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Finite element models (FE models) of high-strength steel Q420 (yield strength 420MPa) circular tubes considering residual
stresses and local and overall geometric imperfections were established and verified against existing test data. Based on parameter
analysis, it was derived that the reduction of ultimate capacity resulting from residual stresses was up to 11.8%. When slenderness
ratio was larger than 25, the effect of overall geometric imperfection played a major role compared with that of local geometric
imperfection, which resulted in the reduction of the ultimate capacity of about 11.5%.,rough tracking the failure process, it was
found that, in the initial stage of loading, the deformation of columns mainly presents overall bending. When the load increased
near the ultimate load, local buckling occurred and the bearing capacity decreased rapidly. ,e D/t limit value 27 was determined
for preventing the local buckling, and the overall slenderness λl limit value 40 was proposed to distinguish whether local buckling
occurs. Based on the FEM result and test data, the applicability of ASCE48-05 and AS4100 for local buckling resistance was
evaluated. Continuing the result of stub columns, curve a in GB50017-2017 and in Eurocode 3 of the overall buckling factor φ was
proposed to be used in EWM and DSM for estimating the interactive buckling resistance of circular tubes of Q420 under
axial compression.

1. Introduction

With the improvement of steel-making technology, high-
strength steel is popularized which also expedites the use of
high-strength steel circular tubes gradually in the trans-
mission tower structure. Under axial compression, sectional
strength failure, local bucking, overall buckling, and local-
overall coupling buckling (hereinafter referred to as “in-
teractive buckling”) are the most basic failure forms of
circular tubes. ,e slenderness ratio of circular tubes in
transmission towers is usually between 35 and 55, where
interactive buckling is more prone to be triggered, which was
proved by the test data published by Shi et al. [1]. Newly
issued Chinese steel structure code (GB50017-2017) [2] has
taken the steel material Q420 into account, and the limit
ratio of diameter to thickness (D/t) preventing local buckling
is provided for the circular tubes, whereas the

countermeasures are not clearly specified to meet the case of
D/t out of the limit value, which may be common in
transmission tower structures or offshore structures. So far,
the research on the circular tube has achieved fruitful
achievement. For the research of local buckling, more
theoretical achievements of stub cylindrical shell provide a
significant reference for analytical solution [3, 4]. Further-
more, Zhao et al. [5, 6] shared an important experimental
experience for the study of local buckling of ultrahigh
strength circular tube with a yield strength of 1350MPa. For
the research on overall buckling, in 2014, Shi et al. [1] carried
out the test research on the overall buckling performance of
a welded circular tube with a yield strength of 420MPa
(Q420). As for the local-overall interactive buckling per-
formance of a welded circular tube, in 1988, the limit value of
D/t of the local buckling and the slenderness ratio λl of the
overall buckling were proposed based on axial compression
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test by Shen et al. [7]. In addition, research on initial im-
perfections such as residual stresses closely related to
buckling performance has also attracted the attention of
scholars, which can be traced back to 1976 [8] and 1977 [9]
and furtherly enriched [10–13] for higher-strength steel in
recent years. Although related researches have been pub-
lished earlier, more attention is needed for the study of the
interactive buckling performance of high-strength steel
welded circular tubes. In terms of a number of experimental
programs of high-strength steel circular tubes concentrating
on the local buckling and the overall buckling singly, the
research on the local-overall interactive buckling was un-
customary for circular tubes. In this work, the FE models for
Q420 welded circular tubes validated through existing ex-
periment data were used to explore the influencing factors
and estimation approach of interactive buckling resistance.

