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A B S T R A C T

A welded connection consists of three main material zones, the base material (BM), the heat-affect zone (HAZ),
and the weld metal (WM). The strength of HAZ depends on the BM grade and manufacturing process, electrode
grade, and welding parameters. Under certain conditions, HAZ has the lowest material strength, especially for
high-strength steel. Therefore, a semi-empirical methodology is proposed to establish a constitutive model of
HAZ necessary for predicting the fracture position of welded connections. This methodology is based on an
engineering approach to consider HAZ as an isotropic and homogeneous material, with no consideration of
different volumetric fractions of microstructures within a HAZ. The equivalent material properties of HAZ
in butt-welded hollow section connections were investigated experimentally and numerically. Hardness tests
and microstructure investigations were conducted to determine the boundaries of material variations and the
width of HAZ. The stress–strain relationship of HAZ was established and calibrated based on tensile coupon
tests and finite element analyses. Using the calibrated HAZ stress–strain relationship, the effect of transverse
constraint imposed by the adjacent and stronger material (BM and WM) on HAZ was evaluated in the welded
connections. Finally, the new methodology of a semi-empirical constitutive model based on the Swift model
was used to propose equivalent characteristics of HAZ as a function of the mechanical properties of BM for a
specific welding procedure considered in the project.
1. Introduction

In steel construction, welding is one of the most essential methods
of joining steel parts. A welded connection comprises three main zones,
namely the base material (BM), the heat-affected zone (HAZ), and the
weld metal (WM). The mechanical properties of HAZ depend on several
parameters, such as the steel manufacturing process, the cooling time
from 800 ◦C to 500 ◦C (t8∕5) during welding, and the heat input. HAZ
may have comparable strength to BM for Quenching and Tempering
(QT) steels with a low heat input [1–3]. Otherwise, a significant
strength degradation in HAZ may be observed for QT and Thermo-
Mechanically Controlled Process (TMCP) steels [4,5], especially for
high-strength steels (HSS). The difference in the strength degradation
in HAZ could also be observed from the hardness test results, as the
hardness reflects the material strength. The test results available in
literature, which have similar steel grades to the material investigated
in this study, are presented in Table 1. A limited strength degradation in
HAZ was observed from S420 and S500 materials with low heat input,
while the strength degradation in S700 may reach up to 23%, as found
in [6].

∗ Corresponding author.
E-mail address: r.yan@tudelft.nl (R. Yan).

In the case of welded connections with a reduced material strength
of HAZ compared to BM and WM, a transverse constraint on the defor-
mation of HAZ is imposed during tensile loading [5,10]. Therefore, it is
crucial to understand both phenomena, the strength reduction and the
transverse constraint leading to strength increase in HAZ, to properly
evaluate and predict the behaviour of welded connections.

The design rules for welded connections (up to S460) in EN 1993-1-
8 [11] do not consider the strength reduction in HAZ and the strength
enhancement due to the transverse constraint. Since the strength reduc-
tion in HAZ is rather limited for mild steels in practical applications, it
is reasonable to design the connection without considering the effect
of HAZ. The new version of prEN 1993-1-8 [12] stipulates that the
strength of the filler metal should be included in design of a butt
weld if BM is higher than S460 and different filler metal and BM are
used. However, for HSS and ultra-high-strength steel (UHSS, steel grade
higher than S700), the strength of HAZ may be significantly lower than
BM and WM. Using only the strength of filler metal in the design may
lead to an unsafe prediction of the connection resistance. On the other
hand, the resistance of the HAZ could be significantly improved by
the strong transverse constraint from BM and WM. Consequently, the
https://doi.org/10.1016/j.tws.2022.110479
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Table 1
Comparison of HAZ hardness reduction.

References Steel grade Yield strength [MPa] Processing method Heat input [kJ/mm] Hardness reduction in HAZ [%]

Pisarski and Dolby, 2003 [7] RQT 501 550 QT 2.40 16–24
Hochhauser et al. 2012 [8] S700 700 TMCP 0.42–0.76 12–16
Khurshid et al. 2015 [9] S700 700 TMCP 0.41 16

Nguyen, 2018, [6]
S420 420

TMCP
0.48–1.48 0.3–7.5

S500 500 0.48–1.47 1.7–12
S700 700 0.61–1.37 19–23

Cai et al. 2022, [4]

Q550 550 QT 1–1.9 9–15
Q550 550 TMCP 1–1.9 11–17
Q690 690 QT 1–1.9 9–20
Q690 690 TMCP 1–1.9 15–21
effect of transverse constraints on both the strength degradation and
the strength enhancement in HAZ should be considered to provide a
safe and economical design recommendation for welded connections
made of HSS and UHSS.

