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ABSTRACT:

High strength steel (HSS) I-sections are gaining increasing popularity compared with conventional strength
steel counterparts, mainly due to its higher strength-to-weight ratio. Meanwhile, there has been growing
interest in hybrid I-sections, which are made of different strength steels for flange and web plates, because of
the increased need of maximising material utilization. This study investigates the welding effect on the
material properties and residual stresses of welded HSS and hybrid I-sections. Tensile tests of coupons
machined from both virgin plates and within the welded I-sections were carried out, followed by a
metallographic analysis of welding position. It was found that the welding effect on the mechanical
behaviour of steel materials varies, depending on the chemical composition and microstructure. Residual
stress measurements for HSS and hybrid I-sections covering four web slenderness were conducted. The
measurement results demonstrate that the effect of steel strength grade of constitutive plates on residual
stress distribution of I-sections is negligible, and a new residual stress distribution model is proposed for

welded HSS and hybrid I-sections examined in this study.
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1. Introduction

Because of the high strength-to-weight ratio, high strength steel (HSS) structures, with advantages of
aesthetic, economical and environmental-friendly aspects, has gained increasing popularity. I-section (or H-
section), a usual cross-section, has been widely used in steel columns and girders. Conceptualised firstly in
1944 [1], hybrid I-section, using different steel strength grades for flange and web plates, is expected to
exploit the full potential of high strength steel and conventional strength steel. Studies have shown that
hybrid I-beams exhibit better rotation capacity than HSS counterparts, which attributes to the greater
material ductility of lower strength web [2-4]. The promising application prospect of HSS and hybrid I-
sections draws researchers’ attention these years [4-6]. In this study, HSS is defined as the steel with nominal
yield strength fynom greater than 460 N/mm? [7].

To account for diverse needs of cross-section dimension and material combination, welding becomes a
prevailing manufacturing method for I-sections. Nevertheless, the high temperature produced by welding
process induces the transformation in the microstructure of steel materials, as well as the internal stress
within sections because of local thermal expansion and contraction [8]. Moreover, steel production
techniques, such as quenching and tempering (QT) process, and thermomechanical controlled (TMCP)
process, affect the mechanical behaviour of steel material near the welding seam [9]. Though material
properties of HSS virgin plates have been extensively studied [10-16], and numerous experimental
investigations about the welding effect on the material properties of HSS and hybrid sections featured with
hollow profile [7,17-20] have been performed, the effect of manufacturing process and production
techniques on HSS and hybrid I-sections have not been closely examined.

The significance of welding-induced residual stresses on the structural behaviour is well-recognised. A well
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understanding of residual stress distribution within cross-sections helps facilitate the structural performance
design, as well as the numerical analysis. In the last decade, Wang et al. [21] measured the residual stresses
of flame-cut Q460 H-sections (fy,nom = 460 N/mm?) by sectioning method and hole-drilled method, both of
which were found to present similar results of residual stress distribution. The residual stress tests for
welded Q690 H-sections (fy,nom = 690 N/mm?) were also carried out by Li et al. [22]. The same distribution
pattern as Wang et al.’s model [10] but with different magnitudes was established. Yang et al. [23-24]
investigated the residual stress distribution model for Q460GJ doubly and singly symmetric medium and
thick-walled I-shaped sections (fy,nom = 460 N/mm?), and it was concluded that greater residual stresses exist
in thin plates than thicker ones. Liu and Chung [25-26] explored the surface temperature histories and
internal residual stress of welded S690 H-sections (fynom = 690 N/mm?) by experiments and numerical
methods; a simplified model taking account of heat input energy and plate thickness was proposed. Recently,
non-destructive neutron diffraction method was utilised by Li et al. [27] to measure the residual stresses of
box and I-shaped S960 (fynom = 960 N/mm?) sections, and simplified residual stress predictive equations
incorporating the plate thickness was established. The applicability of the residual stress predictive models
in the aforementioned literatures is conditional, due to the limited coverage in terms of dimensions and steel
materials of test specimens. Ban [28] established a unified residual stress pattern for I-sections underpinned
by the measurement results of Q460 (fynom = 460 N/mm?) and Q960 (fy,nom = 960 N/mm?) test specimens and
a statistical analysis of existing data from other papers. Ban’s model concentrates on the homogenous I-
sections, for which the same steel strength is used for flange and web plates.