2. Finite Element Model

For the circular tube stub columns, the ratio of diameter to
thickness (D/t) is the main factor focused on to mount the
reduction of the section strength resulting from local
buckling. And for the long column, the overall slenderness
ratio (λl) is the indicator for the overall buckling resistant. As
for the FE specimens designed for the research of the ul-
timate capacity of intermediate length circular tubes, both
D/t and λl were comprehensively taken into account because
of the local and overall buckling coupled. ,e geometric
characteristics of the finite element models (FEmodels) were
presented as shown in Table 1. ,ese FE models consist of 8
cross-section types. ,e D/t of cross sections varies from 22
to 76, and the overall slenderness ratio λ varies from 15 to 60,
totaling 80 pieces. Geometrical and material nonlinearities
were incorporated in the FE models in order to replicate the
structural behavior observed in the experimental program.

2.1. Type of Element and Element Mesh Size. Shell elements
SHELL181 provided by general-purpose finite element
analysis (FEA) package ANSYS were adopted to discretize
the high-strength Q420 welded circular tube columns to
capture the local deformation and stress distribution, which
have been successfully implemented in some studies [14].

Suitable element size can balance the multipoint re-
quirements of numerical calculation including calculation
accuracy, efficiency, and convergence of the numerical
calculation. In this paper, the welded residual stresses were
simulated by applying initial stresses directly at the gauss
integral points. ,e tube circumference line was discretized
into 20 elements and the number of element in axis direction
was 20 times the ratio of the axis length to the circumference
length. In this way, each element was basically square and
with the same element number, which brought convenience
to automatic batch calculation.

2.2. Boundary Condition and Loading Method. ,e speci-
mens were usually hinged in two ends in most experiments
for the research of the overall buckling or the interactive
buckling performance as shown in Figure 1. ,e boundary

conditions for all FE models were simulated according to the
test conditions. ,e details are described as follows. Because
the element mass was not considered in the static analysis, at
the midpoint of the two-end surfaces of the specimen, the
mass element (Mass 21) was set as the main node to form a
rigid surface with the nodes of the circumference through
the “CERIG” command shown in Figure 2. Translations in
the x, y, and z directions of the mass element in one end were
constrained, and translations in the x and y directions of the
mass element in another end were constrained, where
pressure loads were applied in z direction simultaneously.

2.3. Material Properties. Because the material mechanical
characteristics are random variables which are not com-
pletely consistent even for the steel of the same grade, in
order to ensure the universality of the investigation re-
sults, the data put into practice in numerical simulation of
high-strength steel columns in [15] were adopted. ,e
stress-strain relation employed in FEM was the multi-
linear kinematic hardening model with a yield strength of
420MPa, a Young modulus of 210 GPa, and a Poisson
ratio of 0.3 as shown in Figure 3. ,e strain εst denotes the
strain corresponding to the end of the yield plateau, and
the strain εu corresponds to the strain at the steel ultimate
tensile stress fu.

2.4. Geometric Imperfection. Two types of imperfections,
including local geometric imperfections and overall geo-
metric imperfections, were both taken into account. ,e
overall geometric imperfection amplitude was usually L/
1000, including the initial bending of the whole member and
the initial eccentricity in the actual loading. ,e initial local
geometric imperfection of tubular section members mainly
depends on the D/t. Various amplitude specifications are
provided in different regions, such as (w/t) � (1/16.5)

���
r/t

√

in AISC, (w/t) � (1/12)
���
r/t

√
in ECCS, and w/t �

(1/1390)3
���
r/t

√
in ESDC, respectively. In comparison, it can

be seen that provisions in ECCS correspond to the largest
amplitude. For example, the amplitude value of D480×12 is
4.60mm, 6.32mm, and 0.002mm, respectively. In the
subsequent FE analysis, the amplitude “ECCS” was adopted.