In this paper, nine butt-welded cold-formed rectangular hollow
section connections, encompassing three steel grades and three thick-
nesses, were used to investigate the geometric and mechanical proper-
ties of HAZ. First, the low-force Vickers hardness tests and microstruc-
ture observation were conducted to determine the width of HAZ and
investigate the hardness deterioration in HAZ. Then, the stress–strain
relationship of HAZ was established and calibrated based on the tensile
coupon tests and finite element analysis (FEA) using the equivalent
material approach introduced in Section 2. A new methodology of a
semi-empirical constitutive model following the Swift model [13] is
proposed for HAZ, based on the mechanical properties of BM. Finally,
using the calibrated HAZ stress–strain relationship, an attempt was
made to reveal the effect of transverse constraint on the resistance of
welded connections under the coupon specimen scale level and the
hollow section scale level.

2. State of the art

The stress–strain relationship of HAZ plays a crucial role in the
numerical analysis of welded connections [5]. Three approaches have
been proposed in the literature to directly obtain the HAZ stress–strain
relationship from the tensile coupon tests. In the first approach (micro
specimen approach), a micro tensile coupon specimen fabricated from
a single material zone, such as HAZ, can be used to establish the stress–
strain constitutive model [14–17]. The advantage of this method is that
the stress and strain of a single zone could be directly measured from
the experiment, provided that the testing material in one specimen is
homogeneous. However, the microstructure of HAZ varies in directions
perpendicular to the welding seam direction, resulting in an irregular
width of HAZ. It is rather difficult to ensure the homogeneity of the
material in the micro-specimen. In addition, the fabrication and testing
procedures are time-consuming and costly compared to the standard
coupon tests. Alternatively, a thermal simulation machine can be em-
ployed to reproduce the temperature–time history in different HAZ
sub-zones of a welded connection [2,18]. In this approach (thermal
simulation approach), the thermal cycles are applied on steel plates to
make the microstructure identical to the corresponding HAZ sub-zone.
Note that obtaining a homogeneous HAZ microstructure is essential for
this method in order to correctly calibrate the material model for each
zone. Finally, the constitutive models of each HAZ sub-zones are ob-
tained using the coupon specimens fabricated from the thermal-treated
plates.

In another (semi-)direct approach (equivalent material approach),
a coupon specimen with a butt weld in the middle transverse to the
loading direction is tested in tension to establish the stress–strain
relationship of HAZ and WM, using the digital image correlation (DIC)
measuring technique [19–28]. The specimen is often milled to a thin
layer before testing to obtain a constant width of HAZ through the

thickness. Note that the measured stress–strain relationship of WM is

2

extended using a theoretical model to complete the relationship when
the weld failure does not occur. This approach is often accompanied
by an inverse method to calibrate the material constitutive model of
HAZ with the aid of finite element (FE) analysis. In the inverse method,
the constitutive model is calibrated by fitting the FE results to the
experimental results. The key parameters are adjusted based on the
difference between FE and experimental results. The stress is obtained
based on the uniform stress assumption [19], which is the total load
divided by the cross-sectional area. The strain is derived using the
measured local deformation of each zone. Note that the initial gauge
length for measuring the local deformation may vary in different zones.

Two issues should be addressed to establish a proper constitutive
model using the equivalent material approach. Firstly, although a high-
strain region during the tensile test could be observed in DIC results,
determining the measuring gauge length of HAZ is not straightforward
as the boundary of HAZ is vague. In addition, the identified width of
HAZ and WM are required for generating the FE model to calibrate the
constitutive model using the inverse method. Yan et al. [10] proposed
a method to identify the boundary of HAZ based on the different stress
states in HAZ (biaxial in tension) and BM/WM (combined tension and
compression) at the plastic deformation stage. The different stress states
result from the transverse constraint imposed by BM and/or WM on
HAZ.