Existing data on the residual stresses of hybrid I-sections is limited. The earliest investigation concerning
hybrid sections can be traced back to Frost and Schilling [29] who measured residual stresses of three I-
sections with identical nominal dimensions but different strength web. Afterwards, Nagarajarao et al. [30]

undertaken the residual stress measurement for five hybrid I-sections. Both above-mentioned measurement
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results argued that residual stress distribution of hybrid I-sections are basically similar to the homogeneous
ones. The most recent research is the experimental studies of residual stress at the University of Coimbra
and Ruhr-Universitat Bochum, reported by Schaper et al. [31]. Two hybrid I-sections were involved in that
research, and a new residual stress model applicable to I-sections was suggested. To date, only a limited
number of residual stresses for hybrid I-sections have been identified.

In addition, most of the current design recommendations of residual stress pattern for welded I-sections are
characterised with the tensile residual stress at the weldment f;« equalling the material yield strength fy [32-
34], whereas measurement results on HSS and hybrid I-sections reported in the literature indicate that no
evident correlation was observed between f.s and fy, with the ratio of f.« to fy varying from 0.28 to 1.0 [21-
28]. An experimental comparison between HSS and hybrid I-sections helps understand the effect of steel
strength grade on the magnitude of welding-induced tensile residual stress.

This study therefore focuses on the welding effect on the material properties and residual stresses of HSS
and hybrid I-sections. A total of twelve test specimens covering four web slenderness, consisting of eight
hybrid-sections and the homogenous counterparts, were studied. Tensile coupon tests for both virgin plates
and welded I-sections were carried out, followed by a metallographic analysis to further explore the
differences among different strength webs. Residual stress measurements were executed for all the
specimens by sectioning method, and a comparison between the measurement results and existing models is

discussed. A residual stress distribution predictive model applicable to I-sections in this study is proposed.

2. Test Specimens
Twelve I-section test specimens, with nominal geometrical characteristics presented in Table 1, were tested
to examine the welding effect on the material properties and residual stresses of welded I-sections. In Figure

1, br and tf are the flange width and flange thickness respectively; H and hw represent the section height and
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and 70 were covered.

Table 1. Nominal geometrical characteristics of welded I-section test specimens

clear distance between flanges; tw is the thickness of web plate. Four web slenderness (hw/tw) of 35, 49, 55

Specimens by tf hw H tw b /tf hw /tw

(mm) (mm) (mm)  (mm)  (mm)
H230-Q690 110 10 210 230 6 11 35
H230-Q460
H230-Q355
H310-Q690 290 310 49
H310-Q460
H310-Q355
H350-Q690 330 350 - 55
H350-Q460
H350-Q355
H440-Q690 420 440 70
H440-Q460
H440-Q355

be

o
.

‘ -
‘

Figure 1. I-shaped cross-section
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All flanges were made of 10 mm thick Q690 steel, while three grades of 6 mm thick steel plates - Q690,
Q460 and Q355 were used as the web plates. The nomenclature of specimens in Table 1 is interrelated to the
section height and the web grade, for example, “H350-Q460” represent a specimen with 350 mm section
height and fabricated by Q460 web plate. The chemical composition of four virgin plates (wt%) is
summarisd in Table 2, where, “Q690-F” is the plate employed for flange, “Q690-W”, “Q460-W” and
“Q355-W” are those for web plates. It is noted from this table that compared with other steel materials, the
carbon (C) and silicon (Si) contents of “Q460-W” are much less, while its micro-alloying elements-Niobium
(Nb) and Nickel (Ni) are higher. In this table, CEV is carbon equivalent value, calculated by

CEV=C+Mn/6+(Cr+V+Mo)/5+(Cu+Ni)/15 1)

Table 2. Chemical composition of virgin plates (wt %)

