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An approach for local buckling design of axially compressed
high-strength Q690 steel columns at elevated temperature

WANG Weiyong, SHARHAN Ahmed, AL-AZZANI Hisham , LI Xiang
(School of Civil Engineering, Chongqing University, Chongging 400045, P. R. China)

Abstract: Local buckling refers to a failure pattern of a structural steel member. It is characterized by lower
ability to withstand compressive stress than the stress that the steel material is designed to withstand. This
paper highlights the effects of local buckling on the structural behavior of steel columns subjected to
elevated temperatures with the aim of developing a suitable design method for the local buckling of the
high-strength Q690 steel column at elevated temperatures. The local buckling of high-strength Q690 steel
columns is numerically investigated by FE modeling using software ABAQUS. The developed FE models
are validated against the experimental results of local buckling for high-strength Q460 steel columns under
axial compression previously conducted by other researchers. Subsequently, a parametric study was carried
out to evaluate the influence of several parameters affecting the design of steel members to resist local
buckling such as the width-to-thickness ratio, temperature, initial imperfection, residual stress and
interaction between the flange and web of the H-shaped cross-section. The results showed that local
buckling is significantly affected by the width-to-thickness ratio; increasing the width-to-thickness ratio led
to a reduction in the ultimate bearing capacity of the specimens. It also indicated that both initial
imperfections and residual stress have a significant effect on local buckling stress. Furthermore, it was
observed that the overall capacity of the specimens deteriorates significantly as the temperature increases.
Based on the results, a simplified design method and new width-to-thickness ratio limits were proposed for
the H-shaped high-strength Q690 steel compression members. The results data were also compared with
the design rules provided by GB 50017-2017, Eurocode 3, and ANSI/AISC 360-10.
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1 Introduction

High strength steel (HSS) has been widely
adopted in the construction of high-rise structures
such as high-rise buildings and long-span bridges
on account of its light-weight, with the result that
these structures have become novel in shape and
In this era of rapid

complicated in function.

development, steel structures have numerous
benefits such as high strength, light-weight, fast
Steel

quick

construction, and good deformability.

construction is required to suit the
development of the infrastructures and the world’s
economy. In addition, the use of HSS can greatly
contribute to the reduction of the cross-sectional
size of structural members, reduce the amount of
steel and the weight of the structures, leading to
the reduction of the work efforts of welding and
transportation as well as inducing high resistance to
earthquake effects. In general, the use of HSS in
construction is good for the environment and saves
timel .

The advantages to the construction industry of
adopting HSS such as Q690 steel have motivated
researchers to study the performance of HSS
compression members at ambient and elevated
temperatures. Shi et al.'*) found that the local
stability of an H-shaped member could be ensured
by increasing the width of the steel plate. The
width-to-thickness ratio of the steel plate in the H-
section member should be larger than that of the
mild steel, also known as low carbon steel, in
order to make full use of the advantages of the
strength of high-strength steel. Based on finite

1Bl

element analysis, Knobloch et a proposed a

M EHS:2096-6717(2021)01-0082-14

strain-based calculation method for the local

stability of steel members at elevated
temperatures. However, this method has not been
verified by experimental results, making it risky to

M suggested a

use in engineering. Wang et al.
calculation equation of the local buckling stress of
Q235 and Q460 axial compression members at
elevated temperatures where the limit of the width-
to-thickness ratio was provided to restrict the local
buckling of the member at elevated temperatures.
Additionally,

conducted on slender columns of welded sections

with steel grades from 460 to 960 N/mm’" ", The

some compression tests were

results showed that the sections with steel grades
higher than 460 exhibited significantly higher
buckling resistance than counterparts made of
conventional steel types. The improved resistance
can be attributed to higher yield strength and lower
residual stress to yield strength ratios. It was also
found that the end restraints and limited initial
imperfections contributed to improvements in
resistance. Chiew et al.'?) conducted an elevated
temperature test to investigate the strength of
reheated, quenched, and tempered (RQT) HSS at
elevated temperatures. Post-fire residual strength
was evaluated by means of post-fire residual
strength tests. Li et al.'™ and Kang et al. "
investigated the strength deterioration of high
They

found that the post-fire mechanical properties of

strength structural steel Q690 after fire,

the structural steel were significantly decreased
when subjected to temperatures exceeding 600 °C.
Through these investigations on steel stub columns
made of welded sections, it was concluded that the
limits for yielding for

plate  slenderness

conventional steel sections can also be applied to
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the steel sections made of high strength steel.
However, sufficient deformation capacities cannot
be guaranteed if the limits of plate slenderness for
conventional steel compact sections were simply
extended to high strength steel sections™.