The second issue in constructing a constitutive model for HAZ is
to eliminate the effect of the transverse constraint from the measured
stress–strain relationship. Yan et al. [5] proposed a possible solution
by introducing a linear modification factor established in combined
FEA and DIC analysis. The main idea is to reduce the measured true
stress of HAZ. The beginning and the end of the modification factor
correspond to the 0.2% proof stress yielding point and the necking
point of HAZ, respectively. The modification factor is calibrated based
on the inverse method. First, the measured HAZ constitutive model
is directly used in FEA. Then, the FEA results are compared to the
experimental results regarding the strain distribution on the specimen
surface and the load–deformation relationship. The modification factor
is then established by comparing the results. The modification factor
can be calibrated in a trial-and-error procedure or by updating the
material model in the so-called finite element model updated (FEMU)
approach. The FEMU has been used to calibrate the mechanical [29,30]
and thermal parameters [31] of metal materials. In the FEMU approach,
a constitutive model with several assumed parameters is required as a
starting point for the calibration procedure. The difference between the
FEA and the experimental results is evaluated using a cost function. The
target parameters are calibrated by minimizing the cost function.

Instead of the inverse method, the virtual fields method can be
applied, as has been done to calibrate the heterogeneous constitu-
tive model in a friction stir welded connection based on the tensile
welded coupon tests [22,32]. According to these studies, the calibrated
results show good agreement with the results of the uniform stress
method [22], as the same assumptions, the plane stress condition and
the different zones arranged in series in the thin coupon specimen, were
made.
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Fig. 1. Welded tubes.
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In addition to the three direct approaches, attempts have been made
to generate the HAZ constitutive model through two indirect experi-
mental approaches. Firstly, the Vickers hardness test [4,17,33,34] can
be used to predict the material yield and ultimate strength according to
the empirical correlation between the material hardness and strength.
The constitutive model parameters are determined based on the ma-
terial strength derived from the material hardness. Another indirect
approach evaluates the material constitutive model by the highest tem-
perature measured during the welding process [35,36]. First, a thermal
FEA is conducted to obtain the highest temperature of each element
in a welded connection. Then, every element in the mechanical FEA is
assigned a modified stress–strain relationship depending on the highest
temperature. Finally, the material model is validated by comparing the
load–deformation relationships obtained from the experiment and FEA.

3. Experimental and numerical tests

3.1. Test specimens

In this study, the stress–strain constitutive model of HAZ is inves-
tigated using nine profiles in three steel grades (S355J2H, S500MH,
and S700MLH) and three thicknesses for each steel grade (4 or 5 mm,
8 mm, and 10 mm). Note that the S355 material has double steel grades
S355J2H/S420MH. Five nominally identical tubular specimens for each
 b

3

Table 2
Nominal dimensions of hollow sections and the position of coupon specimens.

Code name Steel grade Profile t [mm] r [mm] d [mm]

S355t5
S355

100 × 50 × 5 5 9 20
S355t8 140 × 140 × 8 8 20 25
S355t10 160 × 160 × 10 10 25 35

S500t4
S500

140 × 140 × 4 4 8.5 25
S500t8 140 × 140 × 8 8 20 25
S500t10 160 × 160 × 10 10 25 35

S700t5
S700

120 × 120 × 5 5 9 25
S700t8 120 × 120 × 8 8 20 26
S700t10 120 × 120 × 10 10 25 17

profile were fabricated by welding two tube pieces together, as shown
in Fig. 1. The profiles were square hollow sections (SHS) except for
one rectangular hollow section (RHS) with a 5 mm thickness made
of S355. The profile nominal dimensions, the thickness (t), and the
outer corner radius (r) of the hollow sections are presented in Table 2.

he code name of each profile consists of the steel grade and the
ominal thickness. For example, S355t8 stands for the profile with S355
aterial and 8 mm nominal thickness. All tubes were manufactured by

old-forming thermo-mechanically rolled steel strips.
A single-bevel V groove was prepared on both tubes in a connection
efore welding, as shown in Fig. 2. Two bevelled tubes were manually
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Fig. 2. The cross-section of the weld zone.

Table 3
Mechanical properties of filler metals.

Code-name Yield strength [MPa] Tensile strength [MPa] A [%]

Carbofil 1 502 574 28
Union NiMoCr 720 780 17

welded by a full-penetration butt weld at a Dutch fabricator expe-
rienced in welding high-strength steels. The metal active gas (MAG)
welding process was used according to the standard EN ISO 3834-
2:2005 [37]. The minimum preheat temperature and the maximum
interpass temperature were 20 ◦C and 200 ◦C, respectively. The heat
nput ranged between 1.0 kJ/mm and 1.4 kJ/mm. The shield gas
ontained 60% Ar, 30% He, and 10% CO2. The filler metal Carbofil
was used for S355 tubes, whereas S500 and S700 tubes were welded

y Union NiMoCr. The mechanical properties of filler metals provided
y the fabricator are presented in Table 3. The chemical compositions
f the base material and the filler metal given in the product certificate
n weight percentage are shown in Table 4.

