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12 Abstract: In conjunction with the experimental investigation described in the paper [1],
13 a numerical modeling programme has been carried out to investigate further the
14 structural behaviour of high strength Q690 steel columns of welded H-sections under
15  combined compression and bending. Finite element (FE) models were developed by
16 using the FE package ABAQUS. Geometrical and material non-linearities were
17  incorporated in the FE models. Through the validation against the experimental results,
18 these FE models showed excellent capability of replicating the key test results,
19  including failure modes, failure loads and full load-axial deformation and load-lateral
20  deflection histories. Upon validation of the FE models, parametric studies were
21  conducted focusing on the effect of member residual stresses and material yield to
22 tensile strength ratios. Then a large number of FE models were established to generate
23  additional structural performance data over a wide range of cross-section dimensions,
24 member slendernesses and initial loading eccentricity ratios. The FE model results were
25 then compared with the design buckling resistances of columns under combined
26  compression and bending according to the current European Standard EN 1993-1-1,
27  American Specification ANSI/AISC 360-16 and Chinese Standard GB 50017-2003.
28  The comparisons revealed that by properly selecting design parameters, the design rules
29 in EN 1993-1-1 and GB 50017-2003 could provide close and safe predictions to the
30  buckling resistances of Q690 steel columns of welded H-sections while the design rules
31 in ANSI/AISC 360-16 was readily applicable to the design of Q690 steel columns of
32 welded H-sections.

33  Keywords: High strength steel; Welded H-sections; Combined compression and
34 bending; Numerical simulation; Design proposal
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1 Introduction

Structural steel materials with nominal yield strengths equal to or higher than 460
N/mm?, widely known as high strength steels, can potentially lead to slenderer and
lighter structures. In the recent decades, high strength steel materials with various steel
grades have been innovatively used in many heavily loaded and long spanned structures.
The reduced deadweight of high strength steel structures allows for lower construction
costs and transportation workloads. Compared with those conventional steel materials,
high strength steel materials exhibit a reduced ductility with a smaller elongation at
fracture and a limited degree of strain hardening after yielding. Moreover, the values of
tensile to yield strength ratios are also decreased. Some structural design codes have
covered the design of steelworks made of high strength steel materials with some
restrictions due to their inferior ductility and strain-hardening characteristics. However,
these recommended design rules are mainly based on test data for conventional strength
steel materials and further investigation on the applicability of such design rules to high
strength steel materials is required.

Recently, several researchers have investigated the structural behavior of high strength
steel columns under compression. Through the tests on stocky columns of welded
sections, it was preliminarily concluded that the plate slendernesses limits for yielding
obtained from conventional steel sections were also applicable to similar sections made
of high strength steel [2] [3] [4] [5], however, sufficient deformation capacities could
not be guaranteed if the plate slenderness limits for conventional steel compact sections
were simply extended to high strength steel sections [6]. Some compression tests were
conducted on slender columns of welded sections with steel grades from 460 to 960
N/mm? [7]-[13]. Those sections with steel grades higher than 460 N/mm? exhibited
significantly higher buckling resistances than those similar sections made of
conventional steel materials on a non-dimensional basis. Those resistance
improvements were mainly attributed to higher yield strengths and lower residual stress
to yield strength ratios. Besides, the end restraints and limited initial out-of-
straightnesses also contributed to the resistance improvements.

The investigations on structural behavior of high strength steel columns under
combined compression and bending remain scarce. Kim et al. [14] tested stocky
columns of welded sections with 650 N/mm? steel and found that the design code
ANSI/AISC 360-10 [15] adopted a fairly conservative method to evaluate the sectional
resistances of high strength steel welded sections. Nie et al. [16] examined the overall
buckling behavior of slender columns of welded box sections with 460 N/mm? steel
and made design recommendations based on the comparisons between numerical
results and column curves in different codes. Usami et al. [17] [18] conducted eccentric
compression tests on columns with slender sections made of 460 and 690 N/mm? and
verified an effective width approach with respect to interaction between local and
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overall buckling. Shen [19] proposed a modification factor to the design of 460 N/mm?
steel welded box-sections with slender webs based on the design rules in GB 50017-
2003 [20].

Currently, there are a number of design codes whose scopes of applicability cover or
may be readily expanded to cover steel sections made of high strength Q690 steel
materials. Based on the design rules applicable to steel grades from S235 to S460 given
in EN 1993-1-1 [21], EN 1993-1-12 [22] gives supplementary rules to steel grades up
to S700. ANSI/AISC 360-16 [23] covers steel grades up to 690 N/mm? (ASTM A514
and A709 steel) while GB 50017-2003 [20] only applies to steel grades from Q235 to
Q420. As the development of these design codes was based on the studies on
conventional strength steel materials, there is a concern on the applicability of those
rules to high strength steel materials.

In order to promote an effective use of high strength steel sections in building
construction, a comprehensive research programme was undertaken to investigate
structural behavior of Q690 steel columns of welded H-sections. The experimental
programme has been presented in the companion paper [1] and the parallel numerical
programme is presented in this paper. In this numerical programme, validated
numerical models were initially developed through accurate replication of the test
results presented in paper [1]. Parametric studies were performed subsequently to
examine further the influences of member residual stresses and material tensile to yield
strength ratios on the structural response of high strength Q690 columns of welded H-
sections under combined compression and bending. Finally, the assessment on the
applicability of design rules in different design codes was conducted through the
comparison with FE model results.