There are many international codes for the
design of structural steel at ambient and elevated
temperatures; however, the majority could only be
applied to the low and intermediate grades of steel.
The Chinese standard for design of steel structure
(GB 50017-2017)M% provides the limits of the
width-to-thickness ratio of the steel plate for the
local buckling of H-section members to ensure that
no local buckling occurs before the overall
buckling. However, the standard design provisions
do not consider high strength steel. The Eurocode
3 (EC3)"" generally includes a more reliable and
safe design formula, which can be applied to the
design of the local buckling capacity of high-
strength S690 steel I-section members. The
American steel structure design code (AISC 360-
1008 provides slenderness limits to control local
buckling for column strength, as expressed in Eq.
(1) and (2), where the slenderness limits (A, and
A.) of thin-plate elements must be satisfied to

prevent local buckling of the plate elements.

0.15 E,
By = D
! Iy
0.19 E,
po= @)
Iy

where, f, is the yield strength of steel; E is the
elastic modulus of steel.

In the EC3"'" provisions, a reduction factor of
0. 85 is adopted for the elastic modulus and the
yield strength to treat the local buckling
phenomena of the steel element subjected to

Conversely, the Chinese
1

elevated temperatures.
standard for the design of steel structures''™ as
well as code for fire safety of steel structures in
buildings do mnot include specifications and
guidelines for the design of steel at elevated

temperatures. Overall, the current design approach
in codes including GB 50017-2017"%, EC3"", and

ANSI/AISC 360-10"%" is only applicable to steel
with a yield strength of up to 460 MPa and could
not be adopted for the design of HSS columns.
Therefore, in practice, the application of high-
strength steel members is restricted. However,
EC3 Parts 1-121%) extends its specification to steel
grade up to 700 MPa. Furthermore, most steel
design codes adopt an equivalent imperfection
approach to consider the effects of residual stress
and out-of-plane imperfections that is generally
assumed to be 1% of the member length.
According to the research by Li et al®", this
equivalent value for residual stress would lead to
unconservative predictions for high strength steel
members. Based on the aforementioned points and
on the FE modeling results, a simplified design
method and new width-to-thickness ratio limits are
proposed for the studied high strength Q690 steel
stub columns with H-shaped section.

In this study, finite element modeling was
performed using the software package ABAQUS to
simulate the performance of high-strength Q690
steel H-shaped welded

temperatures

columns at elevated

under axial compression. The
numerical models were first adopted to replicate the
experimental results carried out by Wang et al. 7/,
Then, an parametric
conducted for the Q690 HSS welded columns. The

effects of many parameters including the width-to-

extensive analysis was

thickness ratio, temperature, initial imperfection,
residual stress and interaction between flange and
web on the behavior of the studied axially-
compressed steel member at elevated temperatures
were evaluated. The results of the parametric

study were then compared with the results obtained
from the design provisions in GB 50017-2017"%,
EC3M™, and ANSI/AISC 360-10-%), Based on the

FE results, a new design method was recommended
for local buckling design of high strength Q690

steel columns at elevated temperatures.

2 Material properties of high strength
Q690 steel

The deterioration of the mechanical properties



WANG Weiyong set al. :An approach for local buckling design of axially compressed high-strength
No. 1 Q690 steel columns at elevated temperature 85

including the elastic modulus and yield strength is
influencing the
As the
the yield strength and

considered the main factor
performance of steel structures in fire,
temperature increases.,
elastic modulus of the steel are reduced. Wang et

221 obtained the mechanical properties of Q690

al.
steel at elevated temperatures through a series of
tensile coupon tests and proposed reduction
coefficients for the nominal yield strength and
elastic modulus of Q690 steel exposed to elevated
temperatures. The tests results are summarized in
Table 1 and depicted in Fig. 1, where the reduction
factors for Q690 at elevated temperatures (20-900
°C) steel can be obtained from Eq. (3) and (4),

expressed as:

Lo L (3)
/. T\

1+ (538>
Ev 1 D
Pt (s)

where, f,r and f, are the yield strength of steel at
elevated and normal temperatures; Et and E are
the elastic modulus of steel at elevated and normal
temperatures; T is the steel temperature. Fig. 1
depicts the comparison of the test results and the
results obtained using the proposed equation of the
reduction factors for yield strength and elastic

modulus of Q690 steel at elevated temperatures.

Table 1 Yield strength and elastic modulus of high
strength Q690 steel at elevated temperatures

T/C fyr/MPa  Er/GPa Syl fy Er/E
20 797.5 210 1. 00 1. 00
300 746. 4 191 0. 94 0.91
400 666. 8 162. 5 0. 84 0.77
500 535.9 120. 5 0.67 0.57
550 355. 8 104 0. 45 0. 50
600 208. 6 61 0. 26 0.29
700 58.3 22.5 0.073 0.11
800 44.0 13.95 0. 055 0. 066
900 34. 05 26.75 0. 043 0.13

Each type of steel has a particular chemical

o

o
®
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Fig. 1 Comparison of reduction factors using the

proposed equation with test results

structure, and high temperatures may affect

different material properties. The variations
between high strength steel and mild steel in the
reduction factors are shown in Fig. 2. It can be
seen that the stiffness and strength of mild steel are
greater than those of high strength steel. This
could be related to the variety of the components
and formulations of the chemical elements and the
differences in the manufacturing techniques. Test
data on the reduction factors of yield strength and
elastic modulus for mild steel SM41%¥, Q23524,
and high strength steel with grades of S460, Q460,

S690%, and Q690 were also compared.
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Fig. 2 Test results of the comparison of reduction factors

for different types and grades of steel

3 Finite element modeling

This paper utilizes the finite element analysis

software ABAQUS 6. 14 to simulate the local
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buckling of high strength Q690 steel welded H-
section columns at elevated temperatures under
axial compression. The element section type,
constitutive relationship, geometric imperfection,
residual stress, and boundary conditions are used
to build the FE model.
3.1 Element type, mesh, and material modeling

The proper selection of element type with
appropriate degrees of freedom is essential to
simulate the behavior of the stub columns. Various
options are available in ABAQUS to model the
steel structure, In this paper, the four-noded
element quadrilateral S4R shell element with
reduced integration, in which each node has six
degrees of freedom, is adopted to represent the
element type for the steel plate, where lateral shear
and large strains are allowed. The number and
quality of the finite element mesh directly affect the
accuracy of the results and the computation time.
Therefore, a suitable mesh is a necessary condition
for obtaining accurate simulation results. Based on
sensitivity study, the mesh size of the element
between 12-20 mm was found suitable. The stress-
strain response of the steel at elevated
temperatures was simulated using the steel model
proposed by Wang et al. ** for the Q690 steel at
elevated temperatures. The stress-strain
relationship of the studied Q690 steel can be
obtained as follows

g = <€*§>:0.00Z< g >” (5)

T 00.2

0.2
n—lg(o' Ol) (6)

%)

00. 01
le(5 52

le( )

(gp )™

—no

K = "

where, 640 and oy, are the static tensile proof
stress of 0. 01% and 0. 2% 3 m is the exponent for
the modified Romberg-Osgood model given in

Table 2; n is the strain-hardening exponent; n, is

the original strain-hardening exponent; K is the

modular coefficient in the Romberg-Osgood
expression; o, is the ultimate stress; e, is the

plastic strain; €, is the plastic strain at the ultimate

strength.
Table 2  Fitted values for m
T m T m
300 0.4 700 1.0
400 1.0 800 0. 55
500 1.0 900 0. 48
600 1.0

3.2 Boundary conditions and load application

In order to appropriately apply the constraints
and loads for simulating the rigid condition of the
ends of the member, rigid endplates were set at
both ends of the members. This step was
performed as follows: the reference points were
first set directly above the endplate and the degrees
of freedom of all nodes of the endplate were rigidly
connected with the degrees of freedom of the
reference point using the constraint coupling
command. Hence, rigid ends were generated at
both ends of the element and the reference point
became the loading point. Then, the contact
surface between the steel column and the endplate
was defined as the Tie constraint, so that the two
surfaces were firmly bonded together to avoid
separation during the analysis and achieve
similarity with the actual welding. Therefore, it
was similar to the actual test and it was possible to
avoid local damage to the section of the element
under the concentrated load.