,e details of the operation steps of ANSYS to in-
troduce both overall and local geometric imperfections
into FE models were as follows. ,e linear buckling mode
shape was used to create an initial geometric imperfection
for the nonlinear postbuckling analysis. ,e first buckling
mode was adopted to update coordinates with the
“UPGEOM” command provided by ANSYS program.
,rough adjusting the thickness of circular tubes, the
overall buckling modes can be obtained, as shown in
Table 2, and then the FE model node coordinates were
updated. Subsequently, the thickness was adjusted back
to the original thickness and the linear buckling analysis
was repeated to update the node coordinates again with
local buckling mode. Finally, the two kinds of geometric
imperfection shapes are superposed by each other, as
shown in Figure 4.
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2.5. Longitudinal Residual Stress Distribution. Residual
stresses are unavoidable for welded members, and relevant
researches have been carried out by many scholars as in-
troduced in Section 1. From the research in [1], it can be
obtained that the longitudinal residual stress distribution
result from submerged arc welding is not uniform for dif-
ferent steel grades and uneven along tube thickness direction
(Figure 5). Simplified mode of longitudinal residual stresses
of Q420 circular tubes measured in [1] was given out and
introduced in the FE models with SHELL181 to verify the
application, the details of which were as follows: two layers
along the thickness direction of shell element were set up
with only one integration point in each layer and the residual
stresses were applied at integral points of different layers as
shown in Figure 6, which were also adopted in this paper.

,e residual stresses were applied to columns as a load
rather than load effect, so after the introduction of residual
stresses at the integration points, iterative solution of
nonlinear equations was carried out, which caused slight
disparity (up to 2%) of the distribution of residual stresses as
shown in Figure 5, where “I-Q420-inner” represented the
residual stresses initially input on the inner surface and “O-
Q420-inner” represented the residual stresses after iterative
computation.

3. Existing Test Results and FE
Model Verification

Validation of FEMs was conducted through comparing FE
model results with existing experiment data including failure
cases of local buckling, interactive buckling, and overall
buckling. ,e buckling resistances of FE models, NFEM, and
the buckling resistances of test specimens, Ntest, are com-
pared in Table 3, where it can be found that most of the result
of FEM was smaller than test data. ,e reason was that, due
to the residual stress distribution model published in [1]
arranged along the full length of the member, the numerical
results may be excessively reduced leading to under-
estimating of the bearing capacity. ,e inference was further
tested in subsequent sections. On the whole, the average
value of the ratio of the finite element calculation results to
the test results was 0.957, and the standard deviation was
3.34%. ,erefore, it is reasonable to believe that the FE
models in this paper can ensure the accuracy of the sub-
sequent numerical results. ,e failure mode of FE models
was compared with that published in [1] as shown in Fig-
ure 7. Figure 7(a) shows a typical overall buckling mode of
test specimen compared with FE model using beam element
in [1] and using shell element in this work. Figure 7(b) shows
the interactive buckling mode comparison of the test
specimen and the FE model using shell element in this work.

4. Numerical Results

4.1. Parametric Studies. ,e validated FE models were used
herein to carry out systematic parametric studies and reveal
the influences of the parameters, including the residual
stresses, the initial local and overall geometric imperfections,
D/t limit for local buckling, and the overall slenderness
ratio λ.

Table 1: Finite element analysis specimens.

FEM specimen
label

Outer diameter
(mm)

,ickness
(mm)

Diameter-thickness
ratio D/t

Slenderness
ratio λ

Nondimensional slenderness ratio
λn � (λ/π)

�����
fy/E



D89× 4 89 4 22

15, 20, 25, 30, 35
40, 45, 50, 55, 60 0.216∼0.862

D159× 6 159 6 27
D194× 6 194 6 32
D480×12 480 12 40
D273× 6 273 6 46
D426× 8 426 8 53
D508× 8 508 8 64
D610× 8 610 8 76

F

Figure 1: Specimen boundary conditions.
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4.1.1. Analysis of Welding Residual Stress Effect. Two types of
cross sections are as follows: D159× 6 and D508× 8 were
selected for the analysis of the influence of residual stresses.
Two cases were compared to investigate the residual stress
effect, one of which was only geometric imperfections con-
sidered, and the other one was geometric imperfections and
residual stresses considered comprehensively. ,e details
were as shown in Figure 8, where it can be seen that, with the
increase of λ, the residual stress effect tends to be significant.
Due to the influence of difference of local half wave number
and length of geometric imperfection, some individual points
showed particularity, such as λ� 40, and the residual stress
effect was the least. When λ� 60, the disparity was up to
11.8%. In addition, the effect of residual stresses on the overall
buckling factor φ was investigated as shown in Table 4, where

it can be seen that the reduction φ was up to around 12% and
increased resulting from larger slenderness λ.

