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The local and global buckling capacity of the thin-walled box-section members formed by cold bending of ten BS700 high-strength
steel (HSS) specimens are experimentally determined through an axial compression test. The mechanical properties of the
materials are evaluated through material performance test, and a material model suitable for finite element analysis is proposed.
The initial geometric imperfection of the members is measured, and it is found that the maximum initial deflection can be 1/1000
of the length of the members, as specified in the Chinese code. Based on the test, the ultimate bearing capacity and failure modes of
the component with local and global interactive buckling are obtained. Further, a finite element model is established, and the
corresponding results are compared with the test results. Furthermore, the test results are compared with those obtained using the
existing specifications. The results show that the failure modes of the specimens are primarily local and global buckling failure. The
influence of residual stress and initial geometric imperfection is considered in the proposed finite element model. Comparing the
ultimate bearing capacity and load-displacement curves with the corresponding test results, it is found that the finite element
model can effectively reproduce the test results. By comparing the test results with those obtained based on the steel structure
design codes of China, the United States, and Europe, it is found that the test results are all higher than the existing code results,
and the Chinese and European codes are relatively conservative with a difference of more than 20%, while the difference between
the test results and the American code results is nearly 10%. Therefore, it is necessary to further improve the calculation methods
of local and global buckling capacity of thin-walled box-section members of BS700 HSS under axial compression.

1. Introduction

The use of high-strength steel (HSS) materials in construction
and bridge engineering can reduce the section size and
structural dead weight of components, leading to several
advantages such as reduction in the welding seam size and
welding workload, decrease in the cost of processing,
transportation, construction, and installation of structural
components, and creation of a large building usage space
[1-4]. Therefore, HSS has always received significant attention
in the construction and structural industries. The pillars of the
Star City Hotel in Sydney, Australia, are made of S690 HSS.
The Landmark Tower in Yokohama and some tall buildings in
Shimizu, Japan, have used steel with a yield strength of
600 MPa. S460 and S690 steel roof trusses were used in some

buildings in Berlin, Germany, and S460 steel was used in the
Rhine Bridge. High-performance steel bridges have been
demonstrated in Tennessee and Nebraska in the United
States, which promoted the application of HSS for bridge
construction in the United States. Sweden’s 48 m fast military
bridge was built with ultra HSS (S960 and S1100), which
effectively reduced the bridge’s dead weight [5-8].

China used Q460 HSS in 2008 for the main structure of
the “Bird’s Nest” national stadium [9]. Subsequently, the
new building of CCTV [10] and Pudong Financial Square
[11] also adopted Q460 steel. Over the recent years, steel
products with yield strengths of 500, 590, 620, and 690 MPa
have been gradually recommended in building structures
[9]. Some removable bridge structures for an emergency
purpose have used heat-treated HSS with nominal yield
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strength up to 700 MPa or higher [12, 13]. With the rapid
development of the global economy, higher-strength steel is
expected to be increasingly utilized in the construction and
bridge industries.

The stability of HSS members has been extensively in-
vestigated over recent years. In addition to the global
buckling and local buckling of HSS, the local and global
interactive buckling has received considerable research at-
tention. Local buckling and global buckling are always
closely related to each other because the global buckling of
thin-walled members of HSS cannot be completely separated
from the local buckling of the plate. Little et al. [14] proposed
a yield strength reduction method (effective yield strength
method) for determining the local and global buckling ca-
pacity of welded thin-walled box-section compression rods,
which was adopted by the US specification for structural
steel buildings [15]. Schafer et al. [16, 17] proposed a direct
strength method to calculate the ultimate bearing capacity of
the plate after buckling for the axial compression members.
Hancock et al. [18] used the finite strip method to calculate
the local-global buckling capacity of I-section and box-
section members under axial compression. Usami et al.
[19, 20] experimentally studied the local and global inter-
active buckling of box-section members with a yield strength
of 690 MPa and 460 MPa, and they proposed introducing the
yield strength correction factor Q into the Perry formula to
calculate the local and global interactive buckling. Based on a
large number of experimental data, Winter et al. [21] pro-
posed a practical calculation formula for the effective width
method, which was adopted by the European specification
[22] and Chinese specification [23]. Shanmugam et al. [24]
examined the local and global buckling of the column using
a method that comprehensively considered the effective
width method, tangential stiffness method, and nonlinear
numerical analysis. Degée et al. [25] studied the local and
global interactive buckling of HSS welded box-section
compression bars and proposed a calculation formula based
on the effective width method.