Three types of specimens were fabricated by water-jet cutting from
he flat part of the wall opposite the side with the longitudinal weld,
s depicted in Fig. 3. Conventional coupon specimens were extracted to
btain the BM stress–strain relationship. Two weld samples, cut from
elded tubes (N1 and N2), were used to conduct the low-force Vickers
ardness test (HV 0.5) and the microstructure observation. Welded
oupon specimens with a butt weld in the middle were taken from
he fabricated tube. Due to the weld reinforcement, the uniform stress
ssumption is not valid for HAZ, and the deformation of a distinct mate-
ial zone (HAZ or WM) is not measurable using DIC. Hence, the welded
oupon specimen was milled to a central thickness zone of 3 mm to
ave as ‘‘parallel’’ as possible boundaries of HAZ and ‘‘perpendicular’’
o the applied load. In addition, since the S355t10, S500t10, and S700t8
ubes were sufficiently wide, one additional row of coupon specimens

as cut from the centre of the tube. Two extra welded specimens were m

4

not milled (weld reinforcement remained) to investigate the tensile
behaviour of the complete weld zone. The two cutting schemes for the
wide and narrow tubes are presented in Fig. 3. Note that the specimens,
except for the central specimens, were symmetrically positioned around
the central axis of the tube with a distance (d), as shown in Table 2.

The coupon specimen was designed with a 5.65 proportional co-
efficient following EN ISO 6892-1 [38]. The basic dimensions of the
coupon specimen are presented in Fig. 4. The nominal width (𝑏0) and
thickness (𝑡0) are summarized in Table 5, where the abbreviation ‘No.’
ndicates the tube number. ‘W’ and ‘UMW’ stand for the milled and
nmilled welded coupon specimens, respectively. The last letter, ‘M’,
ndicates that the specimen was taken from the centre row of the tube.
ote there is no defined thickness for the unmilled welded coupon since

he weld reinforcement results in a varying thickness. Besides, specimen
700t5WN2 is not available.

.2. Metallurgical investigation

The weld sample of 40 mm, including an entire weld zone composed
f BM, HAZ, and WM, was prepared for the metallurgical investigation
nd low-force Vickers hardness measurement. First, the sample was
ounted in resin, allowing for convenient handling for subsequent

perations. The sample was then sanded using SiC abrasive papers
ith 196 μm, 75 μm, 46 μm, 21.8 μm,15.2 μm, and 10 μm grit. Next,

he sample was polished using MD/DP-Nap (1 μm cloth) to achieve a
erfect mirror-like surface. Then, the 2% Nital solution was used to
tch the prepared surface until the reflective surface became gloomy.
he etching time was approximately 25 s. Finally, a Keyence VHX-7000
igital microscope was employed to observe the microstructure of the
tched surface.

Since a mirror-like surface is preferred for the HV 0.5 hardness
est, the polishing procedure was repeated after the microstructure
bservation. The standard HV 0.5 test [39,40] was conducted by an
MCO DuraScan 70 G5 automatic hardness tester. Fig. 5 shows the
our indentation lines (in blue) for 8 mm and 10 mm thick samples,
hile three indentation lines were made on 4 mm and 5 mm thick

amples. The parameter Yi describes the distance from the top edge
f the surface to each indentation line. An overview of the used Yi
s shown in Table 6. The orange lines in Fig. 5 indicate the HAZ
oundary preliminarily identified by the observed microstructure. A
.25 mm interval of indentation was used in regions including and
lose to HAZ, while a 1 mm interval was applied for the other re-
ions. Note that the boundary identified by the microstructure is only
sed to determine approximate boundaries for the dense (0.25 mm
nterval) hardness test. Fig. 6 presents the employed samples for the

etallurgical investigation.
Fig. 3. Specimen cutting scheme.
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Table 4
Nominal chemical composition of the base material and the filler metal [wt%].

