ANSYS 8.0 (Swanson
Analysis Systems Inc 2004). Two elements were used: Beam189 as well as Shell181 for the
non-slender sections to verify the simulation results using Shell181, and only Shell181 for the
slender sections to consider the influence of local buckling. The stress-strain relationships
measured for SM58 steel were similar to those for mild steel (Usami and Fukumoto 1984), hence
all the steel materials were assumed to be elastic-perfectly plastic. The nominal yield strength,
Young’s modulus £=206,000 MPa and Poisson’s ratio v = 0.3 were used for Q345, Q390 and
Q420 steels, while the measured material properties for SM58.

The modeling of the compression members with slender-plate sections is of importance. For the
purpose of taking account of geometric imperfections, i.e., global and local initial deflections,
direct modelling method was used. The number of nodes required and the order in which they
should be generated were determined firstly, and then all nodes were generated according to the x,
v, and z coordinates considering geometric imperfections. Further, the element attributes (element
type, material, and real constant) having been set, shell elements were automatically generated
within each area defined by four nodes. For any plate in a box section column, element size was
ho/8 along its width and /¢/4 in longitudinal direction, and thus the grid was //8 X h¢/4. In this
study, the minimum grid was approximately 14.5 mm % 29 mm and the maximum one 35 mm x 70
mm, which satisfied the accuracy requirement. Fig. 2 shows the initial geometric imperfections
imposed by direct modelling, in which the initial deflections are enlarged 5000 times in order to
observe clearly. Residual stress was treated as initial stress, which is a loading and must be
specified at all integration points of shell or beam elements in ANSYS software (Swanson
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Fig. 2 Initial geometric imperfections imposed by direct modelling

(@) (b)
Fig. 3 Typical finite element model: (a) Shell element model; (b) End boundary conditions

Analysis Systems Inc. 2004). An end plate with a thickness of 30 mm was attached to both ends of
a member, on which the boundary conditions were applied, to ensure that the two ends of the
columns were hinged. Fig. 3 is a typical finite element model and the detailed modeling process
may be found in the literature (Shen 2012).

3.2 Verification of the finite element model

In order to verify the finite element model mentioned above, a total of thirty-two experimental
specimens, of which twenty-one were centrally loaded, eleven were eccentrally loaded (Usami and
Fukumoto 1982, 1984) are simulated firstly. Material properties, residual stresses, and initial
deflections as measured by Usami and Fukumoto (1982, 1984) are adopted. The numerical results
are listed in Table 1. “E” refers to the specimens loaded with equal eccentricity, e; = i/4 or e, = i/2;
“S” the specimens having square box sections, and “R” the specimens having rectangular box
sections. The number following S, R, ES and ER is the value of slenderness ratio, and the last
number is the value of width-to-thickness ratio of the flange plates. In Table 1, ¢; and ¢, represent
the stability reduction factors obtained from the experiment and FEM analysis, respectively.
Comparison shows that the numerical results agree very well with the experimental results,
indicating that the finite element model provided in this study can accurately predict the local and
overall interaction buckling strength of welded box columns.

4. Analysis of the numerical results
4.1 Non-slender sections

In this section, non-slender sections are simulated additionally for two reasons, one for verifying
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Table 1 Comparison between the numerical and experimental results (Usami and Fukumoto 1982, 1984)

No. Specimen 01 02 02/p1 No. Specimen 01 0> 02/
1 S-35-22 0852  0.829  0.973 17 R-40-44 0.644  0.651 1.011
2 S-35-33 0.722  0.732 1.014 18 R-40-58 0.498 0484 0972
3 S-35-38 0.621 0.626 1.008 19 R-65-29 0.619  0.654 1.057
4 S-35-44 0.544  0.549 1.009 20 R-65-44 0.521 0.533 1.023
5 S-50-22 0.740  0.694  0.938 21 R-65-58 0.441 0.462 1.048
6 S-50-27 0.672  0.684 1.018 22 ER-40-29¢, 0.610  0.618 1.012
7 S-50-33 0.670  0.708 1.057 23 ER-40-44¢, 0.501 0.500  0.997
8 R-50-22 0.743 0.687  0.925 24 ER-40-58¢, 0.391 0413 1.056
9 R-50-27 0.731 0.678  0.928 25 ER-40-44e, 0411 0.422 1.027
10 R-50-33 0.709  0.699  0.986 26 ER-65-29¢, 0.435 0.438 1.006
11 R-50-38 0.639  0.687 1.075 27 ER-65-44¢, 0.406  0.426 1.049
12 R-50-44 0.579  0.589 1.017 28 ER-65-58¢, 0312  0.334 1.071
13 R-65-22 0.593 0.594 1.002 29 ER-65-44¢, 0.325 0.351 1.079
14 R-65-27 0.637  0.574  0.901 30 ER-65-58¢; 0.268  0.284 1.059
15 R-65-33 0.585 0.613 1.048 31 ES-40-44e, 0.441 0.478 1.084
16 R-40-29 0.798 0.770  0.965 32 ES-40-58¢, 0.363 0.359  0.988