The boundary conditions were fixed at both
ends. The nodes at both ends were fixed against
the displacement perpendicular to the axial
direction and with no twist about the axial
direction. The reference point at the top-end was
fixed against displacement in all directions except
for displacement in the axial direction, while the

rotation was fixed in all directions except for a
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weak bending axis. The reference point at the
bottom-end was fixed against the displacement and
rotation in all directions. To ensure that the
element was a statically indeterminate structure,
the longitudinal displacement of one end of the
element was restricted. The load was continuously
applied according to the displacement control
method. Because displacement control method
easily converged, the calculation speed was fast,
and the descending branch of the load-displacement
curve could be obtained. The analysis type of the
model was static risk analysis,
3.3 Residual stresses

The welding process is an uneven heating and
cooling process and this uneven process causes
residual stresses in the steel element. These
residual stresses could adversely affect the ultimate
capacity of the steel element. Therefore, residual
stress is an important parameter, which needs to be

[26) measured

considered in the FE modeling. Zhang
the residual stress of H-section Q690 steel and
found that the measured distribution model was
similar to that of mild steel section.

Based on the self-balancing principle of cross-
section residual stress, the distribution width of
residual tensile stress and residual compressive
stress can be obtained. The distribution range of
the H-section and the ratio of residual stress to the
nominal yield strength of steel at ambient
temperatures are summarized in Table 3 and 4,
respectively. Fig. 3 illustrates the distribution
range of the residual stress of high strength steel

H-section.

Table 3 Distribution range of H-section at room

temperature and high temperature

a b ¢ d
((B—2a—2b—
(bi—h)/15 (bi—h)/5 (bi—hp)/5
2d—e)) /2
e f g h
t+hg hi H,/20 —2f—2g

Table 4 Ratio of residual stress to nominal yield strength

of steel at ambient temperature
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At elevated temperatures

At ambient temperatures

Fig. 3 Distribution range ofthe H-shaped section of residual

stress models of high strength steel

At elevated temperatures, the equation for
predicting the residual stress reduction coefficient
is reported in Reference [ 26 . The resulting
expression is adopted to calculate the residual
stress reduction coefficient for the H-shaped

section of high strength Q690 steel as follows

1 . )

T (T/55002 20 C=T<4007C

1 o »

T = T (T /60y 400 C << T<C600 C
1

T (T/agsyre 600 C<T<900C

(8

As shown in Table 5, the reduction coefficient
does not reduce significantly when the temperature
ranges from 20 to 400 “C. However, the residual
stress reduction coefficient decreases obviously
with the increasing of the temperature beyond 400
coefficient

‘C.  Conversely, the reduction

significantly increases when the temperature
increases from 500 to 900 °C. It is also noted that
no much reduction is observed for steel with
different grades including Q235, Q460, and Q690
at elevated temperatures.
3.4 Verification of the FE model

The verification of the current model was
carried out using the experimental program of local

buckling of high strength Q460 steel stub columns
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tested under axial load conducted by Wang et
al. ¥, A comparison of the FE results and the test
results is shown in Fig. 4 (a), where the load-
displacement curves obtained from the FE model
and the test data are illustrated. As shown in Fig. 4
(a), the load-displacement curve obtained from the
finite element model is in very good agreement with
the load-displacement curve obtained from the test
of the specimen. It can also be seen from Fig. 4(a)
that at the beginning, the load-displacement curves
generated by FE model and test showed a slight
variation and they continued smoothly during the
whole elastic force-displacement stage until they
reached the local buckling stress of the test
specimen, A slight difference is observed in the
descending branch of both the FE generated and
the test load-displacement curve because it is very
complicated to simulate the exact interaction effect
between materials in the FE numerical model and
the practical test specimen.