Furthermore, in Section 3, it was mentioned that the
ultimate capacity of circular tubes with a large slenderness
ratio may be underestimated when taking the residual stresses
obtained from the stub column test into account along the
whole component. In order to further prove this inference,
the amplitude of residual stress mode in [1] was reduced to
20% of the original value, and the effect was compared with

Rigid surface

Slave node

Main node: mass 21

Figure 2: End of specimen setup.
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Figure 3: Stress-strain relationship of steel for FEA models.
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Figure 4: Global and local geometry imperfection. (a) Deformation
of FE models introduced overall imperfection. (b) Deformation of
FE models introduced local imperfection. (c) Deformation of FE
models introduced overall and local imperfection.
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Figure 5: Residual stresses distribution of Q420 welded tubes [10].

Table 2: Effect of section thickness on buckling modal.

t 2t 3t 4t

“t” is tube thickness.
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test data as shown in Figure 9. It can be obtained that the
increase of residual stress amplitude led to a larger reduction
of ultimate capacity which was more prominent especially for
large slenderness ratio members, but not in proportion. For
example, for λ� 50, although the residual stresses were re-
duced to 20%, the bearing capacity was increased to 10%.

,e load versus axial compression displacement Uz of
sections D159 × 6 and D508 × 8 whether residual stress was
considered is depicted in Figure 10, where it can be seen
that the ultimate capacity of columns was reduced by 5.91%
and 11.8% for D159 × 6 and D508 × 8, respectively, due to
residual stresses, but the initial stiffness of columns was
influenced slightly mainly because the material was still in
the elastic stage. When the applied load exceeded 60% ofNy
(Ny � fyA), the column stiffness began to decline. In order to
quantitatively evaluate the influence of residual stresses on
the stiffness of columns, the secant stiffness was defined
with the slope of the line connecting the local buckling
point and the origin on the curve of load versus axial

compression displacement Uz as shown in Figure 10, which
was dropped by 5.2% and 4.1% resulting from the residual
stresses.

4.1.2. Analysis of Geometric Imperfection Effect. In this
section, the influence of overall and local geometric im-
perfections on ultimate capacity was focused on. Sections
D159 × 6 and D508× 8 were still selected for relevant
analysis and comparison. ,e form and arrangement of
geometric imperfections were described in Section 2. ,e
FE model results are shown in Figure 11, from which the
following conclusion can be drawn: from the overall trend,
the impact of overall imperfection was up to 7.4%, 11.5%,
which was 4.4% and 3.7% larger than local geometric
imperfections for D159 × 6 and D508 × 8, respectively.
With the increase of slenderness ratio, the effect of overall
geometric imperfection on ultimate capacity became more
prominent.

y

x

kl

ji

i

z

x j

The integral point of
residual stress applied

The integral point of
residual stress applied

l
z

y
x

k

Layer 1

Layer 2ji

Element node
Integral point

Figure 6: Integral point arrangement.

Table 3: Comparison of FEA results and experimental results.