2 Finite element model

In the experimental programme, a total of 8 slender columns with four sections of
different cross-sectional dimensions were tested successfully under eccentric loads. The
nominal dimensions for those sections and their section classifications according to EN
1993-1-1 and ANSI/AISC 360-16 are shown in Figure 1.
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Figure 1 Norminal cross-sectional dimensions of welded H-sections

In this section, the key characteristics of the finite element models are presented.
Geometrical and material non-linearities were incorporated in the FE models in order
to replicate the structural behavior observed in the experimental programme. Those FE
models were validated through the comparison of numerical results with the relevant
test data.

2.1 Elements and basic modeling assumptions

The general purpose finite element analysis package ABAQUS (version 6.11) was
employed throughout this study. Shell elements were adopted to discretize the high
strength Q690 steel columsn of welded H-sections. Shell elements are frequently used
in the modeling of thin-walled metallic sections and they have been successfully
implemented in other studies [10] [24] [25] [26]. The finite element type S4R was
selected from the ABAQUS element library and it was a four-noded, doubly curved
general-purpose shell element with reduced integration and finite membrane strains. A
mesh convergence study was carried out to establish a sufficiently refined mesh size
which provides accurate results with practical computational times. For each flange and
web, the adopted mesh size along the lateral direction of the plate was 1/20 of the plate
width while the adopted mesh size along the longitudinal direction was 1/40 of the plate
length. The measured geometrical and material mechanical properties obtained prior to
testing were used in the finite element models. The initial out-of-straightnesses were
incorporated into the models in the form of the lowest elastic overall buckling mode
shape, obtained from a linear perturbation buckling analysis. The initial out-of-
straightnesses were applied by using the “*IMPERFECTIONS” command with
amplitudes equal to the measured values prior to testing. The modeling of residual
stresses was achieved by setting the initial stresses of the shell elements. Boundary
conditions were applied to model the pin-ended conditions at both ends of the columns.
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For each finite element model, the simulation consisted of two analyses. The first
analysis was a linear perturbation buckling analysis, which was performed on a “perfect”
column. The purpose of this analysis was to obtain the lowest elastic overall buckling
mode shape, which would be employed as the shape of the initial out-of-straightness of
the column in subsequent analysis. The second analysis was a static analysis using the
modified Riks method, which was performed on an “imperfect column” with both
material and geometrical non-linearities. The purpose of this analysis was to trace the
full load-deformation response of the specimens, including the post-ultimate path.

2.2 Material modelling

The measured Q690 steel stress-strain curves were utilized in the development of the
finite element models. The material behaviour was modeled as an elastic-linear
hardening relationship with a Von Mises yield criterion and isotropic hardening, as
shown in Figure 2. It should be noted that ABAQUS requires the input of the material
true stress-logarithmic plastic strain curves. True stress, owue, and logarithmic plastic

strain, sfo'g, were obtained from the engineering stress-strain data as given by Egs. (1)

and (2) respectively, where ceng and eeng are engineering stress and engineering strain
respectively and E is Young's modulus. The material true stress-logarithmic plastic
strain behaviour was generated from the engineering stress-strain data obtained from
standard tensile tests. The key parameters in true stress-logarithmic plastic strain
behavior for all the Q690 steel plates are shown in Table 1.

(e}

fu,true

fy,true

Figure 2 True tress-logarithmic strain relationships for Q690 steel plates

Otrue = Geng (1+ 8eng) (1)

8,"0'9 =In (1+ seng)— GEUE 2
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Table 1 True stress-logarithmic plastic strain relationship for Q690 steel plates

in FE models
Nominal Young’s True yield True tensile Logarithmic plastic
Steel . Modulus strength strength strain at fu true
thickness pl
plate (mm) E fy,true futrue Su,log
(KN/mm?) (N/mm?) (N/mm?)
TO6 6 210 766 863 0.053
T10 10 212 756 849 0.064
T16 16 209 800 900 0.060

2.3 Residual Stresses

Residual stresses arise in welded steel sections due to differential cooling. These
stresses can have a significant effect on the buckling behavior. A residual stress
measurement was conducted by Liu and Chung [27] in parallel with the experimental
programme of Q690 steel columns welded H-sections under eccentric loads. The hole-
drilling method was adopted to measure the residual stresses in Sections H1 to H4.
Blind holes were drilled on the outer surfaces of the flanges and on both surfaces of the
webs. Locations of these holes were twice of the section height away from the column
ends to avoid end effects. The flange tips were found to be in residual compression
whilst the web-to-flange junction was in residual tension. A residual stress pattern was
proposed for these Q690 steel columns of welded H-sections in form of piecewise
linearity. The shape of the residual stress pattern is shown in Figure 3 (a) and the
amplitudes are summarized in Table 2, where f;# and f: s are tensile and compressive
residual stresses in flanges respectively and frw: and frwc are tensile and compressive
residual stresses in webs respectively. Besides, the residual stress pattern for
conventional steel columns of welded H-sections with flame-cut flange plates assumed
by European Convention for Constructional Steelwork (ECCS) is shown in Figure 3
(b). It is found that the tensile residual stress ratios near the flange-to-web conjunctions
of Q690 steel columns of welded H-sections are significantly smaller than the ratio
assumed by ECCS. For Q690 steel columns of welded H-sections, the tensile residual
stresses are far below the yield strength. As for the compressive residual stress ratios in
the flange tips, the ratios of H3 and H4 were significantly smaller than the assumed
value, while the ratios of H1 and H2 were close to the assumed value. This should be
due to the narrow flanges in Sections H1 and H2, where large compressive residual
stresses arose to balance the tensile residual stresses.