The failure modes of the specimen Q460-B-
20 °C and Q460-B-650 °C steel columns, and a
comparison of the column failure mode observed in
the experiment with the failure mode obtained from
the FE model is shown in Fig. 4(b). It can be seen
that the failure model showed by the test fits well
with that predicted by the FE model. Due to the
position of the initial imperfections in the columns,
there are some differences in the location of
buckling and the imperfections will result in the

first onset of local buckling.

4 The load bearing capacity of the
high strength Q690 steel column

The design approach for predicting the axial

compressive  bearing  capacity at  elevated

temperatures is based on the design method of
axially compressed steel columns at normal
temperatures.

Reference [ 19 ] provide an equation for

2500

2000
Q460B-20 T
- —=—Test
= 1500 ——FEM
2 Q460B~650 T
= 1000 —Test
——FEM
500
0
10 15

Axial displacement/mm

(a)Load-axial displacement curve

Q460$-650
(b) Failure mode

Q460B-20 T
Fig. 4 A comparison between the FE results and test
results of high strength Q460 steel stub columns

calculating the critical stress of axially loaded steel

members at elevated temperature, expressed as

Ocr, T — %{(1+€0>GE,T+JCE.T_

[ +eopr+ feal —4 frropr) (D
where,op.r is the Euler critical stress of the element
at elevated temperature, which can be obtained by
(g, r=m"Er/A*), and e, is the initial eccentricity of
the elements, for the welded H-shaped, which can
be obtained by (e, =0. 300 A—0. 035) in which, A

is the slenderness ratio of the column and can be

calculated by (/{2% v For/Er).

The stability factor of the high strength Q690

steel column can be calculated using the
following equation
OcrT
== (10)
o1 fyT

From Egs. (3), (4), (9),and (10), the
stability factor can be determined for specimens
with different slenderness ratios subjected to
elevated temperatures. From Fig. 5(a), it can be
observed that when the temperature is between

20 °C and 400 °C, the stability factor remains
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Table 5 Reduction factors of residual stress at elevated temperature
Steel grads 20 C 100 °C 200 C 300 C 400 C 500 C 600 C 700 C 800 C 900 C
Q235 1 100% 92.3% 80. 1% 65.2% 49.6% 34.3% 13.9% 9.2% 3.7%
Q460 1 100. 5% 96.8% 83.5% 67.7% 46. 8% 18.3% 8.6% 5.7% 2.3%
Q690 1 99. 1% 93.2% 85. 8% 73.4% 10. 8% 16.4% 7.8% 3.4% L9%

constant, with only a small difference at elevated
temperatures. When the temperature is between
400 ‘C and 500 °C, the stability factor decreases
with the increase of temperature. However, at a
temperature higher than 500 ‘C, the stability factor
increases with the increase of temperature. This
implies that the stability factor is higher at elevated
temperatures than at ambient temperatures and is
mainly attributed to the relationship between the
ratios of the elastic modulus and the yield strength
at elevated temperatures. Fig. 5 (b) also shows
that the stability factor of the Q690 steel columns
decreases as the slenderness ratio increases, with a
ratio is

larger increase when the slenderness

between 75 and 150.

i

H
I

Stability factor
o I 14 §
N >~ =)
Ht
LLL
38

0 200 400 600 800 1000
Temperature/ C

(a) Relationship of stability factor and temperature

1.0

I e 4
S 2N 3

Stability factor

e
N

0 50 100 150 200 250
Slenderness ratio
(b ) Relationship of stability factor and slenderness ratio

Fig. 5 Curves of stability factor of high strength Q690 steel column

The relationship between the ratio of the
elastic modulus and the yield strength decreases
slowly from 20 ‘C to 400 ‘C while, at 500 °C the
decrease is much higher. When the temperature is
higher than 600 °C, the ratio of elastic modulus to

yield strength increases as the temperature rises.

S Parametric study

A parametric study was conducted using the
ABAQUS finite element software to investigate the
influence of possible parameters affecting the
bearing capacity of high strength Q690 steel stub
columns at elevated temperatures.  These
parameters include the cross-sectional dimensions
( width-to-thickness ratio ), residual stresses,
interaction between the flange and web of the H-
shaped cross-section, and the initial geometric

This

performed to clearly understand the effects of these

imperfection, parametric analysis  was

parameters, which control the buckling behavior of

the H-section of the steel column under axial

compression subjected to elevated temperatures.