Code-name C Si Mn P S Cr Ni Cu Mo Ti Al

S355t5 0.07 0.19 1.43 0.013 0.010 0.047 0.044 0.019 0.010 0.014 0.026
S355t8 0.07 0.19 1.42 0.012 0.006 0.051 0.037 0.015 0.008 0.015 0.037
S355t10 0.08 0.19 1.43 0.012 0.004 0.040 0.036 0.013 0.002 0.018 0.037
S500t4 0.06 0.19 1.20 0.011 0.004 0.047 0.036 0.015 0.003 0.002 0.036
S500t8 0.06 0.17 1.21 0.010 0.004 0.044 0.037 0.012 0.003 0.002 0.031
S500t10 0.05 0.17 1.19 0.009 0.003 0.037 0.035 0.012 0.005 0.002 0.030
S700t5 0.06 0.21 1.72 0.012 0.001 0.055 0.043 0.209 0.011 0.100 0.032
S700t8 0.05 0.19 1.81 0.011 0.002 0.041 0.037 0.014 0.005 0.110 0.036
S700t10 0.06 0.18 1.81 0.011 0.003 0.045 0.034 0.012 0.005 0.113 0.041
Carbofil 1 0.078 0.85 1.45 0.008 0.004 0.03 0.01 0.01 0.01 0.02 <0.01
Union NiMoCr 0.09 0.61 1.71 0.005 0.01 0.19 1.47 0.03 0.51 0.06 <0.01
Table 5
Nominal dimensions and annotation of coupon specimens.

Code-name Standard [mm] Milled welded [mm] Unmilled welded [mm]

No. 𝑡0 𝑏0 No. 𝑡0 𝑏0 No. 𝑏0
S355t5 N1, N2 5 16 WN2, WN3, WN4 3 16 – –
S355t8 N1, N2 8 10 WN2, WN3, WN4 3 10 – –

S355t10 N1, N2
N2M1
N2M2

10 8 WN2, WN3, WN4
WN3M, WN4M

3 8 UMWN1M
UMWN5M

8

S500t4 N1, N2 4 20 WN2, WN3, WN4 3 10 – –
S500t8 N1, N2 8 10 WN2, WN3, WN4 3 10 – –

S500t10 N1, N2
N2M1
N2M2

10 8 WN2, WN3, WN4
WN3M, WN4M

3 8 UMWN1M
UMWN5M

8

S700t5 N1, N2 5 16 WN3, WN4 3 20 – –

S700t8 N1, N2
N2M1
N2M2

8 10 WN2, WN3, WN4
WN3M, WN4M

3 10 UMWN1M
UMWN5M

10

S700t10 N1, N2 10 8 WN2, WN3, WN4 3 8 – –
Fig. 4. Basic dimensions of coupon specimen.

Fig. 5. Hardness testing scheme [mm].

.3. Tensile coupon tests

An Instron testing machine with 200 kN capacity was used to
onduct the tensile coupon tests. Displacement-controlled loading with
he rate of 0.01 mm/s was employed, according to the requirements
5

Fig. 6. Samples for the metallurgical investigation.

Table 6
The distance of the indentation line from the top edge [mm].

Code-name Y1 Y2 Y3 Y4

S355t5, S500t4, S700t5 0.5 2.0 3.5 –
S355t8, S500t8, S700t8 1.5 3.0 5.0 6.5
S355t10, S500t10, S700t10 2.0 4.0 6.0 8.0

in [38]. Since the proportional coefficient of the coupon specimen was
5.65, the initial gauge length for all coupon specimens was 50 mm.
The coupon specimens for BM have an initial bow due to residual
stresses generated in the tube during the cold-forming process. An
extensometer was installed on the concave side of the specimen. In
addition to the extensometer, a 3D DIC (ARAMIS) was employed to
measure the deformation on the convex side, as shown in Fig. 7. The
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Table 7
The determined width of HAZ and WM [mm].

Code-name S355 S500 S700

t5WN4 t8WN2 t10WN2 t4WN3 t8WN2 t10WN2 t5WN3 t8WN2 t10WN2

HAZ1 4 3 3 5 4 4 3 3 3.5
HAZ2 3.5 3.5 4 4 4 3.5 3 3 2.5
WM 12 14 11.5 4 9 9 7.5 9.5 9
Fig. 7. Arrangement of measurements in the tensile test.