0.38b 0.24Db

1.00f, Q 0.30f, 1.00f,

0.30f, — ﬁ

[S) o
r 5 JL0.12 M
N o 0.76 h,,
T~
s
185 b

186 a) Q690 steel columns of welded H-sections
b

r,ct
br'? bry[
fr,ft ® fr,wc fr,wt
Lo |

fyf —>
rfc < hr’t

o)
T
[ __\IL hr,ct
f
o hrc
187 (6

188 b) ECCS assumed model

189 Figure 3 Residual stress distribution model

190 Table 2 Residual stress amplitudes for Q690 steel columns of welded H-sections

Residual stress Residual stress ratio Residual stress zone width

Section ¢, f1 £t frwe bre bret bt hee bra brg
(N/mm?)(N/mm?)(N/mm?)(N/mm?) (mm) (mm) (mm) (mm) (mm) (mm)

HI +357 211 +357 -66 +0.47-0.28+0.47-0.09 23 30 14 94 7 6
H2 +451 204 +451 -59  +0.60-0.27+0.59-0.08 36 32 14 128 5 6
H3 +368  -147  +368  -148 +0.46-0.18+0.49-0.20 50 43 14 106 37 10
H4 +462  -137  +462  -177 +0.58-0.17+0.61-0.23 75 42 16 132 49 10

ECCS
assumed  --- - - - +1.00-0.30 --- = am e e e em e
model

fr,ft/ fy fr,fc/ fy fr,wt/ fy fr,wc/ fy
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Residual stresses were introduced into the finite element models by setting the initial
stresses in the partitions of web and flanges. Each web and flange plate was equally
divided into 20 partitions and the initial stress in each partition was equal to the mid-
point of the linear variation in stress over the partition length. The stresses were applied
using the “*INITIAL CONDITIONS” command.

2.4 Boundary conditions and interfaces

The boundary conditions were carefully selected to simulate the experimental setup. In
the experiments, a pair of attachments were connected to the columns through bolts.
These attachments enabled free rotations of the columns about minor axes of their
cross-sections and they also provided initial loading eccentricities. Therefore, in the
numerical model, the experimental setup was represented by endplates and reference
points at both ends of the column, as shown in Figure 4. The top and bottom end
sections of each column were “tied” to the inner surfaces of the nearby endplates
respectively. The nodes of each endplate were “coupled” to an eccentric reference point,
allowing rotation about the minor axis at one end and the same rotation plus
longitudinal translation at the loaded end, in order to simulate the boundary conditions.
The distance between the eccentric reference points and the corresponding end sections
along the x axis were equal to the height of the attachment plus the thickness of the
welded endplate (30 mm) in order to accurately model the effective length, Lesr. In
addition, the top and bottom eccentric reference points were offset laterally from the
longitudinal axis of H-sections by a distance equal to the calculated initial loading
eccentricities ea and ec along y axis respectively. The initial loading eccentricities were
calculated by using the strain gauge readings and lateral deflections at relevant sections
during the tests.
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Figure 4 Boundary conditions and interfaces in FE model
2.5 Validation of finite element models

Validation of finite element models was based on the comparison of obtained numerical
results with relevant test data. The same as the test results, all the FE models failed in
overall flexural buckling about minor axes of their cross-sections. The typical failure
modes observed in the test and the FE model are presented in Figure 5. The buckling
resistances of FE models, Nrem, and the buckling resistances of test specimens, Niest,
are compared in Table 3. It is found that the resistance ratios, Ntest/Nrem, range from
94.2% to 106.0% with an average of 1.01. Thus, the FE models are able to capture the
observed failure modes and buckling resistances. In addition, the applied load N versus
lateral deflection Ay curves from the FE models and the tests are shown in Figure 6 and
the applied load N versus axial deformation Ax curves from the FE models and the
corresponding curves from the tests are shown in Figure 7. It is demonstrated that the
curves from FE models coincide well with the corresponding curves from tests. Overall,
it is concluded that the finite element models are capable of replicating the key test
results.
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233 Figure 5 Typical failure modes observed in the FE models and tests
234 Table 3 Buckling resistances from FE models and tests
Buckling resistance
Test N N &
FEM test Neem
(kN) (kN)
EHI1P 309 328 1.06
EH2P 500 527 1.05
EH3P 1,703 1,698 1.00
EH4P 2,675 2,660 0.99
EHI1Q 256 250 0.98
EH2Q 418 418 1.00
EH3Q 1,356 1,376 1.01
EH4Q 2,274 2,276 1.00
Average - - 1.01
235  Notes: 1. The first character “E” stands for “Eccentrically loaded column”;
236 2. The second and the third characters indicate the sectional designation;
237 3. The last character indicates the effective length of the specimen.
238
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3 Parametric studies

Having validated the numerical models against the experimental results, a series of
parametric studies were performed, focusing on residual stresses and material tensile to
yield strength ratios. The measured residual stress ratios of Q690 steel columns of
welded H-sections were found to be significantly smaller than the assumed values by
ECCS for conventional steel columns of welded H-sections, thus the adverse effect
from residual stresses on Q690 steel columns of welded H-sections were anticipated to
be less than that on conventional steel columns of welded H-sections. The degree of
residual stress effect for Q690 steel and Q235 steel columns of welded H-sections will
be compared in the following studies. Another factor that may affect the buckling
resistances of Q690 welded H-sections is material tensile to yield strength ratios. The
tensile to yield strength ratios indicate the abilities of strain hardening of the materials.
For conventional steel material, strain hardening develops at the end of a long yield
plateau. In the simulation of conventional steel members whose resistance is dominated
by instability, an elastic-perfectly plastic model is practically adopted and the strain
hardening is neglected. However, for Q690 steel, the strain hardening starts once the
material is yielding. Therefore, for Q690 steel columns of welded H-sections, the
neglection of strain hardening may lead to a conservative design. The contribution of
strain hardening to the buckling resistances is related with the tensile to yield strength
ratios. In the following studies, the effect of tensile to yield strength ratios are evaluated
for Q690 steel columns of welded H-sections under combined compression and
bending.