5.1 Influence of the width-to-thickness ratio at
elevated temperatures

The plate width-to-thickness ratio is an essential
parameter, which plays a key role in controlling the
local buckling and in avoiding global-buckling when
designing the Q690 steel members at elevated
temperatures., The width-to-thickness ratio was
changed by varying the cross-sectional width,
while the thickness of the plate was kept constant
at 12 mm. Accordingly, the width-to-thickness
ratio of the flange b/t is equal to 8, 10, 15, 20,
25, 30, 35 and 40 and the height-to-thickness ratio
of the web h,/t, is equal to 20, 30, 40, 50, 60 and
70.

Fig. 6(a) shows the ultimate stress versus the
width-to-thickness ratio of the studied specimens at
different temperatures. It can be seen that the
ultimate stress can reach the yield strength when
decreases, whereas

the width-thickness ratio

increasing the flange width-to-thickness ratio

results in a reduction of the ultimate stress. The
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ultimate stress was also found to be reduced with
the increasing temperature. Fig. 6 (b) shows the
effects of flange width-to-thickness ratio on the
buckling stress. The buckling stress decreases with
the increasing flange width-to-thickness ratio as
well as with the increasing temperature. Similarly,
the web ultimate stress reduces with the increasing
height-to-thickness ratio, as shown in Fig. 7 (a).
Additionally, the buckling stress of the web
reduces with the increasing height-to-thickness
When the

temperature is between 20 °C and 550 “C, the

ratio, as depicted in Fig. 7 (b).

buckling stress decreases rapidly with the
increasing plate width Cheight)-to-thickness ratio.
When the temperature is than 550 °C, the buckling
stress decreases slowly with the increase of the
width(height)-thickness ratio of the plate. In both
cases, the width (height)-to-thickness ratio of the
flange or web of the studied specimens significantly
influence the ultimate stress and buckling stress of
the studied specimens at elevated temperatures.
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Fig. 6 Influence of width-to-thickness ratio at elevated

temperaturest**

5.2 Interaction of web and flange

When the web or flange of the H-section of the
steel member is partially buckled, the buckling
stresses occurring in the two elements are not
Therefore, the can be

equal. buckled part
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Fig. 7 Influence of height-to-thickness ratio at elevated

temperatures-**]
constrained by the unbuckled part. In the
engineering design, the H-shaped section of steel
consisted of thinner web and thicker flange plates.
Consequently, when the flange plate buckled first,

the web had a limited effect on the flange plate,
hence the restraining effect of the web on the flange
can be ignored. On the contrary, when the web
plate buckled first, the restraining effect of the
flange on the web cannot be ignored. In this
investigation, only web buckling is taken, so the
restraining effect of the flange plate on the web is
considered. Fig. 8 depicts the variation of the
ultimate stress versus the flange width-to-thickness
ratio at elevated temperatures, where the web
height-to-thickness ratio is kept at 30 mm. In order
to ensure effective constraining effects of the flange
on the web when determining the width-to-
thickness ratio of the flange, the buckling stress of
the web should be greater than that of the flange.
As a result, the buckling stress of the web can be
attained before the flange is buckled. It can be seen
from Fig. 8 that when the flange width-to-thickness
ratio is 6, the web buckling stress is about 625. 1
MPa and with increasing the width-to-thickness
ratio of the flange to 20, the web buckling stress is
found to decrease to 533. 54 MPa, which is a
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decrease of approximately 14. 7%. Similarly, at
temperatures of 400 ~ 650 “C, when the flange
width-to-thickness ratio increases from 6 to 20, the

by 17%. Overall,

whether the axial compressive steel members are

buckling stress decreases
loaded at ambient or elevated temperatures, the
retaining effects of the flange on the web should be
considered when estimating the web buckling

stress.
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Fig. 8 Restrained effect of the flange on the web
5.3 Initial geometrical imperfection