Fig. 8. Measured surface of the unmilled welded coupon specimen.

load–deformation relationships measured from the two devices were
averaged to eliminate the effect of the initial bow [41]. The same
measuring scheme applies to the milled welded coupon specimen. The
DIC and the extensometer results were identical, as the milled coupon
specimens were not curved. Hence, the testing results only from 3D
DIC were used. For the unmilled coupon specimens, 3D DIC measured
the deformation on the side with the complete weld zone, as shown in
Fig. 8.
6

3.4. Finite element analysis (FEA)

In the case where BM and WM have higher yield and ultimate
strength than HAZ, BM and WM may impose a transverse constraint
on HAZ during the tensile test at the plastic stage, indicating that HAZ
is under a biaxial tensile stress state instead of a uniaxial tensile stress
state. According to the von Mises yield criterion (Eq. (1)), the measured
yield strength (𝜎y) would be higher if the stress in the 𝑥 and z directions,
resulting from the transverse constraint, was larger than 0.

𝜎M =
√

1
2

[

(

𝜎x − 𝜎y
)2 +

(

𝜎y − 𝜎z
)2 +

(

𝜎z − 𝜎x
)2 + 6

(

𝜏2xy + 𝜏2yz + 𝜏2zx
)]

(1)

Consequently, the stress of the measured stress–strain relationship (the
blue dashed line in Fig. 9(a)) is higher at a given strain level than
what would be obtained if the stress state was uniaxial (the red dashed
line in Fig. 9(a)). Yan et al. [5] proposed a method to eliminate the
effect of the transverse constraint from the measured HAZ stress–strain
relationship before necking. In this method, the measured stress is
reduced using a linear modification function defined by two values
(MF1 and MF2 in Fig. 9(a)). The same method is adopted in this
paper to obtain the corrected HAZ constitutive model. Besides, the
stress–strain relationships of BM and WM were taken from the normal
BM coupon test and the milled welded coupon test, respectively. The
measured stress–strain relationship of WM is extended using the Swift
model [13] to generate the complete relationship, as WM did not fail.

The ABAQUS:2019 software package [42] was used to conduct FEA.
Fig. 9(b) presents the 3D FE model for the milled welded coupon
specimens, which is made based on measured dimensions. According to
the hardness results from the central layer (referring to Line 2 and Line
3 in Fig. 5), a limited variation of the HAZ width through the thickness
was found. Hence, a constant width for HAZ and WM is assumed in the
FE model of the milled welded coupon specimen. Since the tensile test
results of each profile show good consistency, only one test, deemed
the most representative (the curve is in the ‘middle’ of all curves), was
simulated to calibrate the values of MFi. The widths of HAZ and WM
were determined using the method proposed in [5,10], where the width
was first derived based on the DIC result and then adjusted during the
FEA calibration procedure. The results are presented in Table 7. Note
that HAZ1 and HAZ2 represent the two HAZ zones besides WM.

A FE model containing the entire welded zone was created for
unmilled coupon specimens to verify the constitutive model of HAZ, as
shown in Fig. 9(c). The widths of the welded zone components are in
accordance with the metallurgical results of weld samples, as illustrated
in Section 4.1. Furthermore, to evaluate the effect of the transverse
constraint in the width direction (the X direction in Fig. 9(b) and (c))
on the resistance of the welded connection, a quarter of welded SHS
was created by extruding the weld cross-section of the S700 unmilled
coupon specimen, as presented in Fig. 9(d). Note that no experimental
tests were conducted on a complete welded SHS cross-section.

For the FE model of coupon specimens, the part within the 50 mm
gauge length was meshed with 0.5 mm mesh size, while the remaining
part uses a coarse mesh in the loading direction. The grip part of the
specimen was not modelled to reduce the number of elements. For the
FE model of the welded SHS, the 0.5 mm fine mesh was only used
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or HAZ, WM, and 5 mm BM region close to the HAZ boundary on
oth sides. Two reference points (RP1 and RP2) were generated at the
entre of two end surfaces or the centre of the entire SHS end surface.
he end surface was controlled by the corresponding reference point

n terms of all three translations and three rotations using the multi-
oint beam constraint (MPC beam). A positive displacement in the Y
irection was applied at RP2 while the other degrees of freedom of
he two reference points were fixed. Additionally, for the welded SHS,

symmetric boundary condition was applied on Surface A and B to
odel the entire SHS cross-section. Quasi-static analysis was performed
sing an explicit solver with a 100 s period and a 0.0001 s target
ime increment. Eight-node hexahedral solid elements with reduced
ntegration (C3D8R) were used for the entire model.