In the generation of FE models, all the steel columns were modeled by using shell
elements S4R. Section H3 was selected as a typical cross-section size. The non-
dimensional slendernesses of these FE models ranged from 0.6 to 1.8 with an interval
of 0.4. To normalize the initial loading eccentricity with the cross-sectional properties,
an initial loading eccentricity ratio is defined by Eq. (3), where e is initial loading
eccentricity, A is area of cross-section and We is elastic modulus of cross-section. For
each non-dimensional slenderness, the initial loading eccentricity ratios varied from 0.0
(compression only) to 20.0 (combined compression and bending).

_eA
W

el

€ ©)
The shape of the initial out-of-straightness was assumed to be a sinusoidal shape and
the amplitude was replaced by Le#/1000. The initial out-of-straightness and the initial
loading eccentricity were positioned on different sides of the longitudinal axis of the
welded H-sections.

12
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3.1 Residual stresses

To evaluate the effect of residual stresses on Q690 steel columns of welded H-sections,
buckling resistances were obtained from two groups of FE models, in which one with
residual stresses and the other one without residual stresses. The residual stress
amplitudes for Q690 steel welded H-section H3 were shown in Table 2.

A total of 240 numerical models were established and their information is summarized
in Table 4. In this study, the overall flexural buckling was not restricted in minor axis
but extended to major axis. The material behaviour of Q690 steel was modeled as an
elastic-linear hardening relationship, as shown in Figure 2. The mechanical properties
of Q690 steel were obtained in standard the tensile tests and the key parameters in true
stress-logarithmic plastic strain behavior are shown in Table 1.

Table 4 FE model information for the evaluation of effect of residual stresses

Initial
Bending Steel Residual out-of- Model Non-dimensional
Group . .
axis grade stresses straightness  numbers Slenderness
v
1 No 60
690
2 . Yes 60
Major
3 No 60
4 23 Y 60
es
L1000 ————  06/10
5 No 60 14/18
690
6 ] Yes 60
Minor
7 No 60
235
8 Yes 60

To compare the effect of residual stresses on Q690 steel columns of welded H-sections
with that on Q235 steel columns, FE models with Q235 steel were generated and their
model information is also summarized in Table 4. The residual stress pattern for Q235
steel columns of welded H-sections is shown in Figure 3 (b). The material behaviour of
Q235 steel was modeled as a multi-linear relationship, as shown in Figure 8. The yield
strength was taken to be its nominal value, 235 MPa and the tensile strength was 370
MPa according to GB/T 700 [28] and EN 10025-2 [29]. The strain at yield plateau end,
&stlog, and the ultimate strain, ey 109 Were based on the suggestions given by Shi et al [30].
The key parameters in true stress-logarithmic plastic strain behavior are shown in Table
5.

13
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Figure 8 True tress-logarithmic strain relationships for Q235 steel plates

Table 5 True stress-logarithmic plastic strain relationship for Q235 steel plates

in FE models
, ' True strength  |5garithmic plasti True logarithmi
Young S True y|e|d ) Oga”t mic p astic N Oga”t mic
Modulus  strength  ONSELOFSUAIN girain onset of tensile  plastic ultimate
E fyrue ha:cdenmg strain hardening st][ength strain
2 T st,true pl u,true pl
(kN/mm ) (N/mm ) (N/mmz) ‘gst,log (N/mmZ) gu,log
210 235 240 0.024 444 0.182

Figure 9 and Figure 10 depict the normalized compression and bending relationships
of FE models, arranged by non-dimensional slenderness, A. In these figures, Nrem is
the buckling resistance obtained from the finite element models, Mrem = Nrem-€, Npi =
A-fy and My is the sectional plastic resistance to bending moment. It is found that:

1) The presence of residual stresses reduces the buckling resistances of both Q690
and Q235 steel columns of welded H-sections under combined compression and
bending. Compared with Q235 steel columns of welded H-sections, the effect
degree becomes less on Q690 steel columns of welded H-sections with the same
non-dimensional slenderness and initial loading eccentricity ratio.

2) For both Q690 and Q235 steel columns of welded H-sections, when the non-
dimensional slendernesses of the columns are 0.6 and 1.0, the effect of residual
stresses decreases with the increase of initial loading eccentricity ratio. However,
when the non-dimensional slendernesses of the columns are 1.4 and 1.8, the effect
of residual stresses initially increases and subsequently decreases with the increase
of initial loading eccentricity ratio.

Overall, residual stresses can significantly reduce the buckling resistances of Q690 steel
columns of welded H-sections under combined compression and bending. But
compared with Q235 steel columns of welded H-sections, the effect of residual stresses
is decreased for Q690 steel columns of welded H-sections due to the smaller ratios of
residual stresses to yield strength.

14



Xy:o.(a
~ o - Section H3
—=— Section H3, Residual Stress

Xyzl.o
~ o - Section H3
—e— Section H3, Residual Stress

Xy:1.4
- v - Section H3
—w— Section H3, Residual Stress

Xy:l.s
~ < - Section H3
—&— Section H3, Residual Stress

325
326 a) Q690 steel columns of welded H-sections

1,=0.6
~ o - Section H3
—=— Section H3, Residual Stress

2,=1.0
~ o - Section H3
—e— Section H3, Residual Stress

L=14
- v - Section H3
v— Section H3, Residual Stress

1=18
- ¢ - Section H3
—e— Section H3, Residual Stress

327
328 b) Q235 steel columns of welded H-sections

329 Figure 9 Effect of residual stresses on buckling resistances of Q690 and Q235
330  steel columns of welded H-sections under combined compression and major axis
331 bending
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336  Figure 10 Effect of residual stresses on buckling resistances of Q690 and Q235
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3.2 Tensile to yield strength ratios