Steel
C Si Mn P S Nb Ti Cr Mo B V Cu Ni Al N CEV
plates

Q690-F 0.13 030 1.04 0.014 0.0015 0.022 0.018 0.34 0.23 0.0022 0.042 0.03 0.01 0.034 / 0.43

Q690-w  0.14 0.27 140 0.019 0.001 0.024 0.013 026 0.14 0.0015 / / / / / 0.46

Q460-w  0.07 0.16 159 0.012 0.002 0.055 0.011 0.04 0.17 0.0003 0.02 0.03 0.17 0.030 / 0.39

Q355-w 014 026 129 0.016 0.001 0.013 0.015 0.08 0.003 / 0.002 0.02 0.08 0.085 0.0046 0.38

By the means of gas metal arc welding (GMAW) with mixture of 80% Argon (Ar) and 20% carbon dioxide
(CO2), 6 mm fillet welds were used to connect the flanges and web. The selection of weld metal was in
accordance with the mechanical properties of web plate to avoid the occurrence of cold cracking [35-36].
The welding wires corresponding to I-sections made of Q690, Q460 and Q355 web plates were “ER69-G”,
“ER55-Ni mod” and “ER50-6”, respectively [37]. The chemical composition of welding wires is shown in
Table 3. The welding process was executed manually by a skilled technician, and the welding voltage U was
31~32 V; the welding current | was 230~240 A; the welding speed » was 4.5~4.6 mm/s. By Equation (2), as

the arc efficiency n of GMAW is taken as 0.85 [8], the welding heat input Q is about 1.38 KJ/mm.
6/41
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Table 3. Chemical composition of welding wires (wt%)

Welding wires  C Si Mn P S Cr Mo Ni V Cu Al Ti

ER69-G 0.09 065 162 0.010 0010 017 047 146 0.006 0.10 0.004 0.05

ER55-Nimod 0.09 0.73 1.42 0.007 0.001 0.050 0.004 1.36 0.001 0.070 0.012 /

ER50-6 0.0/ 086 15 0.016 0.010 0.04 0.001 0.08 0.001 0.10 / /

3. Material tests

3.1. Tensile coupon tests

3.1.1. Virgin plates

Six tensile coupons were cut from each virgin plate, among which three were parallel to the rolling direction
and the others were perpendicular to the rolling direction. The dimensions of coupons were determined in
accordance with 1SO 6892-1 [38], as shown in Figure 2. Material tests were conducted by using a 100 kN
electromechnical universal testing machine (UTM) with the advanced video extensometer (AVE) in the
Industrial Centre at The Hong Kong Polytechnic University (Figure 3). The measured full stress f-strain ¢
curves of coupons cut from virgin plates are displayed in Figure 4, and the average measured material
characteristics are presented in Table 4. In this table, E is the elastic modulus; ey, esh and ey represent the yield
strain, strain at the onset of strain hardening and ultimate strain; fy refers to the ultimate strength. It is
apparent from the figure and table, all the steel materials from the virgin plates possess the well-defined

yield strength.
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%
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8
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Table 4. Average measured material properties of steel materials

Steel plates E (GPa) ey (%) &sh (%) eu (%) fy (MPa) fu (MPa)
Q690-F 216.2 0.378 3.44 6.78 817.7 846.1
Q690-W 217.2 0.363 242 6.92 788.6 834.5
Q460-W 215.2 0.240 1.27 13.9 517.4 655.3
Q355-W 217.4 0.181 1.31 16.2 394.1 559.6

3.1.2 Welded I-sections

To evaluate the influence of welding heat input on the material properties of welded I-sections, material tests
for a total of 96 coupons machined from constitutive plates of test specimens were carried out. The position
of coupons is shown in Figure 5. In this figure, “WF” and “WW?” represent the samples waterjet-cut from
flanges and webs, respectively; the labels “1, 2, 3, 4” indicate its distance to the weldment. The centreline of
“WF17”, “WF2”, “WF3” and “WF4” is 5 mm, 11 mm, 17 mm and 23 mm to the edge of weldment, and the
distance from the centreline of “WW1”, “WW2”, “WW3” and “WW4” to the edge of weldment is 6 mm, 14
mm, 22 mm, 30 mm. According to 1SO 6892-1 [38], the dimensions of “WF” and “WW” were designed as

shown in Figure 6.