.5. A semi-empirical constitutive model for HAZ

All approaches introduced in Section 2 are rather complicated to
mplement in practice. A semi-empirical material model for HAZ based
n the mechanical properties of BM would be ideal because it will
7

significantly facilitate the advanced analysis of welded connections
where HAZ is critical. Hence, a semi-empirical constitutive model for
HAZ is proposed in this Section. The Swift model [13] (power law) is
employed to generate the true stress-true strain relationship of HAZ.
The expression of the original model is given in Eq. (2).

𝜎t = 𝐴
(

𝜀t + 𝜀0
)𝑛 (2)

where 𝜎t and 𝜀t are the true stress and the true strain, respectively; A,
𝜀0, and n are the Swift parameters. Engineering stress 𝜎e and engineer-
ing strain 𝜀e can be converted to 𝜎t and 𝜀t for the constitutive model in
he range before necking using Eq. (3). Hence, the 𝜎e - 𝜀e relationship
ollowing the Swift model is obtained by substituting Eq. (3) into
q. (2), as shown in Eq. (4).

t = 𝜎e
(

1 + 𝜀e
)

t = ln
(

1 + 𝜀e
)

(3)

e =
𝐴
[

ln
(

1 + 𝜀e
)

+ 𝜀0
]𝑛

(

1 + 𝜀e
) (4)
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Table 8
HV 0.5 Hardness test results.

Code-name N1 N2

Hardness HAZ width [mm] Hardness HAZ width [mm]

BMave HAZmin R Max Min Ave BMave HAZmin R Max Min Ave

S355t5 208 169 0.19 3.0 2.5 2.8 193 161 0.17 3.5 2.8 3.1
S355t8 180 153 0.15 4.0 2.3 3.0 179 156 0.13 3.5 2.5 2.9
S355t10 188 169 0.10 4.0 3.0 3.3 189 166 0.12 3.8 2.8 3.3
S500t4 221 176 0.20 4.3 2.3 3.4 220 178 0.19 4.5 2.0 3.6
S500t8 210 162 0.23 3.3 2.5 3.0 211 164 0.22 5.5 3.0 4.1
S500t10 222 187 0.16 4.5 2.0 3.2 213 183 0.14 3.5 2.5 3.2
S700t5 285 221 0.22 5.5 3.0 4.2 287 208 0.27 8.5(3.5) 2.0 4.7(3.0)
S700t8 277 191 0.31 5.0 2.8 3.5 281 208 0.26 3.3 2.5 2.8
S700t10 287 223 0.22 3.5 2.0 2.5 306 222 0.27 3.5 1.5 2.6
The three Swift parameters can be determined by three equations,
as presented in Eq. (5). The first two equations are established by
substituting the stress and strain at the yield strength point and the
ultimate strength point into Eq. (4). In addition, the derivative of 𝜎e

ith respect to 𝜀e equals 0 at the ultimate strength point, which is the
hird equation.

y =
𝐴
[

ln
(

1 + 𝜀y
)

+ 𝜀0
]𝑛

(

1 + 𝜀y
)

𝜎u =
𝐴
[

ln
(

1 + 𝜀u
)

+ 𝜀0
]𝑛

(

1 + 𝜀u
)

d𝜎e
d𝜀e

|

|

|

|𝜀e=𝜀u
= −

𝐴
[

ln
(

1 + 𝜀u
)

+ 𝜀0
]𝑛−1 (ln

(

1 + 𝜀u
)

+ 𝜀0 − 𝑛
)

(

1 + 𝜀u
)2

= 0

(5)

here the subscript ‘y’ and ‘u’ denote ‘yield’ and ‘ultimate’, respec-
ively. In order to determine the Swift parameters for HAZ, engineering
tress and engineering strain at the yield point and the ultimate point
re required. Three reduction factors (RFs) are proposed to correlate
he mechanical properties of BM and HAZ, as shown in Eq. (6). Note
hat the elongation at fracture, 𝜀f , of BM is correlated to the ultimate
train of HAZ. The reason is explained in Section 4.3.

y,HAZ = RF1 × 𝜎y,BM

u,HAZ = RF2 × 𝜎u,BM

u,HAZ = RF3 × 𝜀f ,BM

(6)