Lin [26] used experimental tests and finite element
analysis to obtain the global and local buckling of 390 MPa
steel welded thin-walled box cross-section axial compression
column. Furthermore, they compared the results with the
relevant specifications and proposed suggestions on the use
of specifications. Shen et al. [27] used numerical methods to
analyze high-strength welded box-section axial compression
members with excess width/thickness ratio and proposed a
modified direct strength method. Chen et al. [28] examined
the buckling capacity of thin-walled pressure rods with a
width/thickness ratio exceeding the limit and proposed the
relevant buckling calculation formulas for welded square
and rectangular box-section axial compression members.
Shu et al. [29] conducted stability axial compression tests on
10 Q550 HSS welded box-section members. Liu [30] used
finite element software to analyze the local and global in-
teractive buckling of the Q460 HSS welded box-section
pressure bar. Cao [31] designed three different types of
columns to investigate the study method for buckling be-
haviour of welded H-section columns fabricated from 800
MPa HSS. They examined different buckling behaviours,
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including the load-axial displacement curves, relationship
between the local out-of-plane displacement and global
overall lateral displacement, and ultimate load of the col-
umns. Meanwhile, the effects of several parameters (the
slenderness ratio, width-thickness ratio of the flange, and
height-thickness ratio of the web) on the buckling behavior
were investigated. According to the above literature survey,
the local and global interactive buckling of the axial com-
pression members has been primarily studied through ex-
perimental tests, numerical analysis, and some theoretical
methods. Several formulas have been established to calculate
the local and global buckling capacity of different steel
columns. Meanwhile, the principal calculation methods of
local and global buckling capacity are the yield strength
reduction method and the effective width method. To
prevent local buckling, many codes strictly restrict the
width-thickness ratio of plates. Thus, the conclusions of the
studies on local and global interactive buckling of HSS
members are not consistent. The effective width method,
yield strength reduction method, and direct strength method
are suitable for different HSS members. However, the
method suitable for BS700 HSS groove butt welding box-
section members has not been established yet. Therefore,
relevant tests and theoretical research are still needed to
determine whether the current design specifications for steel
structures are applicable to BS700 HSS members.

In this paper, the stability properties of thin-walled box-
section columns formed by cold bending of ten BS700 HSS
columns (with a nominal yield strength of 700 MPa) are
investigated. Further, a finite element model is established to
numerically simulate the test process. Furthermore, according
to the difference between the test results and the data obtained
by Chinese, American, and European design specifications for
steel structures, the feasibility and applicability of the existing
codes to determine the local and global interactive buckling
capacity of thin-walled box-section members of BS700 HSS
under axial compression are examined.

2. Test Conditions

2.1. Specimen Design. Ten specimens of thin-walled box-
section members were made of BS700 HSS. Typically, the
welding of HSS members is difficult. Therefore, to reduce the
welding seam, the plate was cold-bent into a groove section
during processing, and then, the thin-walled box section was
formed by butt welding, which reduced two welds compared
with those appearing in the general four plate welding.
Carbon dioxide shielded arc welding was used as the welding
method, and the gas flow was 18-20 L/min. DC reverse
connection was used, where the electric current was 90-120
A and the voltage was 21-30V. As shown in Figure 1, to
simulate the boundary conditions of hinge at both ends as far
as possible, a one-way hinge is installed at both upper and
lower ends of the member, which also controls the instability
of the specimen along the weak axis.

To ensure that the specimen is connected to the one-way
hinge, a 15 mm thick steel plate is welded at the end of the
specimen and bolted to the plate in the one-way hinge. To
monitor the vertical displacement of the column, two
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FIGURE 1: Test loading device. (a) Field loading; (b) schematic of
loading device.

displacement meters (DP2 and DP3) are used. Three dis-
placement meters (DP1, DP4, and DP5) are utilized to
monitor the vertical displacement. The DP6 displacement
meter can monitor the lateral displacement and hinge ro-
tation. The DP7 strain gauge measures the strain on the
surface when buckling takes place. The distance between the
rotation center of the one-way hinge and the end of the
specimen is 80 mm, so the calculated hinge length (L) of the
specimen is its original geometric length L, plus 160 mm, as
shown in Table 1. Here, t, H, and B denote the thickness,
section height, and section width of the column, respectively.
To examine the influence of local buckling on global
buckling, the two different sections (square and rectangular
sections) are designed.