the numerical results of Shell181 element further, and the other for checking whether the column
strength curves based on mild steel, given in Code for design of steel structures GB50017-2003,
are suitable for medium and high strength steels or not. According to the Chinese Code GB50017-
2003, the width-to-thickness ratio of the plate elements preferably should not be greater than
40,/235/ f, (f, is nominal yield strength of steel) when a box-shaped member is subjected to a
centric axial load. Therefore, the width-to-thickness ratio limit values of the component plate
elements are 33, 31, 30 and 29 for Q345, Q390, Q420 and SM58 steels, respectively.

4.1.1 Comparison between the numerical results with elements Beam189 and Shell181

Due to few of medium-long columns in the tests (Usami and Fukumoto 1982, 1984), for b/t =
29 sections, Beam189 element, together with Shell181, is selected to check the numerical results
of the medium-long members using Shell181. Fig. 4 describes the curves of load carrying capacity
versus axial compressive deformation, U,, with two different elements Beam189 and Shell181. As
can be noticed in Fig. 4, the ultimate bearing capacities obtained from Shell181 are very close to
those from Beam189. The maximum carrying capacities are also given in Table 2, which are
expressed as the stability reduction coefficients, ¢;, numerical results by Shell181 and ¢4, by
Beam189. The values of ¢;/p4 change from 0.995 to 1.052. The ultimate strengths by two different
methods are in good agreement. In addition, the load-deformation curves using Shell181 are in
good accordance with those using Beam189 before the ultimate capacities. However, after
reaching the maximum carrying capacities, the curves from Shell181 descend more slowly than
the ones from Beam189 except for 4 = 20. This may because that Shell181 has membrane stiffness
besides bending stiffness compared to Beam189, and the membrane tension plays an important
role in delaying the deterioration of flexural rigidity of Shell181.
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Fig. 4 Comparison of numerical results using elements Shell181 and Beam189

Table 2 Comparison of numerical results by elements Shell181 and Beam189 (SM58 steel )

A 93 Z 93/94
20 0.982 0.987 0.995
40 0.865 0.860 1.005
60 0.705 0.670 1.052
80 0.462 0.462 1.000

4.1.2 Comparison between the numerical results and Chinese standard

Table 3 gives the numerical simulation results, ¢s, by Shell181 element when the columns
loaded to fail in the overall flexural buckling mode, in which residual stresses and initial curvature
are all taken into account. Also shown in Table 3 are the stability reduction coefficients, ¢, and ¢,,
obtained from column design curve a and b, respectively, according to Chinese code GB50017-
2003. It can be found from Table 3 that the values of ¢s/p, range from 0.98 to 1.13 with an average
value of 1.05 and those of ¢s/p, change from 1.05 to 1.29 with a mean value of 1.14. All results
are higher than the design curve b recommended by the Chinese current standard and most of them
even more than the curve a. Since the average value, not the minimum value, is used to determine
the column strength curves in code GB50017-2003, curve b should be replaced by curve a to
predict the column overall strength without local plate buckling when the width-thickness ratio of
box sections is greater than 20. The similar conclusion, which is the use of curve «a instead of curve
b recommended by EN 1993-1-1, was drawn by Degée et al. (2008), when the local and global
interaction buckling of welded box section compression members made of S355, S460 and S690
steels was investigated. Although there is a little difference in the value of the equivalent
imperfection between GB50017-2003 and EN 1993-1-1 when determining the stability reduction
factor, the values of three design column curves a, b, ¢ in GB50017-2003 approach to three design
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Table 3 Comparison of numerical results using element Shell181 and Chinese standard