WF3  WF1 WF2 WF4

.

WW3—

Figure 5. Position of coupons machined from welded I-sections
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Figure 6. Dimensions of coupons machined from constitutive plates of welded I-sections

Figures 7 and 8 provide the tensile test results of coupons from welded I-sections. For the purpose of
comparison, their yield strength fy, tensile strength fu, and yield-to-tensile ratio fy/fy are normalised by
material properties of the corresponding virgin plates. For samples from the flange plates of welded I-
sections, the normalised material characteristics are between 0.95 and 1.05. The normalised tensile strength
fu, yield strength fy and yield-to-tensile fy/fy is lesser if it is closer to the weldment. The results from welded
I-sections with Q460 web are selected to be representative, shown in Figure 7.

Likewise, same phenomenon on the tensile strength fy was also observed in the material test results of
coupons from the web plates. It worth mentioning that a distinction was identified among the tensile test
results (normalised fy and fy/f,) of coupons from the webs of welded I-sections. In Figure 8(a), ranging from
0.95 to 1.05, both the normalised yield strength fy and yield-to-tensile fy/fy of coupons cut from specimens
with Q690 web rise as the distance from the weldment increase. A similar trend was observed in the material
tests of coupons from Q355 webs of I-sections (Figure 8(c)), of which the variation is greater, i.e., from 0.85
to 1.10. In contrast, what stands out in Figure 8(b) is the opposite tendency for the normalised yield strength
fy and yield-to-tensile ratio fy/fu was observed for web plates of specimens made of Q460 steel. Further

explanation will be in given by the metallographic analysis in Section 3.2.
10/41
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Figure 8. Normalised yield strength and yield-to-tensile ratio of coupons from the web plates of I-
sections
To examine the dissimilarity of the mechanical behaviour among specimens with different web steel grades,
the full stress-strain curves of web coupons from “H310-Q690”, “H310-Q460” and “H350-Q355” were
shown in Figure 9. For specimens made of Q690 and Q355 steels (Figures 9(a) and 9(c)), the coupons closer
to weldment (WW1 and WW2) show no distinct yield plateau, but characterised by the round material
response. By contrast, WW1 and WW?2 corresponding to the I-sections with Q460 web (Figure 9(b)) still

possess a well-defined yield point, but there has been a slight decrease in the yield strength fy and length of
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194

195  3.2. Metallographic Analysis

196  To examine distinct material test results observed from samples of welded I-sections with Q460 web steel,
197  metallographic examination was conducted in the Industrial Centre at The Hong Kong Polytechnic
198  University. Metallographic specimens were sectioned from welding position of welded I-sections, and then

199  mounted using a mixture of epoxy resin adhesive and epoxy resin curing agent. After that, the specimens
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were grounded by “Buehler EcoMet 30” equipped with 180, 320, 400, 600, 1000, 1200 and 2000 grit SiC
grinding papers, followed by the mechanical polishing lubricated with 3um polycrystalline diamond
suspension. Lastly, the properly polished specimens were etched by 4% Nitric acid alcohol etchant for one
minute for highlighting the microstructural features. The industrial inspection microscope ICM-100 with
3MP Camera US300 was chosen to observe the microstructure of metallographic specimens. Main
procedures of metallographic examination are set out in Figure 10.

Grinding and Polishing Etched Specimens

|

Figure 10. Main procedures of metallographic examination

Figure 11 presents the optical microstructure of base metal for web plates. Tempered martensite is
distinguished from Q690 web plate, and Q355 steel contains ferrite and pearlite, while the micrograph of
Q460 steel consists of granular bainite, pearlite and ferrite, which is a typical microstructure of low carbon
bainitic steel. This observation is consistent with the chemical composition of Q460 virgin plate, as shown in
Table 2: the content of C is 0.07, much lower than other steels in this study, with high-content micro-
alloying additives, i.e., 0.055Nb and 0.17Ni (wt%).