Specimen label D (mm) T (mm) L0 (mm) L (mm) Yield strength mean fy,ave (MPa) Ntest (kN) NFEM (kN) NFEM/Ntest

D420-20-1 274 6.01 1890 2362 438 2095 2126 1.015
D420-20-2 275 6.01 1889 2361 438 2173 2134 0.982
D420-20-3 274 5.87 1890 2362 449 2178 2134 0.98
D420-30-1 273 5.85 2833 3305 450 2075 2039 0.983
D420-30-2 273 5.95 2835 3307 457 2094 2122 1.013
D420-30-3 273 5.91 2834 3306 451 2042 1974 0.967
D420-40-1 275 5.89 3776 4248 445 2027 1877 0.926
D420-40-2 276 5.83 3777 4249 464 2100 1898 0.904
D420-40-3 271 5.91 3776 4248 450 2026 1910 0.943
D420-50-1 274 5.87 4721 5193 449 2038 1840 0.903
D420-50-2 273 5.88 4721 5192 477 1997 1798 0.942
D420-50-3 273 5.88 4721 5193 477 2012 1797 0.925
D420-60-1 273 5.85 5662 6134 450 1957 1519 0.957
D420-60-2 273 5.95 5664 6136 457 1974 1559 0.968
D420-60-3 272 5.91 5665 6137 451 1960 1518 0.954
Average 0.957
Standard deviation 3.34%
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Considering the influence of different geometric im-
perfection, the load and axial compression deformation (Ux)
curves of members are shown in Figure 12, where it can be
found that, under the influence of local geometric imper-
fections, the ultimate capacity of the component decreased
slowly after reaching its maximum value (mostly up to the
yield strength), showing certain ductile failure
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Figure 7: Failure mode comparison of FEA results and experimental results. (a) ,e overall buckling mode of specimen (λ� 60) in [1].
(b) ,e interactive buckling mode of specimen (λ� 40) in [1].
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Figure 8: Comparison of the influence of residual stresses. (a) D159× 6. (b) D508× 8.

Table 4: Effect of residual stresses on overall buckling factor φ.

FEM
Slenderness ratio λ

20 (%) 30 (%) 40 (%) 50 (%) 60 (%)
D159× 6 1.21 2.94 5.91 9.53 12.0
D508× 8 1.90 3.22 5.46 9.46 13.0
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characteristics, while, under the influence of the overall
geometric imperfections, the ultimate capacity of the
component decreased sharply after reaching its maximum
value.

4.2. Effect of D/t and Local Buckling Limits. D/t is usually
used to define the section classification and to judge
whether the section can achieve full-section yield without
buckling. In this section, the section of thin-walled steel
circular tubes was mainly focused on. 30 FEMs with D/t
from18 to 80 were calculated to elucidate the relationship

between the ultimate capacity and D/t. ,e curve of D/t
versus the ultimate bearing capacity Pu/(Afy) is shown in
Figure 13, including 3 test data (D420-20-1, D420-20-2,
and D420-20-3) with local buckling failure in [1]. It is
obvious that the bearing capacity decreased gradually
resulting from larger D/t and is smaller than the plastic
bearing capacity of the full section, when D/t exceeds a
certain limit value, which is usually provided in the steel
structure design specification, such as Eurocode 3 [16],
AISC-360 [17], GB50017-2017 [2], ASCE48-05 [18], DL/
T5154-2012 [19], and AS4100 [20], the expression of which
was shown in Table 5.,e comparison of theD/t limit value
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Figure 10: Comparison of load-axial deformation curve whether considering residual stresses. (a) D159× 6 (λ � 40). (b) D508× 8 (λ � 60).
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for avoiding local bucking was conducted among the FEM
results and the specification mentioned previously in
Figure 13 marked (D/t)lim. It is worth noting that the D/t
limit 27 for Q420 was far less than the value specified in the
codes, mainly because, on the one hand, the mode of re-
sidual stresses and geometric amplitude applied on the
FEMs were not always consistent in every research; on the
other hand, when the section stresses exceeded the yield
strength into the yield platform stage, the deformation
modulus of the material changed to 0, which weakened the
section area significantly.