2.2. Measurement of Initial Geometric Imperfection of
Specimens. A ruler and feeler were used to measure the initial
geometric imperfection of the specimens as shown in Fig-
ure 2. The initial imperfection in the buckling plane along the
weak axis was measured, and the front and rear planes were
assessed. Two centerlines were taken from the edge and the
middle of each plane. Three points at the end and the middle
points on each line were considered as the measurement
points, and then, the maximum value among all the mea-
surement results was taken as the initial geometric
imperfection.

The measurement results are shown in Table 2, where ¢ is
the measured initial defect value, and §/L is the ratio of the
defect to the geometric length of the specimen.

It is clear from Table 2 that the ratio of global geometric
imperfection to length is nearly 1/1000, indicating that the
standard defect value of 1/1000 bar length stipulated in the
existing specification can be adopted.

3. Test Results and Analysis

3.1. Material Performance Test Results. To evaluate the
mechanical properties of BS700 HSS, three standard spec-
imens were tested. The sample was obtained from the base

3
TaBLE 1: Measured dimensions of specimens.

Specimen t (mm) Ly (mm) H (mm) B (mm) L (mm)
tsl 3.14 280.5 20.05
ts2 3.12 281.2 20.00
ts3 3.24 282.1 20.10
LC1 2.98 996.3 106.3 105.9 1156.3
LC2 3.02 1398.4 105.8 105.7 1558.4
LC3 2.96 1798.5 104.2 106.8 1958.5
LC4 3.22 2198.2 106.4 106.1 2358.2
LC5 3.24 2600.5 106.5 105.3 2760.5
LC6 2.92 1097.5 105.7 75.6 1257.5
LC7 3.08 1398.6 105.4 75.7 1558.6
LC8 3.12 1597.4 104.3 75.1 1757.4
LC9 3.16 2199.7 105.7 75.5 2359.7
LC10 3.24 2796.6 106.1 75.4 2956.6

| feeler gauge |

T

steel ruler

FIGURE 2: Measurement method of the initial geometric imper-
fection of specimens.

TABLE 2: Geometric initial imperfection along the weak axis
direction.

Specimen L (mm) § (mm) S/L
LC1 996.3 1.05 1/949
LC2 1398.4 1.57 1/891
LC3 1798.5 1.76 1/1022
LC4 2198.2 1.47 1/1495
LC5 2600.5 1.90 1/1369
LC6 897.5 0.75 1/1197
LC7 1298.6 1.30 1/999
LC8 1597.4 2.10 1/761
LC9 2199.7 1.90 1/1158
LCI10 2796.6 2.70 1/1036

material of the processed BS700 HSS groove butt welding
box-section members according to the requirements of the
Chinese standard “Sampling location and Sample Prepa-
ration for Mechanical Properties test of Steel and Steel
Products” (GB/T 2975-2018) [31]. A strain gauge was pasted
in the middle of the specimen, and it was loaded step by step
on the tensile testing machine. The specific test result is
shown in Figure 3. Here, x axis represents loading time (unit:
s) and the y axis represents load (unit: kN).

When the material is damaged, there is a certain necking
phenomenon if the fracture line is close to the horizontal
line, indicating that the material has a good plastic property.
Figure 4 shows a snapshot of the damaged material.

The elastic modulus and yield strength of BS700 HSS
were determined through a material performance test. The
elastic modulus was obtained by taking the slope of the linear
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FIGURE 3: Mechanical property test of materials.
FIGURE 4: Image of a damaged specimen.

TaBLE 3: Tension coupon test results.
Specimen t (mm) E (GPa) f, (MPa) f, (MPa) f/f,
tsl 3.14 192.7 738.2 790.2 0.9342
ts2 312 208.2 753.1 809.3 0.9306
ts3 3.24 205.6 748.7 798.9 0.9372
Average 3.17 202.2 746.7 799.5 0.9340

part of the stress-strain curve of the material. The results of
the material performance test for the three specimens are
shown in Table 3. Here, t, E, F,, F,, and F,/F, represent the
plate thickness, elastic modulus, nominal yield strength,
ultimate tensile strength, and the ratio of yield strength to
tensile strength, respectively.