Steel grade and width-thickness

ratio limit value A ?s Pa Pb 95/ 950
20 1.081 0.974 0.957 1.11 1.13

Q345 40 0.989 0.923 0.868 1.07 1.14
(b/t=33) 60 0.847 0.834 0.745 1.02 1.14
80 0.698 0.653 0.568 1.07 1.23

20 1.031 0.972 0.953 1.06 1.08

Q390 40 0.936 0.916 0.856 1.02 1.09
(b/t=31) 60 0.814 0.810 0.717 1.00 1.14
80 0.665 0.607 0.529 1.10 1.26

20 1.078 0.970 0.950 1.11 1.13

Q420 40 0.955 0.910 0.847 1.05 1.13
(b/t=30) 60 0.776 0.787 0.697 0.99 1.11
80 0.650 0.577 0.505 1.13 1.29

20 0.982 0.962 0.934 1.02 1.05

SM58 40 0.865 0.879 0.802 0.98 1.08
(b/t=129) 60 0.705 0.703 0.614 1.00 1.15
80 0.462 0.459 0.406 1.01 1.14

Average value 1.05 1.14

column curves of a, b and ¢ of EN 1993-1-1. As a result, a suggestion is made that, in the case of
b/t>20, curve a, rather than curve b, in GB50017-2003 should be used to check the global stability
of welded square section columns fabricated from Q345, Q390, Q420, and SM58 steels.

4.2 Slender sections

For Q345, Q390 and Q420 steel grades, the width-thickness ratios, b/¢, are taken as 40, 50, 60
and 70, and for SM58 steel, b/t ratios are 35, 40, 45, 50, 55 and 60, which are all greater than the
width-thickness ratio limit corresponding to each steel grade. In the meantime, for a long column,
the overall flexural deformation plays a leading role in the interaction buckling (Shen 2012), and
the effects of the local buckling on the column maximum strength were large in the regions of
small slenderness ratio, but almost diminished in the regions of large slenderness (Usami and
Fukumoto 1982). Numerical ranges of the slenderness, 1, were not provided by Usami and
Fukumoto, but from Figs. 9 and 10 in his paper it could be found that when the A was greater than
70 the influence of the b/t was very small. Thereby, the slenderness ratios, 4, are limited to the
range of 20 to 80, i.e., A = 20, 40, 60 and 80, in this paper. The ultimate load carrying capacities,
P,, of these compression members are computed using the developed finite element model and
listed in Tables 4-7.

4.2.1 DSM and modified DSM
DSM, proposed by Schafer (Rusch and Lindner 2001), has been used for the design of
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cold-formed steel sections formally (AISI 2004). In recent years, along with the rapid development
of DSM, it was modified (called modified DSM) by Kwon et al. (2007), and applied to the welded
thin-walled sections. Furthermore, modified DSM has been proved to be capable of predicting
accurately the ultimate strength of welded H and channel section columns with nominal yield
strength of 240 MPa. Also DSM and modified DSM are suitable for welded square box columns
made of mild steel (nominal yield strength is 235 MPa), and modified DSM is a more reasonable
predictor of strength than DSM over a wide range of width-to-thickness ratios (Shen 2012). So, in
this study, two approaches are used for medium and high strength steels.

The load-carrying capacity of a compression member can be calculated using DSM through the
following formulas (AISI 2004)

when 4,<0.776 B =P, (3a)

P 0.4 P 0.4
when A, >0.776 P =[1—0.15[ ;”j }{ P’J P, (3b)

ﬂ’l = AY Pm/f)tr,l (4)

where P, is the load-carrying capacity of a column calculated using DSM;
P, is the overall stability capacity and expressed as

B, =odf, )

P, is the local buckling load and given by
P ,=0,,4 (6)

cr,l cr,l

in which ¢ is the overall stability reduction factor, 4 is cross-section area, and a,,, is the critical
stress of a plate under uniform compression, and for a plate simply supported on four edges, it can

be expressed as

4r’E (1Y

o 2 "
120-v )\ b

Egs. (3a2)-(3b) were modified by Kwon et al. (2007) and expressed as follows

when 4,<0.816 F=P, (8a)