4.3. Development Path Tracking of Local-Overall Interactive
Buckling. As proved in the test experiment, the overall-local
interactive buckling occurred when slenderness ratio was in
an intermediate range. In this section, two main issues were
discussed: one was the failure process and the mode of local-
overall buckling; the other one was the influence of slen-
derness λ on the failure mode. By establishing the mapping
path of the longitudinal FEA results (Figure 14), the de-
formation development states in the whole process of
component failure were tracked. Figure 15 shows dis-
placement curves of D610× 8 with slenderness ratio λ� 35
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Figure 11: Comparison of geometric imperfection effect. (a) D159× 6. (b) D508× 8.
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under axial loading, where Uz represented the axial com-
pression displacement at the end, Ux represented the
midspan transverse displacement in the x direction, and
P1∼P5 were the state observation points.

,e FEA results of x direction displacement under
P1∼P5 load level were mapped to the path as shown in
Figure 16, where it was observed that, in the initial stage of
loading, the component was mainly characterized as overall
bending deformation, when the ultimate load-bearing

capacity was reached, local buckling appeared in the middle
of the component, and the failure state of the column was
characterized as local-overall interactive buckling.

,e failure modes of columns with different slenderness
ratio are given in Figure 17, where it was observed that when
the slenderness ratio was 15, the failure mode of the com-
ponent was almost local buckling. When the slenderness
ratio was less than 40, the local buckling and overcall
buckling were coupled, and when the slenderness ratio was
greater than 40, only the overall buckling was observed,
which was consistent with the existing test law [1].

5. Design Suggestion

For the circular tube columns subjected to overall bending
buckling, the ultimate capacity is expressed as

Nu � φAfy, (1)

where φ is the overall buckling factor and A is the gross area
of circular tube.

Table 5: Existed local buckling limit for circular tubes.

Limit criterion D/t λe � ((D/t)/(σy/250)) ((E/σy)/(D/t))

Design code GB50017-2017
[2]

DL/T5154-2012
[19]

ASCE48-05
[18]

Eurocode 3
[16] AS4100 [20] AISC 360-10 [17]

Limit value 100 (235/fy) 26775/fy 26220/fy 90(235/fy) 82 0.11E/fy
Equal to “GB50017-
2017” 100(235/fy) 113(235/fy) 111(235/fy) 90(235/fy) 87(235/fy) 97(235/fy)

Q420 55.95 63.22 62.11 50.36 48.68 54.27

Path
(seam)

Figure 14: Mapping path of FEA results.
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Figure 17: Failure mode (corresponding to P5) of D610× 8 with different slenderness.
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Figure 16: D610× 8 (λ� 35) deformation development under axial compression.
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As for the local-overall interactive buckling, the section
strength is influenced by the local buckling and the overall
buckling coupling. ,e approach to separate the weight of
the local buckling and the overall buckling coupling in the
interactive buckling is to eliminate the influence of local
buckling by stub column result and then to estimate the
overall buckling performance through buckling factor φ.,e
details for the interactive buckling resistance can be
expressed as (2) and (3) corresponding to the direct strength
method (DSM) and effective width method (EWM), re-
spectively. ,e two methods have some similarity; the
former is through reducing the material strength fy to reflect
the local postbuckling strength, while the latter was to reduce
cross-section area A. Combining (2) and (3) with (1), the
approach to deal with interactive buckling of circular tube
can be understood more clearly. One has

Nu � φA fymn , (2)

where mn is a strength reduction factor. One has

Nu � φ(ρA)fy (3)

where Aeff is an effective area mounted based on the effective
width and ρ is the ratio of Aeff and A.

,e strength reduction factormn in (2) corresponding
to DSM was discussed in Section 5.1.1. While (3) rep-
resents that the effective width of the circular tube is used
to reflect the weight of local buckling in the interactive
buckling, which was discussed in Section 5.1.2.