Specially, the optical microstructure of coarse-grain heat-affected zone (CGHAZ) for one specimen made of

14/41



216 Q460 web is displayed in Figure 12. Figure 12(a) is the CGHAZ near the flange, characterised by parallel
217  lath martensite, whereas granular bainite is identified for the CGHAZ near the web in Figure 12(b). This
218  finding reveals that the distinct microstructures may form for different base metals even if under the same

219  welding condition [39].

(@) Q690 web (b) Q460 Web (c) Q355 Web

220 Figure 11. Optical microstructure of base metal for web plates (magnitude: x200)

(@) near the flange (b) near the web

221 Figure 12. Optical microstructure of coarse-grain heat-affected zone (CGHAZ) of welded I-sections with
222 Q460 web (magnitude: x500)

223

224 In addition, the phenomenon on the mechanical behaviour of coupons from Q460 web plates, as stated in
225  Section 3.1.2, could be explained by its chemical composition and microstructure. It is generally true that
226  during the welding process, high temperature resulting from heat input would decrease the high-density
227  dislocation within coupons, and thus lower the steel yield strength fy. But for low carbon bainitic steels, e.g.,

228 Q460 in this study, the precipitation strengthening from micro-alloying carbides enhances the yield strength
15/41
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of coupons near the weldment, which outstrips the detrimental effect of decreased dislocation density [40-
42]. This phenomenon is similar to the findings in papers concerning about the effect of tempering
temperature on the mechanical properties of 690 MPa Grade low carbon bainitic steels [43-44], that the

increase of tempering temperature would rise up the steel yield strength.

4. Membrane residual stress measurement

4.1. Measurement method

To find out the residual stress distribution of HSS and hybrid I-sections, the stress-relieved sectioning
method was adopted. Test specimens were firstly divided into strips by visible marks, and the strain gauges
were then attached onto the mid-position of each strip on both sides, protected by the moisture- and water-
proofing butyl rubber SB tape coating. Prior to sectioning, the initial readings of strain gauges were recorded
to exclude the effect of adhesive pressure. The precise wire-cutting process for sectioning I-sections into
strips was conducted along with the ongoing coolant to minimise the heat input. After complete sectioning,
the strain gauge readings of each strip were recorded again to capture the strain variation because of stress
relieving. The whole measurement process was carried out in a laboratory with strictly controlled
temperature and humidity, and the strains of each cut strip after completing sectioning were measured by
reconnecting to the same channel of data logger as the initial recordings obtained before cutting. The strain
readings of each strip were recorded three times to get an average value by reconnecting to the data logger,
and each recording was performed after 1-2 mins when the data becomes stable. In addition, the impact of
the temperature, humidity, and electric resistance on strain variations was conducted by affixing the strain
gauges to the virgin plate with measuring procedures analogous to the tested strips. It was of worthy noted
that about 10 - 20 pe strain variations were obtained, primarily due to the essential errors from the

environmental and instrumental effects, which are minimal and negligible. Similar measurement procedures
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252 were also utilised by other researchers [45-49].

253  The arrangement of strips for each I-section dimension is shown in Figure 13, where red dash lines indicate
254 the reference lines for wire-cutting. The strip width was 9 or 10 mm for flange plates and the web part near
255  the weldment. As previous research [21-24, 28-31] have shown that there is only a minor variation in the
256  magnitude of membrane residual stress near the middle of the web in I-section, the width of strips close to

257  web central line was selected to be wider -15 mm.
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The sectioning process of test specimens is illustrated by Figure 14. The membrane residual stress _for
each strip is calculated by Equations (3) and (4) [19].

e =gl —g (3)

p— a_
80—80 801 i

am=—E(eo+8i)/2 (4)
where, £2 and ¢ denote the strain recorded for the outer surface of the strip after and before sectioning;
g? and ¢’ are the ones measured for the inner surface after and before sectioning; €, and ¢; represent the
strain variation of outer and inner surfaces, respectively. Based on the assumption of symmetry, one-half of

web plates were involved in the residual stress measurement.