To better simulate the test data using the finite element
method, the material curves used in the simulation were
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obtained by averaging three measured stress-strain curves.
Further, the experimentally obtained stress and strain were
actually the nominal stress and nominal strain, so they were
transformed into real stress and strain by using finite ele-
ment software ANSYS as follows:

0= nom (1 + 81’10]11)

1
e=In(1+e,m)

where ¢ is the real strain, o is the real stress, o, is the
nominal stress, and ¢, is the nominal strain. Three data
points are needed in the follow-up multilinear strengthening
model (trilinear model is considered in this report). The
three points obtained after conversion according to the
average value of the material test curves are as follows:

Yield point: o, = 749.4 MPa, and ¢, = 0.0037, where o, is
the yield strength and ¢; is the yield strain.

Endpoints of yield stage: o, =754.1MPa, and ¢, =
0.0099¢,, = 0.0099, where o, is the yield strength at the end
of the yield stage and ¢, is the yield strain at the end of the
yield stage.

Ultimate strength point: ¢, = 818.1MPa, and ¢, =
0.0233, where 0, is the ultimate strength and ¢, is the ul-
timate strain.

A comparison between the stress-strain curve obtained
by the finite element method and the three measured stress-
strain curves is shown in Figure 5. It is clear that the follow-
up multilinear strengthening model can well simulate the
stress-strain curve of the actual material.

4. Buckling Mode Analysis

As shown in Figure 6, the failure modes of the specimen are
mainly local and global interactive buckling failure, and the
column presents global buckling while the component plate of
the column takes shows a local bulge. During the initial
loading stage, both the vertical and lateral deformations of the
specimen are very small. With the gradual increase of the load,
the local buckling of the plate occurs, and the vertical de-
formation becomes larger. Subsequently, with the occurrence
of global buckling, the lateral deformation also increases.
When local buckling occurs, the component can continue to
bear load without completely losing its bearing capacity,
indicating that the local postbuckling strength of the plate can
be utilized. As the local bulge of the plate becomes larger, the
lateral bending deformation of the component becomes in-
creasingly obvious, and the specimen is unable to bear more
load, reaching the ultimate bearing capacity. When the plate
has a relatively small width and thickness and a large length
(such as the specimen LC10), the global buckling deformation
is obvious, which leads to the global buckling phenomenon.
When the plate has a relatively small length and a large width
and thickness (such as the specimen LC1), the local buckling
phenomenon occurs at the end.

4.1. Ultimate Bearing Capacity. The ultimate bearing ca-
pacity of the test specimens is shown in Table 4. It can be
found that with the increase in the length of the column, the
decreasing rate of ultimate bearing capacity for square
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Fi1GURE 5: Nominal stress-strain curve of the material.

FIGURE 6: Snapshots of a member failure.

TaBLE 4: Buckling test results of BS700 HSS groove butt welding box-section members.

Speci Length L, Calculated length L Width-thickness ratio (B/ Height-thickness ratio (H/  Bearing capacity Py,
pecimen

(mm) (mm) t) t) (kN)
LC1 996.3 1156.3 35.5 35.7 700.9
LC2 1398.4 1558.4 35.0 35.0 692.1
LC3 1798.5 1958.5 36.1 35.2 672.6
LC4 2198.2 2358.2 33.0 33.0 609.8
LC5 2600.5 2760.5 32.5 32.9 490.2
LC6 1097.5 1257.5 259 36.2 612.1
LC7 1398.6 1558.6 24.6 34.2 604.1
LC8 1597.4 1757.4 24.1 334 483.2
LC9 2199.7 2359.7 23.9 334 367.2
LC10 2796.6 2956.6 23.3 32.7 238.6

section columns (LC1-LC5) is smaller than that for rect-
angular section columns (LC6-LC10). This is because the
slenderness ratio of weak axis becomes smaller for rectan-
gular section when the height-thickness ratio remains un-
changed while the width-thickness ratio decreases. The
slenderness ratio has a significant influence on the ultimate
bearing capacity of the column when it is large, such as LC4
versus LC9. Meanwhile the width-thickness ratio has a
significant influence when the slenderness ratio is smaller,
such as LC2 versus LC7.