P 0.5 P 0.5
when  4,>0.816 P,:[l—o.ls(;—”’j ](?’j P, (8b)

m m

The predicted values, P, from Egs. (3)-(7), and Pj,, from Eqs.(8a)-(8b) are compared with the
numerical results, P,, as shown in Tables 4-7. In all the tables, ¢, and &, are the errors expressed as
. P -P P -P
a percentage, i.e., & =—“—L.Lx100%, and &, = —“—'2x100%. It can be seen, from these tables,
n 12
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that DSM is more accurate than modified DSM in predicting the ultimate strength of compression
members with slender plates over a wide range of steel types, slenderness and width-to-thickness
ratios. In the case of medium-high strength steels, such as Q345 and Q390, DSM and modified
DSM can be able to estimate the local-overall buckling strength of centrically loaded members
precisely. But for Q420, modified DSM underestimates the column strength for large width-to-
thickness ratio (i.e., b/t = 60 and 70) members, while DSM agrees well. In the case of high
strength steel, like SM58, an overestimation is made when DSM and modified DSM used for
small width-to-thickness ratios (b/t = 35 and 40), on the contrary, it is underestimation when
modified DSM applied to large width-to-thickness ratios (b/t = 60 and 70).

4.2.2 EYSM

EYSM was first proposed by Little (1979). Subsequently, in more than twenty years, it
developed very slowly. Until 2009, it has been further improved by Chen. In his study, Chen
(2009) argued that there was an identity between EYSM and EWM, and EWM would be replaced
by EYSM because of its simplification of calculation. As a result, EWM is not included herein and
only EYSM is repeated again.

The effective yield strength, f,., by EYSM, is given as follows

Jre =8, (€]
where p is the effective yield strength coefficient, and is calculated using the following formulas.
p=1 for 4,<0.746 (10a)
pzL l—w for 4, >0.746 (10b)
A A

in which, 4, is the equivalent plate slenderness ratio, and given by Eq. (11) or (12)

A :\/fy/o-cr,p an
2, =\, O, (12)

2
A7’E t . ..
(—j . Substitute it into

For a square box section, the critical stress of a plate, o,, , = 5

T 12(1-v?)
Egs. (11) and (12) and obtain

blt | [,
=—.,|— 13
7 563\235 (13)
or
blt |4,
- 14
P 56.3\235 (14

The load carrying capacity of a thin-walled compression member, N, will be calculated using
the following equation.
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N = pAf,, (15)
where the factor, ¢, obtained from the Code GB50017-2003 according to A,/ f,, /235 when Eq.
(13) is used. In order to simplify the calculation, A,/f, /235 isreplaced by A,/f, /235 when
Eq. (14) adopted. In all calculations, as mentioned above in Section 4.1.2, curve a is employed to
get the value of ¢.

The calculation results, N, according to Eq. (13), and N,, to Eq. (14) are also listed in Tables

. . P - P - .
4-7, in which, the errors, &, =—* M x100%, and &, =“—NZ><100%. Large differences bet-
1 2
ween the numerical and predicted results show that EYSM, especially in the case of using Eq. (13),
underestimates the carrying capacities of welded box section columns with slender plates over a
wide range of width-to-thickness ratios and steel grades.

5. Proposed modified DSM
5.1 Deficiency of DSM

DSM is more accurate in estimating the bearing capacities of welded square box compression
members with large width-thickness ratios, compared to modified DSM and EYSM, over a wide
range of width-thickness ratios, slenderness and steel grades. However, for SM58 steel as shown
in Table 7, DSM overestimates the load-carrying capacities of the columns with /¢ = 35 and 40. In
order to confirm the conclusion, fifteen experimental results (Usami and Fukumoto 1982, 1984)
about welded square section columns, failed in the local and overall interaction buckling, are
selected, in Table 8, to check against the predicted results using DSM. The serial number of
specimens is same as that in Table 1. Except for specimen S-10-58, the width-thickness ratios of
the others, which range from 22 to 44, are not too large. Moreover, all the specimens are made of
two kinds of high strength steels, some of HT80 steel, with nominal yield strength of 690 MPa and
measured yield strength of 741 MPa, and some of SM58 steel. In Table 8, Pr is test result, Pj;

. . . P.—P
represents the predicted value by DSM, and ¢s is a relative error, &5 = —-—"2x100%. It can be
3

noticed that almost all of the differences, &5, are negative, indicating that the predicted results
obtained from DSM are greater than the experimental results mostly. In a word, it is proved,
whether from experimental or numerical results, that DSM isn’t safe for high strength steel
columns with nominal yield strength greater than 460 MPa and small width-thickness ratios.
Hence, DSM is still need to be modified.