Before cutting Wire-cutting After cutting

Figure 14. Sectioning of I-section test specimens for residual stress measurement

4.2. Measurement results

It has been well known that the internal residual stress arises from local heat input within sections. The
constitutive plates of I-sections in this study were produced by thermal-based plasma-cutting process, of
which the ionized gas reach a temperature of up to 25000 °C [50], tensile internal stress thus has existed at
the tips of the flange and web plates before welding. During the welding process, the heat of fillet welding in
the middle of flanges and at the edge of webs undoubtedly brings about high tensile residual stress at the

location of weldment, balanced by the compressive stresses forms in the remainder part.
19/41



287

288

289

290

291

292

293

294

295

296

297

298

299

300

The residual stress measurement results of twelve welded I-sections are shown in Figure 15. In Figure 15, fi¢
and frw represent the residual stress measured for flange pate and web plate respectively; the positive and
negative numbers mean the tensile and compressive residual stresses respectively. As can be seen from these
figures, specimens with identical nominal dimensions, but different web steels generally show similar
distribution pattern, which shows agreement with the observations of Frost and Schilling [29] as well as
Nagarajarao et al. [30]. In addition, for the compressive residual stresses at the web, uniform distribution
was observed in the I-sections with 230 mm section height in Figure 15(a). But for specimens with slenderer
web, i.e., “H310”, “H350” and “H440” series, gradually decreased compressive residual stresses were
detected, even nearly equalling to zero when approaching the centre of web, as presented by Figures
15(b)~(d). A possible explanation for this might be that these heights of web are high enough to balance the
tensile stresses caused by welding. Figure 16 shows the normalised closing error by the steel yield strength fy
for self-equilirbum of each plate. It was revealed that self-equilirbum of internal residual stress for each
individual plate can be realised, with maximum normalised value equalling to 3.8%, which is acceptable in

the engineering field.
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Figure 15. Membrane residual stress measurement results of welded I-sections
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Figure 16. Normalised closing error for each individual plate of welded HSS and hybrid I-sections

4.3. Existing residual stress distribution models

As stated in the introduction, Ban [28] and Schaper et al. [31] individually established the unified residual
stress distribution models for HSS H or I-sections, which are set out in Figure 17 and Table 5. In Figure 17,
ht is the width of fillet weld; f.wt is the tensile residual stress for web at the location of weld; fi . represent
the residual stress at the flange tips; fif«c and frwc denote the compressive stresses at the flange and web,
respectively. The meanings of bri (i = 1~5) and hyi ( i =1~2) in Table 5 are illustrated in Figure 17. It is
indicated in this table that Ban’s model adopts constant values for the tensile residual stresses, whilst NEETAN
is defined in Schaper’s model to consider the influence of steel strength grade. Another main difference
between them is that only rectangular stress blocks are in Schaper’s model, while Ban [28] uses triangle
shapes to take the transition of tensile and compressive stresses into account. It should be noted that there

has been two hybrid I-sections in Schaper’s dataset.
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Figure 17. Diagram of existing unified residual stress distribution model

Table 5. Existing unified residual stress distribution models

Literatures Ban [28] Schaper et al. [31]
fre/fy 345/f,% or 460/f," {235/,
fr.ic My Equation Equilibrium
fi fre /fy 50/fy 0.5x,[235/f,
frwt /fy 345/fy" or 460/fy" J235/1,
frwe fy Equation Equilibrium
br1 /bt (tw*+2hs)/bs min{tw+5hs; bs/5}
br2 /bt Equilibrium 0
br 3 /bs Equilibrium Equilibrium
bra /bt 0.1(bs-hy) 0
brs /bt 0.1(bs-hy) 1/16
hr1/hw he/hw 0.1
hr2 lhw Equilibrium 0

Note: #means the value is applicable to steels with fyn.om between 345 and 550 N/mm?; “means the value is applicable

to steels with f,nom greater than 550 N/mm?,
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Both of the above two models were compared with meausrement results in this study. Figure 18 presents the
comparison results for flange plates. It can be said that these two models are able to generally predict the
residual stress distribution of flanges for test specimens, whilst Schaper’s model overestimates the tensile
residual stress at the flange tips.