To evaluate the effect of tensile to yield strength ratios on Q690 steel columns of welded
H-sections, buckling resistances were obtained from FE models with two different
material stress-strain models, namely, i) an elastic-linear hardening model (see Figure
2) and ii) an elastic-ideally plastic model, as shown in Figure 11. The mechanical
properties of these two models are listed in Table 1 and only E and fy e were included
in the elastic-ideally plastic model. A total of 240 numerical models were established
and their information is summarized in Table 6. The residual stress pattern for Q690
steel welded H-section H3 is listed in Table 2. The overall flexural buckling was not
restricted in minor axis but extended to major axis.

fy,true

0 &ylog g

Figure 11 Elastic-ideally plastic model

Table 6 FE model information for the evaluation of effect of tensile to yield
strength ratios

Initial Non-
Bending Steel Residual out-of- Model . .
Group : fulfy . dimensional
axis  grade stresses  straightness numbers
v slenderness
1 1.00 60
690
2 : 1.05 60
3 Major 1.00 60
235 '
4 1.57 v L. 11000 60 06/10
5 100 0 o 60 14/18
690
6 ) 1.05 60
7 Minor 1.00 60
235 '
8 1.57 60

To compare the effect of tensile to yield strength ratios on Q690 steel columns of
welded H-sections with that on Q235 steel columns of welded H-sections, FE models
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with Q235 steel were generated and their model information is also summarized in
Table 6. Two different material stress-strain models were considered, namely, i) a
multi-linear model (see Figure 8), and ii) an elastic-ideally plastic model (see Figure
11). The mechanical properties of these two models are listed in Table 5 and only E and
fy rue Were excluded in the elastic-ideally plastic model. A total of 240 numerical models
were established and their information is summarized in Table 6. The residual stress
pattern for Q235 steel columns of welded H-sections is shown in Figure 3 (b). The
overall flexural buckling was not restricted in minor axis but extended to major axis.

Figure 12 and Figure 13 depict the normalized compression and bending relationships
of FE models, arranged by non-dimensional slenderness, X. It is found that:

1) For Q235 steel columns of welded H-sections, even though the strain hardening is
considered in the stress-strain model, there is no increase in the buckling
resistances of the models. This has been commonplace and lies in the fact that there
is a long yield plateau in the stress-strain relationship of Q235 steel, and when the
H-sections fail, significant strain hardening does not take place.

2) For Q690 steel columns of welded H-sections, when considering strain hardening,
some increase in the buckling resistances of the models are visible only in columns
with non-dimensional slenderness of 0.6. Because when a relatively short column
fails, the strain is able to develop well beyond the yield strain, and thus the buckling
resistance can take advantage of strain hardening. While when a long column fails,
the strain is not able to develop beyond the yield strain and the strain hardening
cannot be mobilized.

3) The maximum increase in buckling resistance improved by strain hardening is only
2.0%, thus, the elastic-ideally plastic model can be used in the modeling of
buckling resistances of Q690 steel columns of welded H-sections under combined
compression and bending without causing too much conservatism.

Overall, strain hardening can slightly improve the buckling resistances of Q690 steel

short columns of welded H-sections, and the neglection of strain hardening will not
result in a conservative design.
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Figure 12 Effect of tensile to yield strength ratios on buckling resistances of Q690
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b) Q235 steel columns of welded H-sections

and Q235 steel columns of welded H-sections under combined compression and

major axis bending
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398  Figure 13 Effect of tensile to yield strength ratios on buckling resistances of Q690
399 and Q235 steel columns of welded H-sections under combined compression and
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From the parametric studies above, it is concluded that the residual stresses can
significantly affect the buckling resistances of Q690 steel columns of welded H-
sections under combined compression and bending. Compared with the conventional
steel materials, the effect of residual stresses becomes less pronounced in Q690 steel
columns of welded H-sections. It should be noted that strain hardening barely
contributes to the buckling resistances of the Q690 steel columns of welded H-sections.

4 Applicability of design rules

In this section, the applicability of design rules given in EN 1993-1-1, ANSI/AISC 360-
16 and GB 50017-2003 for Q690 steel columns of welded H-sections under combined
compression and bending is assessed by means of the ratios of the FE to design buckling
resistances. In these design rules, effects of axial compression and bending moments
are summed up linearly while non-linear effects of applied bending moments are
accounted for by interaction factors. Since torsional deformation is beyond the scope
of this research, factors related to torsional deformation were taken to be 1.0 in the
calculation of design buckling resistances.

Large numbers of FE models for Q690 steel columns of welded H-sections under
combined compression and uni-axial bending were established with variations in cross-
section sizes, non-dimensional slendernesses and initial loading eccentricity ratios.
Cross-section sizes included Sections H1, H2, H3 and H4 and non-dimensional
slendernesses included 0.6, 1.0, 1.4 and 1.8. Initial loading eccentricity ratios varied
from 0.0 to 20.0. A total of 15 initial loading eccentricities were adopted, which were
0.0 to 1.0 with an interval of 0.2 and 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0 and 20.0.
Residual stresses were incorporated in FE models. Initial out-of-straightnesses were
taken to be sinusoidal shapes. The amplitudes of initial out-of-straightnesses complied
with the theoretical background of corresponding design rules. In the assessment of
both EN 1993-1-1 and GB 50017-2003, the amplitudes were 1/1000 of effective lengths
while for ANSI/AISC 360-16, the amplitudes were 1/1500 of effective lengths[31].

41 EN 1993-1-1

According to EN 1993-1-1, the buckling resistance for a steel member under combined
compression and bending should satisfy Egs. (4) and (5).