5.1. Local Postbuckling Strength. ,e ultimate capacity of
stub columns is mainly restricted by the local buckling
capacity. In this section, mn used in DSM and ρ used in
EWM were discussed in detail to estimate the local post-
buckling strength quantitatively. ,e applicability of pro-
vision in DL/T 5154-2002 [19], ASCE/SEI 48-05 [18], and
AS4100 [20] based on DSM and EWM, respectively, for local
postbuckling strength was validated based on the test data
and analysis of FE models.

5.1.1. Direct Strength Method. ,e concept of direct strength
method (DSM) is to multiply the material strength fy by the
reduction factor mn to reflect the effect of local buckling on
material strength expressed as

mn �
Nu

Afy

, (4)

where Nu is the ultimate capacity of stub columns and A is
cross-section area. Based on the FE model result, according
to (4), the strength reduction factor mn was derived. ,e
comparisons of FE analysis results with the curves according
to DL/T5154-2012 [19] (see (5)), ASCE48-05 [18] (see (6)),
and test data in [1] were carried out, as shown in Figure 18. It
can be seen that whenD/twas in the range from 23 to 72, test
results and the FEM results were both smaller than those of
the codes. Taking test data D420-20-1 as an example, mn of
experiment data 0.968 was 1.7% smaller than that of FEM

and 3.2% smaller than that of DL/T5154-2012 and ASCE48-
05. According to the rule reflected in Figure 18, it can be
predicted that FEM result would exceed the existing codes,
resulting from larger D/t. Design results from ASCE48-05
and DL/T5154-2012 overestimated the local postbuckling
strength basically, when D/t was in the range from 23 to 71
discussed in this work, but underestimated it when D/t was
larger. One has

mn �

1;
D

t
≤

24100
fy/1.111

,

0.75 +
6050

(D/t)fy/1.111
;

24100
fy/1.111

≤
D

t
≤

24100
fy/1.111

,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(5)

wheremn is the strength reduction factor andfy is steel yield
strength. One has

mn �

1;
D

t
≤
3800Φ

fy

,

0.75 +
950Φ
fyD/t

;
3800Φ

fy

≤
D

t
≤
12000Φ

fy

.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(6)

When the unit of fy and Fa is MPa, Φ is adopted as 6.9.

5.1.2. Effective Width Method. Due to the influence of re-
sidual stresses and geometric initial imperfections, the
stresses in part of the section exceed the yield strength firstly
and are not considered to resist the external load. ,erefore,
the EWMdeems that the stress along the imaginal part of the
circumference (equivalent diameter De) reached fy, ignoring
the buckled area, and the area reduction factor ρ can be
expressed as

FEM
Shi et al. [1] D/t = 45.5

D/t = 23.81 D/t = 59.52 D/t = 71.43
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Figure 18: Strength reduction factor mn versus fyD/t.
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ρ �
Nu

Afy

�
Aeff

A
�
π
4

De

D
 

2
. (7)

Based on the FE model result, according to (7), the
equivalent diameter De was derived. ,e comparison of the
ratio of De/D versus nondimensional slenderness λe of FEM,
AS4100 (expressed as (8)), and test data in [1] is depicted in
Figure 19. It can be seen that the result of AS4100 was larger
than that of FEM for the case of D/t between 23 and 53 and
obviously decreased, when D/t was between other com-
plementary ranges. Taking λe � 80 (D/t� 47.62) as an ex-
ample, AS4100 was 2.1% larger than FEM and about 2%
smaller than test data in [1]. Generally, design results from
AS4100 overestimated the postbuckling strength, when D/t
was in the range from 23 to 53 discussed in this work, but
underestimated it when D/t was larger. One has

De � D

������
λey

λe

 



≤D;

De � D
3λey

λe
 

2
;

λey � 82;

λe �
D

t

fy

250
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

5.2. Buckling φ Research. Based on the results discussed in
Section 5.1, the local buckling weight can be stripped out from
the interactive buckling effect. ,e buckling factor φ can be
expressed as (9) and (10) derived from (2) with (3) to estimate
overall bending weight in the interactive buckling. One has