[ —— Ban[2g] — — — Schapter et al. [31] —=— H230-Q690-F
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600
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~-A— H350-Q460-F
~-A- H350-Q355-F

—v— H440-Q690-F
v H440-Q690-F
-y H440-Q690-F

-400

Figure 18. Comparison of existing unified distribution models and residual stress measurement results for
flange plates of welded I-sections
The comparison of Ban’s model and the measurement results for web plates is shown in Figure 19. It is
apparent that Ban’s model overestimates the range of transition between tension and compression zone. In
comparison, the estimation for the range of web tensile and compressive zones of Schaper’s model is more
accurate for specimens, as shown in Figure 20. Regarding the compressive residual stresses of webs, both

models overpredict measurement results for web plates of I-sections, especially those which are slenderer.
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Figure 19. Comparison of Ban’s model and residual stress measurement results for web plates of welded I-
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Figure 20. Comparison of Schaper’s model and residual stress measurement results for web plates of welded

I-sections

4.4. Proposed model

A new residual stress distribution model is proposed for HSS and hybrid I-section test specimens
investigated in this study. Based on the observations in Section 4.2, the model is divided into two groups: (1)
for I-sections with web height hw <210 mm, the compressive residual stress of web is uniformly distributed
(Figure 21(a)); (2) for I-sections with hy,=210 mm, two segments are developed in the compression residual
stresses of web, as shown in Figure 21(b). The width of tensile residual stress at the weldment of flange is
selected to be the minimum value of “tw+5hf’and “0.25bs”. Between them, “tw+5h¢” is used for considering
the action area of welding effect, and “0.25bf” is to ensure the influence of welds is not overestimated for
narrow flanges. The consideration of the width of tensile stress for web is similar with that of flange by
using “3h¢” and “0.15hy”. Following Ban’s model, f.«, frwtand frse are selected to be constant values: 460,
355 and 50 N/mm? for simplicity. Besides, the width for describing residual stress at the thermal-cut flange
tips is 0.1hy, the same as the one utilised in other models [23-24]. The other parameters, i.e., frfc, frwe, br3, hr3

and h4 are to be determined by self-equilbruim of the individual plate.
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Figure 21. Proposed residual stress distribution model

Note that due to the lack of specimens with hy = 210-290 mm in this study, the selection of residual stress

distribution model for these I-sections was determined from the perspective of structural design. It has been
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known that membrane residual stresses are always applied in finite element analysis to obtain the reasonable
structural performance of components. Numerical results of “H230” and “H310” I-section models with
distribution patterns (a) and (b) in Figure 21 were thus compared to seek for an appropriate model for those
I-sections featured with hy between 210 and 290 mm.

Using ABAQUS 2019, four fundamental failure modes of steel members - local buckling and flexural
buckling subject to axial compression, as well as local buckling and lateral torsional buckling under pure
bending were simulated. The adopted finite element models of I-sections were described in Table 6, with the
corresponding boundary conditions, geometric imperfection shapes and failure modes. The measured
material properties of virgin plates and the geometric imperfection magnitudes recommended in Eurocode 3
[51] were utilised in the simulations. The Length of compression members failed by local buckling and
flexural buckling were selected to be 2hy and 4hy, respectively, to prevent from the occurrence of other
unanticipated failure modes. A length of 700 mm, which is greater than the limiting unbraced length L c for
avoiding lateral-torsional buckling [52], was chosen to be the length of the bending members, which subject
to uniform bending moments to simulate the moment span under four-point loading scenario [6, 53]. Among
them, lateral constraints were provided at the mid-length section of beams expected to be failed by local
buckling to ensure that their actual unbraced lengths are less than L c, as illustrated in Table 6. In addition, it
can be seen from this table, each end section of members was connected to a concentric reference point (RP),
where loads were applied, through rigid body constraints. In Table 6, Ux, Uy and Uz are the translational
degrees of RP along X, Y and Z axes; Rx, Ry and Rz represent are the rotational degrees of RP along X, Y

and Z axes.
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Table 6. Finite element models used for investigating the effect of residual stress patterns

Boundary condition Geometric imperfection shape Failure mode

Local buckling in compression

Flexural buckling

Local buckling in bending

Lateral constraint:
Ux:0

RP;:
Ux:UY:Uz:0
RZ=O

Ux:UY:()