5. Numerical Simulation Based on Finite
Element Method

5.1. Finite Element Model. Numerical analysis is an im-
portant method to study the local and global interactive
buckling of components. In this paper, ANSYS software
is used for the relevant numerical calculation. The
parametric model is established to simulate a large
number of members with different section sizes and bar
lengths.



First, the basic finite element model is established. The
unit type shell181 is used to introduce local geometric im-
perfection and residual stresses. For simplicity, the cold
bending effects of the section and chamfering are not con-
sidered in the model. To ensure that the member is loaded at
the load axis, two rigid plates (which have a large modulus of
elasticity) are added to both ends of the member. When
the constraint is applied, the node at the center of the plate
on both ends can be restrained. Here, a simply supported
constraint is adopted. The multilinear strengthening
model proposed according to the material test in Figure 5
is adopted, and the basic finite element model is estab-
lished, as shown in Figure 7.

Next, the geometric imperfection and residual stress are
introduced in the established finite element model. Two
types of initial defects are considered: local defects and global
defects. Local defects are introduced by eigenvalue buckling
analysis, and then, the local buckling modes are obtained (as
shown in Figure 8), which are multiplied by a certain factor
(the maximum value of local buckling deformation divided
by H/200) and then introduced into the basic model.
Subsequently, for introducing the global defects, the node
position of the model is shifted according to the sinusoidal
half-wave form, where the maximum defect is 6/L in Table 2,
and then, the finite element model is reconstructed
according to the migrated node.

For residual stress, the distribution model presented in
Figure 9 is adopted based on the existing studies [32].

Here, 04, represents the residual tensile stress at the
weld position of the flange, 0. represents the residual
compressive stress at the flange, 07, represents the residual
tensile stress at the cold corner, and o, represents the
residual compressive stress of the web. a;, by, ¢, a,, b,,d;, e},
9> ,, and d, represent the length of each distribution area of
residual stress. oy = (0.7-0.85) f,, o4, = (0.05-0.15) f,
0re=—(01-0.25) f,, 0yye = —(0.1-0.2) f,, @ = t-2t, by =0.05 b,

and d, =t-2t.
”a,dA =0

a,+b,+c+b,+a, =0.5b

(2)

a,+b, +c+b, +a, =0.5b,

where o, is the residual stress, b is the width of the section, h
is the height of the section, and t is the thickness of the
section.

The initial stress data file is preedited, and the ele-
ment numbering and local coordinates are tracked for
the accurate incorporation of initial stress. The initial
stress data file is formed through the residual stress
model and the mesh gridding of the finite element model.
The residual stress is applied at the integral points of
elements, where 5 integral points per shell181 element
are used.

The entire finite element model mainly consists of five
modules: basic analysis module, geometric imperfection
introduction module, residual stress introduction module,
solution module, and postprocessing module. All the
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F1GURE 9: Residual stress model.

program modules are in a parameterized language to fa-
cilitate changing the model according to specific needs.
Based on the elastic-plastic theory of large deflection of thin
plate, the load-displacement curve of the component is
determined by the arc-length method, and the ultimate
bearing capacity is obtained.

5.2. Numerical Simulation Results. A comparison between
the finite element simulation results and the experimental
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TaBLE 5: Comparison between the test results and finite element simulation results of local and global interactive buckling.
Specimen Ay A Any P, (kN) P, (kN) (Pys—P,)IP,; (%) P, (kN) P./P,
LC1 27.42 27.5 0.5318 715.5 700.9 2.08 917.8 0.7637
LC2 37.13 37.16 0.7187 682.2 692.1 -1.43 926.6 0.7469
LC3 47.22 46.33 0.8961 695.2 672.6 3.36 906.5 0.7420
LC4 55.98 56.10 1.0851 581.6 609.8 —4.62 990.9 0.6154
LC5 65.55 66.12 1.2791 474.6 490.2 -3.18 993.5 0.4934
LCe6 31.33 40.64 0.7862 621.2 612.1 1.49 765.1 0.8000
LC7 38.98 50.44 0.9756 592.3 604.1 -1.95 804.7 0.7507
LC8 44.44 57.39 1.1101 459.8 483.2 —4.84 806.8 0.5989
LC9 58.94 76.6 1.4817 352.6 367.2 -3.98 825.3 0.4449
LC10 73.67 96.15 1.8599 225.2 238.6 —5.62 846.9 0.2817