φ �
Nu

A mnfy 
, (9)

φ �
Nu

Aefffy

�
Nu

(ρA)fy

. (10)

In GB50017-2017, curve b was adopted to design welded
tubular section columns. According to (9) and (10), the
overall buckling factor φ of FEM, test [1], and GB50017-2017
is depicted in Figures 20(a) and 20(b), excluding the effect of
the local buckling using the provision in ASCE48-05 (DSM)
and AS4100 (EWM), respectively. In Figure 20(a), it can be
seen that when λn (λn � (λl/π)

�����
fy/E


) smaller than 0.6, φ of

FEMwas closer to curve a in GB50017-2017, while exceeding
0.6, smaller than curve a. On average, φ of FEM was 2.79%
and 12.41% larger than curve a and curve b in GB50017-
2017, respectively. In Figure 20(b) corresponding to the case
of excluding the local buckling effect by the provision in
AS4100, it can be observed that, for the sections with the D/t
exceeding the limit, φ was obviously larger than curve a in
GB50017-2017 and the data was discrete to some extent.

In Eurocode3, curve c was adopted to design welded
tubular section columns (or cold-formed tubular sections).
According to (9) and (10), the overall buckling factor φ of
FEM, test [1], and Eurocode 3 is depicted in Figures 21(a)
and 21(b), considering the effect of the local buckling using
the provision in ASCE48-05 (DSM) and AS4100 (EWM),
respectively. From Figure 21(a), it can be obtained that both
the test data and the FEM results show that it was more
reasonable to choose curve a of Eurocode 3 as the overall
buckling factor φ for circular tube of Q420, which was 1.27%
larger than FEM result on average. In Figure 21(b), from the
local buckling effect distinguished according to AS4100, the
FEM data still showed obvious discreteness and was larger
than curve a in Eurocode3.
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Figure 19: Effective diameter De versus λ.
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6. Conclusion

,is work provided an investigation on local-overall buckling
of Q420 welded circular tubes under axial compression. With

validated FEMs, the influence of residual stresses and geo-
metric imperfection on bearing capacity was investigated and
failure process and failure mode of interactive buckling of
Q420 welded circular tubes were studied. Based on the test
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Figure 21: Comparison of FEM results with design curve Eurocode 3. (a) Excluding the local buckling effect with a provision in ASCE48-05.
(b) Excluding the local buckling effect with a provision in AS4100.
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data and FEM results, the approach to estimate the interactive
buckling using DSM and EWM was proposed, respectively.
,e conclusions of this paper are as follows:

(1) ,e effect of residual stresses varies with the slen-
derness ratio of components; the bearing capacity of
members with medium length can be reduced up to
11.8%. Based on the research on geometric imper-
fection, when the overall slenderness ratio is ex-
ceeding 25, the influence of overall geometric defects
plays a major role compared with that of local
geometric imperfection, which leads to the reduction
of ultimate capacity up to 11.5%.

(2) For the Q420 welded circular tube, theD/t limit value
for local buckling was 27, smaller than the values
given in corresponding codes. ,e slenderness limit
40 was proposed to distinguish whether the local
buckling was considered.

(3) ,e local buckling resistance according to the
ASCE48-05 and AS4100 was slightly larger than the
FEM result with D/t in the range from 23 to 71 and
from 23 to 53, respectively, while it became smaller
for larger D/t.

(4) Based on the existing data and FE model result, the
design curve a in both GB50017-2017 and Eurocode
3 was recommend to be used in the estimated in-
teractive buckling resistance of Q420 welded circular
tubes according to (9) and (10) corresponding to
DSM and EWM, respectively. In addition, more
experimental and numerical investigations are of
course needed to further confirm the conclusions
obtained in this paper.
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