Lateral torsional buckling
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Comparison of structural performance curves for these I-sections is set out in Figure 22. In these figures, N
and o represent the axial load and end shortening of compression members; M denotes the moment
resistance of flexural members. It is clear from Figure 22 that the influence of residual stress distribution
patterns shown in Figure 21 is almost the same to all the mentioned structural performance for “H230” and
“H310” I-section models. Structural capacities of these models were also compared, as presented in Table 7,
where Fs.a and Frsp mean the results of I-section with patterns (a) and (b), respectively. It can be seen from
this table that, though the difference is fairly minor, pattern (b) generally provides safer predictions than
pattern (a). As a result, pattern (b) is recommended for I-sections hy=210-290 mm in the proposed residual

stress distribution model.
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(a) Local buckling in compression
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401 Figure 22. Comparison of structural performance curves for welded I-sections with different residual stress

402 distribution patterns
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403  Table 7. Comparison of structural bearing capacities for welded I-sections with different residual stress

404  distribution patterns

Frs-b/ Frsa

Structural performance H230- H230- H230- H310- H310- H310-

Q355 Q460 Q690 Q355 Q460 Q690
Local buckling

0.993 0.994 0.993 0.990 0.992 0.994
in compression
Flexural buckling 0.999 0.999 0.990 1.004 1.007 1.000
Local buckling in

1.000 1.000 0.999 1.000 0.998 0.997
bending
Lateral torsional

0.998 0.996 0.993 0.998 0.998 0.996

buckling

405
406  The comparison of measurement results and the proposed distribution model for flange and web plates is
407  illustrated in Figure 23 and Figure 24, respectively. It is clear from figures that the proposed model

408  successfully predicts the residual stress pattern of welded HSS and hybrid I-sections.
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410  Figure 23. Comparison of the proposed model and residual stress measurement results for flange plates of I-

411 sections
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Figure 24. Comparison of proposed model and residual stress measurement results for web plates of I-

sections

In addition, a statistical evaluation of the proposed model together with the previous predictive models in
Ban [28] and Schapter et al. [31] was performed. The results of flange and web plates are in Figures 25(a)
and (b). In these figures, frsmeas represents the data at the measurement points; frsmodet Mmeans the
corresponding predicted value by residual stress distribution models; x and o denote the mean and standard
deviation based on the Normal distribution assumption.

For the flange plate, seen from Figure 25(a), the proposed model offers the closet approximation to the

measured data with ¢ and ¢ of -2 MPa and 78 MPa, whilst the greatest mean value (¢ = 38 MPa) and
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433

deviation (o = 140 MPa) 0f frsmeas-frsmodel are given by Ban’s model and Schapter’s model, respectively. As
shown in Figure 25(b), for the web plate, the least scattered predictive accuracy is provided by the proposed
model with ¢ of 78 MPa, which is much less than those of previous models -173 MPa and 155 MPa. Also, it
is obvious from this figure, most data points of frsmeas - frsmodel from the proposed model were found to be
concentrated between -50 MPa and 50 MPa, confirming the effectiveness of the proposed model for welded

HSS and hybrid I-sections.
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Figure 25. Evaluation of residual stress distribution models based on the measurement data
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5. Conclusion

The research examines the welding effect on the material properties and residual stresses of welded high
strength steel (HSS) and hybrid I-sections. Covering three material combinations and four web slenderness,
a total of twelve I-section test specimens were investigated. Tensile tests of coupons cut from both virgin
plates and welded I-sections were carried out, followed by a metallographic analysis of welding position. It
has shown that the welding effect on the mechanical behaviour of steel materials varies depending on the
chemical composition and microstructure. The welding possess was found to increase the yield strength of
the low bainite low carbon steel Q460 because of the precipitation strengthening from micro-alloying.
Moreover, residual stress measurement for HSS and hybrid I-sections was conducted. The measurement
results revealed that the residual stress distribution of I-sections is independent with the steel strength grade
of constitutive plates. It was also concluded that for I-sections with web height less than 210 mm, the
compressive stress of the web is uniformly distributed, while gradually decreased compressive residual
stresses were detected for specimens with web height greater than 210 mm. A new residual stress

distribution model for welded HSS and hybrid I-sections tested in this study was proposed.
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