The initial imperfection of the steel plate is a
key factor, which greatly impacts the ultimate
Fig. 9

elucidates the local buckling stress of members

bearing capacity of the steel columns.

with different geometrical imperfections. It
considers the initial geometrical imperfection of
0. 1z (¢ is the plate thickness). According to the
research results of Burgess et al. *), the thermal
expansion of the element at elevated temperatures
has little effect on the initial geometric imperfection
of the steel element and hence it can be considered
that the normal

geometric imperfections at

temperatures and elevated temperatures are

similar. The Chinese code for check &. accept

0] stipulates that

specification for steel structure
the initial geometric imperfection amplitude of the
element is 1% of the flange plate gross width.
Kaitiala et al.'® adopted an initial imperfection
range similar to that in [ 30 ]. The results of
buckling stress versus the width-to-thickness ratio
of FE models are compared with the calculated ones
and it can be observed that both results have good
agreement. Hence, the initial imperfections can be

used to analyze the buckling stress of the steel

specimens.
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Fig. 9 Local buckling stress with different initial

geometric imperfections

6 Simplified design method

6.1 Local buckling stress at elevated temperatures

The local buckling stress coefficient ¢ can be
obtained from Eq. (11), while the slenderness ratio
(width-to-thickness ratio) of the steel plate can be
calculated from Eq. (12), expressed as

O

7 for

77£ 12(1—7}2)fyT
s (12)

where, f,r is the yield strength of the steel at

an

elevated temperatures, Et is the modulus of
elasticity at elevated temperatures, £ is the local
buckling coefficient related to the boundary
conditions. For flange buckling #= 0. 425, for web
buckling # =4, v is Poisson’s ratio of steel v=
0. 3.

Fig. 10 illustrates the relationship between the
coefficient of local buckling and the slenderness
ratio (¢ =A curves) at elevated temperatures. It can
be seen from Fig. 10 that at elevated temperatures,
the local buckling coefficient ¢ decreases with the
increasing slenderness ratio ( width-to-thickness
ratio) and vice versa. It is also found that when the
temperature is between 300 and 700 °C, the curves
are very close. These curves can be used to
describe the ¢ —A relationship.

Based on the buckling stress results obtained
by finite element analysis, the equation for
calculating the local buckling stress of the member
between 300 °C and 700 °C was obtained using data

fitting analysis. For any H-shaped section, the
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local buckling stress of the member can be
calculated by Eq. (13).

Jo-fu'l‘ ho /tw < 3. 07

b/t
oyT — N0 h /[ (13)
o Bl
where
ot = @it fyr (14
Cwit = ot fyr (15

The Q690 axial compression members at

elevated temperatures are

<(0.90 2<0.9

o = 0.6 i—o9 6
1—0. 74 2+0. 41 A2
0. 96 A<C0.8

Pur _J 0. 475 i—o0g (D

[1—1.281—0—0.785/{2

where, A is the regularized width-to-thickness ratio
of the plate, which can be calculated according to
Eq. (12). In order to verify the reliability of the
calculation results of the fitting equation, the
buckling stresses calculated by Eqs. (13) to (17)
For the Q690 axial

compression member, the results obtained from

are compared in Fig. 11.

Egs. (15) to (17) are lower than the FE generated

results.

6.2 Width-to-thickness limit
To ensure that the steel member at elevated

"
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=
|
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0.2
0 05 1.0 1.5 2.0 2.5

(b)Web of th):e H-section
Fig. 11 Comparison of the fitting curve with the finite
element analysis results
temperatures under axial compression satisfies the
requirements of local buckling, it is important to
width ( height )-to-thickness

select appropriate

ratios of both web and flange elements. The
relationship between the width ( height )-to-
thickness ratio and the slenderness ratio should be
obtained through equaling the ultimate stress with
the local buckling stress and the ultimate stress
with the overall buckling stress of the steel element
at elevated temperatures. Here, the relationships
between the flange width-to-thickness ratio and the

web height-to-thickness ratio with the slenderness

limits can be expressed, respectively, as

b

b g g 0<a<so
(18)
iﬁ:— 220 4 238e%02% 20 < A << 80 (19)

GB 50017-2017"% provides the limit values of
the web height-thickness ratio and the flange

width-to-thickness ratio of axial compression

members at ambient temperatures as follows.