results is presented in Table 5. Here, P, represents the
bearing capacity of the section at full yield: P,=Af,; P,
represents the buckling capacity measured in the test; A, is
the slenderness ratio of the specimen around the strong axis;
A, is the slenderness ratio of the specimen around the weak
axis; A,, is the regularized slenderness ratio, which is cal-

culated according to the Chinese specification [23] using the

following equation:
A :ﬁ\{&, 3)
Yo m \E

Here, P, is the simulated bearing capacity from the finite
element analysis, P, is the test carrying capacity, and P, is
the full section yield strength.

It is clear from Table 5 that except for some components
(LC10), the difference between the ultimate bearing capacity
of the specimens obtained by experiment and finite element
simulation is within 5%, and most of the simulation results
are lower than the experimental values, indicating that the
established finite element analysis model is reasonable and
feasible, and the results are also conservative. To further
compare the finite simulation and test results, the load-
displacement curves obtained by the two methods are shown
in Figure 10.

It is clear from the load-axial displacement curve and
load-lateral displacement curve of each specimen in Fig-
ure 10 that the specimens mainly exhibit local and global
interactive buckling failure. Taking LC4 as an example, when
the load is small, the specimen is in an elastic state. The load-
axial displacement curves in Figure 10(a) are approximately
linear and their slope remains basically the same, while the
load-lateral displacement curves in Figure 10(c) show a
slight change. As the load increases, buckling occurs near the
central position of the first web bar. As the load continues to
increase, due to the local buckling of the web, the load-axial
displacement curve becomes nonlinear. Further, the lateral
displacement of the central node of the specimen also enters
the nonlinear stage and increases sharply. The local buckling
load continues to increase the buckling of the flange and
whole specimen. Furthermore, the specimen reached the

load limit. At this time, the lateral displacement of the
middle node of the specimen increases horizontally and the
axial load is slowly unloaded. When the load decreases to a
certain value, the specimen exhibits sudden failure, and the
loading is stopped. It may be noted that the descending stage
of many specimens could not be obtained through the
test. Meanwhile, the local bulge of the plate is not always
located in the middle of the bar, so the effective load-lateral
displacement curve of some specimens (such as LC2 and
LC3) could not be determined. Overall, the simulation
curves are in excellent agreement with the test curves. This
proves that the proposed finite element model can well
simulate the compressive failure process of a thin-walled
box-section pressure bar made of BS700 HSS material.

6. Comparison with the Design Codes of
Steel Structures

6.1. China Standard Calculation Method. According to the
Chinese Design Code for Steel Structures [23], when the
width-thickness ratio of the plate exceeds the limit value,
considering the postbuckling strength, the stability of the
axial compression member is calculated as follows:

<1,

PAf @
where A, = ) p;A;. A. is the effective gross cross-sectional
area, Ai is the gross cross-sectional area of each panel, ¢ is
the stability factor calculated by gross cross section, and p; is
the effective cross-section factor of each plate.

According to equation (7), if the local buckling is taken
into account, the global and local interactive stability factor
of the component should be reduced based on the gross
cross-section stability factor. This factor is defined as follows:

_ Zpi4
¢, = ZAI .

(5)

The effective cross-section factor of the plate p; is
specified as follows:A <40,/235/f , . When the yield strength
is 700 MPa, 1 <23.18, so
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(d)

F1GURE 10: Comparison between the load-displacement curves obtained by experimental test and finite element simulation. (a) Load-axial
displacement curves of specimens 1, 4, and 5. (b) Load-axial displacement curves of specimens 6, 8, and 10. (c) Load-lateral displacement
curves of specimens 1, 4, and 5. (d) Load-lateral displacement curves of specimens 8, 9, and 10.

p=1 (6)

A> 527/235/ f,- When the yield strength is 700 MPa,
A>30.13, so

235 t
~ =~ +0.25) |- 7
7 + b (7)

y

p=| 29

Here, b is the width of the plate, and ¢ is the thickness of
the plate.

p=(16.8 +0.251) é,

b 235 b>2434
f )t . >

y

(8)

Here, A, , = b/t/56.21/235/f , ; i.e, A, , = b/t/32.56 .