NEd + kyy My,Ed +AMy,Ed + kyz MZ,Ed +AMZ,Ed Sl (4)
M X M Mz,Rk
Y1 o Vw1 Yme
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NEd +k My,Ed+AMy,Ed +k I\/lz,Ed +AMZ,Ed Sl (5)
XZNRk id My,Rk “ Mz,Rk
Ao
Vw1 Vw1 Vw1
where  Ned, Myed, MzEd are the design values of the compression force and the

moments about the major (y) and the minor (z) axes
along the member, respectively;

Nrk, My,rk, MzRrk are the characteristic values of resistances to
compression force and the bending moments about the
major (y) and the minor (z) axes, respectively;

AM, &y, AM, g, are the moments due to the shift of the centroidal axes
for class 4 sections;

Ayr Xz are the reduction factors due to flexural buckling about
the major (y) and the minor (z) axes, respectively;

Yot is the reduction factor due to lateral-torsional buckling;

Kyy, Kyz, Kzy, Kzz are the interaction factors; and

Yt Is the partial factor for resistance of members to

instability assessed by member checks.

In the first terms of Egs. (4) and (5), the reduction factors, yy and y, are related to the
in-plane buckling behavior, and they are determined from the studies on columns under
axial compression. In EN 1993-1-1, for welded H-sections made of 690 N/mm? steel,
curves b and c are currently proposed to calculate column buckling resistances about
major (y) axis and minor (z) axis respectively. Based on the residual stress measurement
and the test results in the companion paper, higher column curves may be applicable
for designing Q690 steel columns of welded H-sections and the assessment of higher
column curves will be conducted later. In the second terms, the reduction factor y. is
related to the lateral-torsional buckling behavior, and it was taken to be 1.0 in
calculations of design buckling resistances.

The interaction factors Kyy, Kyz, Kzy, and kz in the second and the third terms can be
obtained from two different approaches given in Annexes A and B respectively. It
should be noted that the main difference between these two approaches is the way of
presenting different structural effects. Annex A emphasizes transparency and each
structural effect is accounted for by an individual factor. However, Annex B works with
simplicity and allows some structural effects to be combined into a global factor. In this
study, the design rules given in Annexes A and B in EN 1993-1-1 for Q690 steel
columns of welded H-sections are assessed. It should be noted that in Annex A, the
factor CmLt and aLt are also related to torsional deformation, and they were both taken
to be 1.0. In Annex B, there are two sets of formulae for the calculation of interaction
factors kij, one for members not susceptible to torsional deformations and the other one
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for members susceptible to torsional deformations. The former was adopted since the
effect of torsional deformation was neglected.

Figure 14 depicts the normalized compression and major axis bending relationships of
FE models together with design results using curves a and b respectively. For each
curve, design results following Annex A and B are compared. It can be seen that the
design results using Annex B agree well with those using Annex A and Annex B is
slightly more conservative than Annex A. The average ratios of FE to design buckling
resistances by using curve a and curve b are summarized in Table 7. It is found that the
average ratios using either curve a or curve b are slightly larger than 1.00 with standard
variations smaller than 0.04. It means that both curves a and b could provide
conservative predictions to buckling resistances about major axis. However, compared
with curve b, the ratios using curve a are closer to 1.00. Thus, the design rules using
curve a should be recommended owing to its advantage in safety and accuracy in
estimating Q690 steel columns of welded H-sections under combined compression and
major axis bending.
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Figure 14 Normalized compression and major axes bending relationships of FE
models and design results according to EN 1993-1-1

Table 7 Ratios of FE to design buckling resistances about major axes according
to EN 1993-1-1

Curve a Curve b
Section Annex A Annex B Annex A Annex B
Average Stapdgrd Average Stapdqrd Average Sta’.‘d?“d Average Star_1dz_ard
deviation deviation deviation deviation
H1 1.02 0.02 1.04 0.02 1.06 0.03 1.09 0.02
H2 1.01 0.03 1.02 0.03 1.05 0.03 1.07 0.02
H3 1.04 0.02 1.05 0.02 1.07 0.03 1.10 0.02
H4 1.03 0.02 1.04 0.02 1.06 0.04 1.09 0.03

Figure 15 depicts the normalized compression and minor axis bending relationships of
FE models together with design results using curves b and c respectively. Large
differences are found between the design results by using Annexes A and B and Annex
B is fairly more conservative than Annex A. The average ratios of FE to design buckling
resistances by using curve a and curve b are summarized in Table 8. For Annex A, even
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though the average ratios using curve b are larger than 1.00, a few un-conservative
design results are observed in columns with non-dimensional slendernesses of 0.6 and
1.0. The minimum value of all the ratios using curve b is 0.96. To the contrary, only a
few un-conservative design results are found when using curve ¢ and the minimum
value of all the ratios using curve c is 0.99. For Annex B, a few un-conservative design
results are found when using either curve b or c. Overall, the design rules using curve
¢ should be proposed due to acceptable accuracy in designing Q690 steel columns of
welded H-sections under combined compression and minor axis bending.
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Figure 15 Normalized compression and minor axes bending relationships of FE
models and design results according to EN 1993-1-1

Table 8 Ratios of FE to design buckling resistances about minor axes according
to EN 1993-1-1

Design with curve b Design with c urve ¢
H-section Annex A Annex B Annex A Annex B
Average Star_1dqrd Average Star_1dz?1rd Average Star_1dz_ard Average S‘a‘_‘d‘?‘rd
deviation deviation deviation deviation
H1 1.02 0.03 1.06 0.04 1.05 0.04 1.11 0.04
H2 1.02 0.05 1.07 0.04 1.06 0.06 1.12 0.04
H3 1.04 0.04 1.09 0.03 1.08 0.06 1.14 0.04
H4 1.04 0.04 1.09 0.03 1.08 0.06 1.14 0.04
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4.2 ANSI/AISC 360-16

According to ANSI/AISC 360-16, the buckling resistance for a steel member under
combined compression and bending should satisfy Egs. (6) and (7).