235

(20)
Iy

§<<1o+o. 1



WANG Weiyong set al. :An approach for local buckling design of axially compressed high-strength
Q690 steel columns at elevated temperature 93

No. 1

ho — (9540, 50)

235

@D

te Iy
when, A<(30, the value is taken according to A =30;
when A>>100, the value is taken according to A=100.
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Fig. 12 Comparison of the width(height)-to-thickness ratios

to the slenderness limits at normal and elevated temperatures

Fig. 12 compares the results of the width-to-
thicknessratio and the height-to-thickness ratio
with the slenderness limits at normal and elevated
temperatures for the flange and web, respectively.
In both cases, when the slenderness ratio of the
specimen is less than 25, the limit value of the
height-to-thickness ratio of the web at elevated
temperatures is less than the limit of the height-to-
thickness ratio at normal temperatures, while when
the slenderness ratio of the component is greater
than 25, the plate height-to-thickness ratio limit is
larger than that at room temperature. This means
that when the length of the element is relatively
small, the element at high temperature is more
likely to undergo local buckling, whereas, when
the length is larger, the element at normal
temperature is more likely to undergo local

buckling.

7 Existing international codes of practice

7.1 Assessment of international codes

The assessment of the suitability of the
current code of practice in designing the studied
specimens is conducted through comparison with
the FE-generated results, as shown in Fig. 13,
where the width-to-thickness ratio of the flange and
the height-to-thickness ratio of the web are plotted
against the slenderness limit in Figs. 13 (a) and
(b), respectively. From Fig. 13 (a), it can be seen
that GB 50017-2017 provided a more safer estimate
for the ultimate stress of the H-shaped section of
the web than both Eurocode 3 and ANSI/AISC

360-10 in predicting the ultimate strength,
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Fig. 13 Comparison of design codes for estimating
the ultimate stress
due to their higher design values than the Chinese
standard. However, as shown in Fig. 13 (b),
when A,; was smaller, the curves obtained from the
design codes showed close results with FEM
results, especially for the flange connected with
quite a slender web. In addition, all design curves
became highly

obtained from the standards

conservative when A, was relatively large.
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8 Conclusions

utilized the ABAQUS finite

element model to obtain the local buckling behavior

This paper

of the welded H-section of high strength Q690 steel
columns under axial compression. The FE models
were first verified against experimental results. An
extensive parametric study was conducted using the
verified FE model over a wide range of parameters
including elevated temperature, width-to-thickness
ratio of flange, and height-to-thickness ratio of
web, residual stress, and initial imperfections. A
comparison with existing codes of practice was
conducted to assess the suitability of current codes
in predicting the compressive capacities of the
studied specimens. A new design method was
proposed. Based on these data, the following
conclusions were drawn:

1) At
modulus and strength of high strength Q690

elevated temperatures, the elastic
deteriorated faster than those of mild steel.

2) With increases in the flange width-to-
thickness ratio and the web height-to-thickness
ratio, the ultimate bearing capacity of the member
increases, but they have less effect on the ultimate
bearing capacity of the members at elevated
temperatures. The greater the temperature, the
weaker the influence of other factors on the
ultimate  load-capacity, implying that the
temperature of the member plays a leading role in
affecting the ultimate bearing capacity of the
members.

3) Whether the axial

members are loaded at an ambient or elevated

compressive steel

temperature, the restraining effect of the flange on
the web cannot be ignored and should be considered
when estimating the web buckling stress.

4) Using the initial geometric imperfection of
0. 1t (¢ is the plate thickness) or the initial
geometric imperfection of b/100, the buckling
stresses obtained by analysis are basically the

same.

5)When the length of the element is relatively

small, the element at high temperature is more
likely to undergo local buckling, whereas, when
the length is larger, the element at normal

temperature is more likely to  undergo
local buckling

6) A simplified local buckling design method
was proposed and recommended for designing the
high  strength  steel section under axial
compression., In addition, the current structural
steel design codes were evaluated. It was found
that GB 50017-2017 tends to provide a more safer
estimate for the ultimate stress of the H-shaped

section of the web than both EC3 and ANSI/AISC
360-10.
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