5.2 Modified DSM proposed in this paper

The curves of stability reduction factor, ¢, against modified slenderness ratio, 4,/ f, /235, for
SM58 steel, obtained from numerical results, are plotted as shown in Fig. 5, in which, the range of
slenderness ratio, 4, is enlarged up to 120, i.e., 4 = 20, 40, 60, 80, 100 and 120. It can be found
from Fig. 5 that the influences of width-thickness ratios, b/, on the ultimate strengths are large
when 4 < 80 (corresponding to 4,/ f, /235 <124 in Fig. 5) and b/t < 45. On the other hand, the
values of width-thickness ratios, as just discussed in Table 8, in the test (Usami and Fukumoto
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Table 8 Comparison of experimental (Usami and Fukumoto 1982, 1984) and predicted results by DSM and

proposed modified DSM
Specimen P/ kN Pz/ kKN Pu/kN  &/% &/% Specimen Py/ kN Pp/kN  Pu/kN  &/%  &/%
S-10-22 2445 263532 251529 -7.22 -2.79 S-35-44 2631  3014.07 2595.10 -12.71 1.38
S-10-27 2592 2809.42 2647.86 -7.74 -2.11 S-50-22 1798 173536 173536 3.61 3.61
S-10-33 2749 300535 2734.60 -853 053  S-50-27 2024 221423 2187.40 -8.59 -7.47
S-10-38 2744 3142.69 2768.16 -12.69 -0.87  S-50-33 2440  2428.64 227534 047 7.24
S-10-44 2813  3305.71 279745 -1490 056  S-10-29 1280 135478 1285.02 -552 -0.39
S-35-22 2112 2175.47 217547 -292 -292 S-10-44 1190 150995 1318.34 -21.19 -9.74
S-35-33 2641  2791.67 2579.06 -540 240  S-10-58 1310 1666.41 1346.41 -21.39 -2.70
S-35-38 2602  2896.50 2590.29 -10.17 0.45

0.8 r

0.4 -

0.2
20 40 60 80 100 120 140 160 180 200

A1, 1235

—e—b/t=29 —¥—b/t=35 —=—p/t=40 blit=45

—e—/t =50 —=—b/t=55 —a—>b/t=60

Fig. 5 Curves of columns for SM58 steel

1982, 1984) should also be considered. Therefore, the limiting value of width-thickness ratio, by
which to determine whether DSM should be modified, may be adjusted from 40 to 45.

By trial and error, modifications of DSM are made as the following steps: (1) use the form of
Eq. (3b) mentioned above for reference; (2) replace the coefficient of 0.15 with 0.22; (3) substitute
the power exponent of 0.6 for 0.4; and (4) change the demarcation point, 4, from 0.776 to 0.658.
Thus, for a welded thin-walled square shaped column with b/t < 45 and A < 80, and made of high
strength steel, the maximum strength should be checked as follows

when A, £0.658 P=P, (16a)

P 0.6 P 0.6
when 2, >0.658 P= 1—0.22( ;”J (P’j P (16b)

m
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Table 9 Comparison of calculated results by FEM and proposed modified DSM

bt 35 40

A P/ kKN P,/kN &7/% P/ kKN P,/kN &7/%

20 1023.56 987.03 -3.57 1037.87 1038.27 0.04

40 970.56 953.80 -1.73 987.26 973.27 -1.42

60 845.98 877.78 3.76 868.47 884.37 1.83

80 631.85 674.03 6.68 684.11 745.58 8.99
PT — P/4

The estimated results, Py, and corresponding errors, &, =

x100%, using modified DSM
14

proposed in this study are also given in Table 8. The values of the differences, &, range form
-9.74% to 7.24%, and the proposed modified DSM is in excellent agreement with the experiment
results. In addition, for b/t = 35 and 40 columns, having large errors when calculated by DSM and
modified DSM as shown in Table 7, the calculation results, Pjs, obtained from proposed modified
DSM are shown in the Table 9 and compared with the numerical results, P,. The errors, &; =

P -P . . - . .
~4 15 %100%, are also listed in the Table 9. Similarly, the proposed modified DSM is in good

5
agreement with the FEM simulated results.