M
When 520.2 &+§ %+—ry <1.0 (6)
P, P. 9( M, M,
M
When i< 0.2 i + M, +—~Y1<1.0 (7
Pc 2Pc Mcx Mcy
where Py is the design axial force;
Pc is the axial buckling resistance;

M, Mry  are the design moments about the major (x) and the minor (y) axes
respectively; and

Mcx, Mcy  are the moment resistances about the major (x) and the minor (y)
axes respectively.

In the first terms of Egs. (6) and (7), Pc is related to the in-plane buckling behavior, and
it is determined from the studies on columns under axial compression. In this standard,
there is only one column curve for the calculation of buckling resistances of all types
of steel columns, the applicability of this column curve will be examined later. In the
second and third terms, Mc is the lower value obtained according to the limit states of
yielding, lateral-torsional buckling and compression flange local buckling. In the
calculation of Mcx herein, the limit state of lateral-torsional buckling was neglected.
M.y is the lower value obtained according to the limit states of yielding and flange local
buckling.

Figure 16 depicts the normalized compression and major axis bending relationships of
FE models together with design results. Most of the FE results scattered closely to the
design results. A few slightly unsafe design results occurred in Sections H1, H2 and H3.
The average ratios of FE to design buckling resistances by using curve a and curve b
are summarized in Table 9. It is found that all the ratios are larger than 1.00 with
standard deviations no greater than 0.05. The minimum value of all the ratios is 0.97.
That means the design rules in ANSI/AISC 360-16 could provide accurate predictions
to buckling resistances of Q690 steel columns of welded H-sections under combined
compression and major axis bending.
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Figure 16 Normalized compression and major axes bending relationships of FE
models and design results according to ANSI/AISC 360-16

Table 9 Ratios of FE to design buckling resistances about major axes according

to ANSI/AISC 360-16

H-sections Average Standard deviation
H1 1.04 0.05
H2 1.04 0.04
H3 1.05 0.05
H4 1.06 0.04
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Figure 17 depicts the normalized compression and major axis bending relationships of
FE models together with design results. It can be seen that most of the FE results
scattered closely to the design results. Overestimations in design values are observed in
all the H-sections with various non-dimensional slenderness, especially for Sections H1
and H2 with non-dimensional slenderness of 1.0. The average ratios of FE to design
buckling resistances are summarized in Table 10. It is found that except Section H4,
the average ratios for the rest Sections are smaller than 1.00. The minimum value of all
the ratios is 0.91. The main reason should be that only one column curve is adopted in
this code, and this curve is the mean curve of the band for the group with the largest
amount of data in Structural Stability Research Council (SSRC) column categories.
Thus, overestimation on buckling resistance of eccentrically compressed columns will
occur when neglecting the resistance factors. Therefore, the design rules in ANSI/AISC
360-16 should be arguably considered applicable for designing Q690 steel columns of
welded H-sections under combined compression and minor axis bending.

1.0 T T 1.0 T T

T T
FEM —— ANSI FEM —— ANSI

2,706 . 2,706 .

AF10 e FEM —— ANSI AF10 e FEM —— ANSI
08k A=14 v FEM —— ANSI- 0.8 A=l4 v FEM —— ANSI-

1718 & FEM —— ANSI 2718 & FEM —— ANSI

06 0.6

pl
pl

z z
\2 \2
g 04 T 04
zZ Z
0.2 0.2
0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
IvlFEM / Mply MFEM / Iv'ply
a) Section H1 b) Section H2

29



558
559

560
561

562

563

564
565

566

567

1.0 T T 1.0 T T

T T
FEM —— ANSI FEM —— ANSI

2,706 . 2,706 .

4710 e FEM ——ANSI A=10 e FEM —— ANSI
08} A714 v FEM —— ANSI 0.8 AF14 v FEM —— ANSI

A=18 ¢ FEM —— ANSI A=18 & FEM —— ANSI

zZ Z
\2 \2
i 0.4 i 04
z z
0.2 0.2
0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
I\/lFEM / Mply |\/lFEM / Mply
c) Section H3 d) Section H4

Figure 17 Normalized compression and minor axes bending relationships of FE
models and design results according to ANSI/AISC 360-16

Table 10 Ratios of FE to design buckling resistances about minor axes according
to ANSI/AISC 360-16

H-sections Average Standard deviation

H1 0.97 0.05
H2 0.98 0.05
H3 0.99 0.05
H4 1.01 0.04

4.3 GB50017-2003

According to GB 50017-2003, the buckling resistance for a steel member under
combined compression and bending should satisfy Egs. (8) and (9).

M
NA+ Bmex Bty y <f (8)
P yXWX(l—O.S

!

M
N +nBtXMX + Bmy y <f (9)

oA oW, N )
yyWy(l—O.S ' J
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where N is the design value of the compression force;
My, My are the design moments about the major (x) and the minor (y) axes,
respectively;

®,, @, arethe reduction factors for flexural buckling about the major (x)
and the minor (y) axes, respectively;

Dy iIs the reduction factor for lateral-torsional buckling;
Qpy =1.0;

N, =n?EA /(L.D2);

N, =?EA/L.13);

A, A, arethe slendernesses for flexural buckling about the major (x) and

the minor (y) axes, respectively;

A IS the cross-sectional area;

Wy, Wy are the elastic moduli about the major (x) and the minor (y) axes,
respectively;

B s B., are equivalent moment factors for in-plane stability about the
major (x) and the minor (y) axes, respectively;

Bw. B, areequivalent moment factors for out-of-plane stability about the
major (x) and the minor (y) axes, respectively;

T Yy are plasticity adaptation factors for bending about the major (x)
and the minor (y) axes, respectively;

n =1.0 for members susceptible to torsional deformation;

=0.7 for members not susceptible to torsional deformation;
design yield strength of the steel material; and
E is Young’s modulus of the steel material.