6.2. US Standard Calculation Method. According to the
American ANSI/AISC 360-10 specification [15], the bearing
capacity of axial compression members is calculated as follows:

P,=F,A, (9

where P, represents the nominal compressive strength, A is
the gross cross-sectional area, F,, is the flexural buckling
stress, and the factor Q is introduced to consider the in-
fluence of local buckling of plate parts. The calculation
formula is as follows:

KL E

~ <471 —, (10)
r Qf,

KL E

—>471\—, (11)
r Qf,

where F, = n?E/ (KL/r)? is the critical elastic buckling stress, K
is the calculated length factor of the member, L is the length of
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the member, r is the rotational radius of the section of the
member, so it is actually the slenderness ratio, and Q is the
reduction factor after considering the local buckling of the plate.

The stability factor is defined as ¢ = P,/P . Substituting
it in equation (12) and using P, = f A, we get

F

cr
¢== (12)
fy
The slenderness ratio can be normalized to obtain the
regularized fineness ratio as follows:

An:i@. (13)
n \E

Substituting equations (13), (14), and (16) into equation
(15), it can be obtained that

1 <1.4992
"SR

(14)
3 >1.4992 _0.877
Nt

According to the different width-thickness ratios of the
pressed plate, the sections can be divided into three types:
compact section, noncompact section, and flexible section.
The first two sections do not consider the influence of local
buckling of the plate; i.e., Q= 1. The impact of plate buckling
needs to be considered in the flexible section, and the rel-
evant stability design is necessary; i.e., Q = QsQa. For the box
section, Qs=1.

Q=Q,=— (15)

It can be seen from equation (19) that the factor Q is
related to the effective cross-sectional area A.g and the
effective width of the panel is required. For elements under
uniform compression (except box-section flange), the ef-
fective height of the box-section web when h/t > 1.49+/E/ f
can be obtained as follows:

E 0.34 |E
h,=192t7|=| 1—-—1|— | <h, 16
. f< o f> (16)

where f=F,, and F,, is calculated by considering Q=1 in
equations (13) and (14).

When b/t >1.4+/E/f, the effective width of the box-
section flange is

E 0.38 |E
b, =1.92t7|=| 1 -———1|= | b, 17

where f=P,/A.s For convenience, it is considered that

f=1

6.3. European Standard Calculation Method. In the European
design specification for steel structures (BS EN 1993-1-1
Eurocode 3 [22]), according to the effect of local buckling of the
plate on the bearing performance, the cross section is divided

into four types. In the former three kinds of cross sections, the
effect of local buckling is not considered in the design process.
For the fourth kind of cross section, the buckling capacity can
be calculated using the effective cross-sectional area as follows:

Nb,Rd = > (18)

where Nj g is the buckling capacity, A,z is the cross-
sectional area of the plate after the local buckling, f, is the
yield strength of the material, and y,,; is the partial factor of
the material, which is equal to 1 in this study. y is the
corresponding buckling stability factor. It is calculated as
follows:

1
X:42andxsl, (19)

9+ o' -1
where

(p:o.5[1+a(X—0.2)+X2]. (20)

Here, A is the regularized slenderness ratio, and the
effective area A g is used for reduction, i.e, A = \[As f /N,
where N, is the critical elastic stable force of the gross cross
section without considering the local buckling of the plate,
and it can be obtained that

T ,Aeﬁfy:&\jg\/&. (21)
N, m=m\EVA

a is the defect influence factor. Each kind of column
curve corresponds to one kind of defect influence factor, and
five column curves are specified. The welded box section
belongs to the column curve of Class C when the width-
thickness ratio is less than 30 and Class B when it is greater
than or equal to 30. For Class B, « =0.34, and for Class C,
a=0.49.

According to the definition of stability factor,

_Nora _ XAairfy A

= =xX— (22)
N, YmAS y A
The effective area A.g is calculated as follows:
At = PA, (23)

where p is the reduction factor associated with the type of
plate. For a two-sided supported plate,

p=11,<0673
X, - 0.055(3 + _ (24)
p= sz(w)— <1,1,>0.673
/\P

where A, is the regularized width-thickness ratio, which is
calculated as follows:

o bty (25)
P 28.44/k, 235
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TaBLE 6: Comparison between the test results and the results obtained by Chinese, US, and European codes.