In fact, the proposed modified DSM is consistence with EWM, especially for a welded square
section. In order to compare with EWM, Egs. (16a) and (16b) can be rewritten in the following
form

when A, £0.658 % =9, (17a)
when A, >0.658 5 € 1- 0.22 o, (17b)
4 2, A )

where 4, = (¢f; / Gers)"’.
The effective width, b,, which is based on Winter formula and adopted in NAS AISI 2001 and

EN1993-1-5, is given as
when A4, <0.673 b,=b (18a)

e

when A, >0.673 bezi =922, (18b)
ﬂp ip

where 4, = (fmax / ac,,p)o's, in which f;.x is the maximum stress of a plate.

Obviously Egs. (17a) and (17b) are expressed in the same way as Eqs. (18a) and (18b) except
that the exponent of 0.5 is replaced by a value of 0.6. The exponent of 0.6 is same as that given in
the Modified Winter approach proposed by Pircher et al. (2002) when a welded square steel tube
section with f, = 282 MPa was investigated, but the coefficient of 0.22 is different from the value
of 0.25 proposed by Pircher et al. (2002). The increase of the exponent from 0.5 to 0.6 is reason-
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able, since the adverse effect of initial imperfections is smaller on the columns with welded square
sections than those with cold-formed ones due to the favorable distribution of residual stress and
the smaller amplitude of initial curvature.

6. Conclusions

A double nonlinear finite element model taking account of both the geometric and material
imperfections was developed by using the ANSYS program. The ultimate bearing capacities of
medium and high strength steel welded square section columns with slender plates are analyzed by
the proposed finite element model. Comparisons between the numerical and the predicted results
using DSM, modified DSM and EYSM, are also performed. The following conclusions can be
drawn from this study:

e The finite element model proposed in this paper can simulate the nonlinear local-overall
interaction buckling behavior of welded box section columns under axial compression very
well.

e A suggestion is made that, in the case of b/t > 20, curve a, rather than curve b provided in
GB50017-2003 should be used to check the global stability of welded square section
columns fabricated from Q345, Q390, Q420, and SM58 steels. And thus, curve a is used for
checking the local-overall interaction buckling strength of welded square section columns
fabricated from medium and high strength steels when using DSM, modified DSM and
EYSM.

e There are large differences between the numerical and the calculation results according to
EYSM, and this approach is conservative.

e DSM provides a better prediction of the ultimate carrying capacities of welded square box
compression members with large width-thickness ratios, compared to modified DSM and
EYSM, over a wide range of width-thickness ratios, slenderness and steel grades. However,
for high strength steels (nominal yield strength is greater than 460 MPa), the existing
experimental and numerical results indicate that DSM overestimates the load-carrying
capacities of the columns with b/t <45 and 1 < 80.

e The proposed modified DSM, for high strength steel columns with b/t <45 and A < 80, is in
excellent agreement with the experimental and numerical results. In the meantime, the
proposed modified DSM is consistence with the EWM.
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Nomenclature

m@‘b‘b;

[

ey

fre
f max

D5 P15 Q25 P35 P4y P5

cross-section area

plate width

plate effective width

distribution length of tensile residual stresses

Young’s modulus

steel yield strength

effective yield strength

maximum stress of a plate

cross-section depth

distance between the centre lines of the two opposite plates
column length

buckling half-wave number along the axial direction (z-direction)
load-carrying capacity according to EYSM

numerical result

critical local buckling load

column strength

load-carrying capacity calculated using DSM
load-carrying capacity calculated using modified DSM
load-carrying capacity calculated using proposed modified DSM
overall stability capacity of a column

experimental result

governing radius of gyration

plate thickness

web thickness

translation in z direction

coordinate axis

member slenderness ratio

non-dimensional plate slenderness ratio

a parameter, and 4,; = (¢f, / ocr,1)0'6

a parameter, and A, =,/P, / F,,

overall stability coefficient of an axially compressed member
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&1, €2, €3, &4, &5, €6, €7

Hong-Xia Shen

overall stability factor corresponding to curve a and b recommended in Code
GB50017-2003

effective yield strength coefficient
compressive residual stress

critical buckling stress of a plate

plate local initial deflection

amplitude of local buckling, and @, = /1000
Poisson’s ratio

relative error