—h

In the first terms of Egs. (8) and (9), the reduction factors, ¢x and oy, are related to the
in-plane buckling behavior, and they are determined from the studies on columns under
axial compression. Curve b is recommended to calculate column buckling resistances
of welded H-sections with steel grades no grater than Q420 steel. The assessment of
column curve b and a higher column curve, curve a, for designing Q690 steel columns
of welded H-sections will be conducted later. In the second term of Eg. (9), the
reduction factor ¢ux is related to the lateral-torsional buckling behavior and it was taken
to be 1.0 in calculations of design buckling resistances.

In this design code, the cross-sectional plastic moduli are evaluated by the product of
plasticity adaption factors and cross-sectional elastic moduli. For welded H-sections,
the plasticity adaption factors for major (x) and minor (y) axes bending are taken to be
1.05 and 1.20 respectively. That may lead to a partial use of plastic bending resistances
of compact and non-compact sections.

Figure 18 depicts the normalized compression and major axis bending relationships of

FE models together with design results using curves a and b respectively. It is found
that most of the FE results lie closely above the design results by using curve a and only

31



608
609
610
611
612
613
614
615

616
617

618

a few lie closely below. The average ratios of FE to design buckling resistances by
using curve a and curve b are summarized in Table 11. It is found that the average ratios
using curve a are slightly larger than 1.00 with standard variations no greater than 0.04.
The minimum value of all the ratios using curve a is 0.97. Noting that the selection of
column curves in this code is based on the “mean value” criteria, slight un-conservatism
should be allowed. Therefore, the design rules using curve a could provide accurate
predictions to buckling resistances of Q690 steel columns of welded H-sections under
combined compression and major axis bending.
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Figure 18 Normalized compression and major axes bending relationships of FE
models and design results according to GB 50017-2003

32



619
620

621

622
623
624
625
626
627
628
629
630
631
632
633

Table 11 Ratios of FE to design buckling resistances about major axes according
to GB 50017-2003

Design with curve a  Design with curve b

H-sections Standard Standard
Average s Average s
deviation deviation
H1 1.07 0.04 1.12 0.02
H2 1.05 0.04 1.10 0.02
H3 1.08 0.03 1.13 0.02
H4 1.06 0.03 1.11 0.03

Figure 19 depicts the normalized compression and minor axis bending relationships of
FE models together with design results using curves a and b respectively. It can be seen
that most of the FE results lie above the design results using curve b and some FE results
lie slightly below. The average ratios of FE to design buckling resistances by using
curve a and curve b are summarized in Table 12. All the average ratios using curve a
are greater than 1.00 but the standard deviations approach 0.10. This is because some
FE results are significantly higher than the design results using curve a. All the average
ratios using curve b are significantly larger than 1.10 and their standard deviations are
relatively reduced. The minimum value of all the ratios using curve b is 0.98. Therefore,
the design rules using curve b could make predictions with satisfactory accuracy to
buckling resistances of Q690 steel columns of welded H-sections under combined
compression and minor axis bending.
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Figure 19 Normalized compression and minor axes bending relationships of FE
models and design results according to GB 50017-2003

Table 12 Ratios of FE to design buckling resistances about minor axes according
to GB 50017-2003

Design with curve a  Design with curve b

F-sections Average Stapdgrd Average Stand?rd
deviation deviation

H1 1.06 0.10 1.11 0.08

H2 1.07 0.09 1.11 0.07

H3 1.08 0.08 1.13 0.06

H4 1.08 0.08 1.13 0.06

5 Conclusions

This research aims to provide theoretical knowledge on the structural behavior of Q690
steel columns of welded H-sections under combined compression and bending and to
make supplementary design proposals based on current design codes. An advanced
numerical modeling programme was initially conducted to replicate the experimental
results of Q690 steel columns of welded H-sections under combined compression and
bending. After validation of the FE models, parametric studies were carried out to
investigate the effect of member residual stresses and material tensile to yield strength
ratio on buckling resistances of Q690 steel columns of welded H-sections. The
assessment of current design rules given in EN 1993-1-1, ANSI/AISC 360-16 and GB
50017-2003 to Q690 steel columns of welded H-sections under combined compression
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and bending is performed through the calibration of design buckling resistances against
finite element results. The following conclusions have been made:

1) The finite element models incorporating material and geometrical non-linearities
can accurately replicate the key test results;

2) The presence of residual stresses can significantly reduce the buckling resistances
of Q690 steel columns of welded H-sections under combined compression and
bending. Compared with Q235 steel columns of welded H-sections with the same
non-dimensional slendernesses and initial loading eccentricity ratios, the effect of
residual stresses becomes less on Q690 steel columns of welded H-sections;

3) Strain hardening can barely improve the buckling resistances of Q690 steel
columns of welded H-sections and the neglection of strain hardening will not result
in a conservative design;

4) In determination of design buckling resistances of Q690 steel columns of welded
H-sections under combined compression and major axis bending, the design rules
in EN 1993-1-1 using curve a, the design rules in ANSI/AISC 360-16 using the
single curve and the design rules in GB 5007-2003 using curve a are proposed;

5) In determination of design buckling resistances of Q690 steel columns of welded
H-sections under combined compression and minor axis bending, the design rules
in EN 1993-1-1 using curve c, the design rules in ANSI/AISC 360-16 using the
single curve and the design rules in GB 5007-2003 using curve b are proposed.
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