Specimen i 9 (@rlgr % Pa (@r= a)l s % Qe (91— @)l gr %
LC1 0.7637 0.6486 15.1 0.6967 8.8 0.6647 13.0
LC2 0.7469 0.5885 21.2 0.6652 10.9 0.6158 17.6
LC3 0.7420 0.5013 32.4 0.6095 17.9 0.5461 26.4
LC4 0.6154 0.4389 28.7 0.5677 7.8 0.4848 21.2
LC5 0.4934 0.3559 27.9 0.4852 1.7 0.4034 18.2
LCe6 0.8000 0.6122 23.5 0.6946 13.2 0.6304 21.2
LC7 0.7507 0.5367 28.5 0.6439 14.2 0.5581 25.7
LC8 0.5989 0.4707 21.4 0.5878 1.9 0.4940 17.5
LC9 0.4449 0.3111 30.1 0.3973 10.7 0.3360 24.5
LC10 0.2817 0.2138 24.1 0.2524 10.4 0.2326 17.4
Average error 25.29 9.75 20.27

y is the stress distribution ratio of the the compression
member plate. For the axial compression member, y =1,
and k, is a factor associated with factor y. For a bilateral
support plate, when y =1, k, =4. According to the specific
values of v and k,, (24) and (25) can be rewritten as

p=1,1,<0673
A, —0.22
p=-—L——<1,
)LP
(26)
A, >0.673,

— bt |f,
AP=—\f—.
56.8 {235

6.4. Comparison between the Experimental Results and the
Standard Results of Different Countries. The stability factors
calculated by national codes are compared with the test
results in Table 6.

Here, ¢ris the test stability factor. ¢, ¢,, and ¢, are the
stability factors corresponding to the Chinese, US, and
European codes, respectively. It can be seen from Table 6
that the average error between the test and the Chinese
code results is 25.29% and the standard deviation is 5.19%.
For the US code, these values are 9.75% and 5.07%, re-
spectively. For the European code, these values are 20.27%
and 4.31%, respectively. The US code data is close to the
test result, while the Chinese code and the European code
appear more conservative. However, the difference be-
tween the test results and any national specification data is
more than 5%. The main reason for the discrepancy be-
tween the test results and different code results is that the
effective section calculation method and global buckling
stability factor are different. Furthermore, the above re-
sults indicate that the existing codes for BS700 HSS thin-
walled box-section members are relatively conservative
for determining the local and global buckling interactive
capacity, which warrants further research to derive a new
calculation formula.

7. Conclusions

The local and global interactive buckling capacities of the
thin-walled box-section members formed by cold bending of
BS700 HSS were experimentally investigated. Further, a
finite element model was proposed to simulate the test
process. The main results of the study are summarized as
follows:

(1) By measuring the initial geometric imperfection of the
whole specimen, it was found that the maximum initial
deflection was nearly 1/1000 of the length of the bar.
Thus, the initial deflection during design could be
determined according to 1/1000 of the length of the bar
as stipulated in the existing code of China.

(2) Based on the material performance test of BS700
HSS, it was found that the material had a certain
yield platform and good plastic performance. The
ratio of yield strength to tensile strength was 0.9340,
which was higher than that of ordinary low-strength
steel.

(3) The local and global interactive buckling tests of 10
BS700 HSS thin-walled box-section axial compres-
sion members were conducted, and the failure
modes were found to be local and global interactive
buckling failures.

(4) The residual stress and geometric imperfection of
thin-walled box-section members of BS700 HSS were
introduced in the finite element model to obtain the
local and global interactive buckling capacity. It was
proved that the established finite element model
could effectively simulate the local and global
buckling failure process of the specimens under axial
compression. The model provided nearly accurate
ultimate bearing capacity, which proved its efficacy
and feasibility.

(5) The ultimate bearing capacities of the tested mem-
bers were higher than the values obtained by the steel
structure design codes of China, the USA, and
Europe. The Chinese code and the European code
were found to be more conservative with a difference
of more than 20%. The US specification data were
closer to the test results, but they were also smaller
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than the test values by nearly 10%. This indicates that
the existing codes are relatively conservative for
calculating the local and global interactive buckling
capacity of the thin-walled box-section members of
BS700 HSS under axial compression, and further
research is needed.
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