. Test results

.1. Metallurgical investigations

Table 8 presents the HV 0.5 hardness results of all weld samples.
n example of the hardness characteristics is illustrated in Fig. 10. The
inimum HAZ hardness is compared to the average BM hardness by

he ratio R = 1 - HAZmin/BMave, which reflects the strength reduction
n HAZ. The results from two samples for each profile show good agree-
ent. The hardness difference increases as the steel grade increases. For

355 weld samples, the hardness of HAZ is 10% to 19% lower than BM.
he varying range increases to 14%–23% for S500 weld samples and
2%–31% for S700. The hardness difference indicates that the strength
eduction in HAZ is clearly greater in S700 than in S500 and S355.
he hardness difference of the material investigated in this study is
hown in Table 9, while the hardness difference of material found in
he literature is presented in Table 1.

The hardness reduction in HAZ is plotted against the BM nominal
ield strength in Fig. 11. The reference number is given for each
esult. The result of the current study is represented by [*]. It is

orth mentioning again that the S355 material used in this study has

8

Fig. 10. An example of the hardness test result.

Table 9
Hardness reduction in HAZ.

Steel
grade

Yield strength
[MPa]

Processing
method

Heat input
[kJ/mm]

Hardness reduction
in HAZ [%]

S355 355
TMCP

1–1.4 10–19
S500 500 1–1.4 14–23
S700 700 1–1.4 22–31

double steel grades S355J2H/S420MH. The hardness reduction in HAZ
is more significant in the present study than in previous studies. One
of the reasons is that the minimum HAZ hardness is compared to
the average hardness of BM, while the average HAZ hardness is used
in the literature. In addition, Pisarski and Dolby [7] found that the
hardness degradation in HAZ is greater with an undermatching weld
than with an overmatching weld, which might also explain the large
hardness reduction of S700 HAZ (undermatching) in the present study.
The matching type of the weld can be identified from the hardness
contour plot (N2 samples) presented in Appendix. It can be seen that
the WM hardness is roughly equal, higher, and lower than BM for S355,
S500, and S700, respectively, indicating a matching, overmatching,
and undermatching weld was made, correspondingly. Note that no
correlation is observed between the HAZ hardness reduction and the
plate thickness.

The measuring point with hardness below the average BM/WM
hardness is considered to be the boundary between HAZ and BM/WM.
The width of the HAZ is determined using these points, as shown
in Fig. 10. The maximum, minimum, and average HAZ widths of 6
or 8 measurements (2 × 3 or 4 indentation lines) in each sample
are presented in Table 8. The difference between the maximum and
minimum HAZ width is not larger than 1 mm for half of the samples
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Fig. 11. Hardness reduction in HAZ vs. BM nominal yield strength.
Fig. 12. Irregular weld (S700t5N2).

and not larger than 2 mm for 13 out of 18 samples. Considering all
indentation lines, the majority (92%) of HAZ width varies between
2 mm and 4 mm. Since the HAZ width does not show a clear correlation
to the BM thickness and the steel grade, an average 3.2 mm HAZ width
is obtained including all HAZ but not the significantly large HAZ in
S700t5N2 where an irregular shape of the weld was produced, as shown
in Fig. 12. The result excluding the extreme wide HAZ is presented in
the parentheses in Table 8.

Appendix shows the microstructure of the N2 sample for each
profile. The microstructure of the material in the red dashed box is
divided into four categories: (i) BM, (ii) the fine-grain heat-affected
zone (FGHAZ), (iii) the coarse-grain heat-affected zone (CGHAZ), and
(iv) WM. Typical microstructures of four regions are also presented.
The boundary of these regions, represented by the red dashed line,
is identified based on the distinct difference in the microstructure,
which is also used to determine the regions with different intervals
in the hardness test. It can be seen that the identified microstructure
boundaries are in good agreement with the hardness results. The lowest
hardness appears in FGHAZ.

4.2. Calibration of HAZ modification factors

The deformations of the HAZ and WM were obtained from the
DIC results by placing virtual extensometers over each zone in milled
9

Fig. 13. Measuring range of virtual extensometers in DIC.

welded coupon specimens. The metallurgical investigations show that
the width of the HAZ is around 3 mm, and the width of the WM is
usually larger than 7 mm. The fracture in HAZ aligns with the centre of
the 3 mm extensometer, which measures the HAZ deformation. In the
only two cases where the fracture does not appear in HAZ (S355t5WN3
and S500t10WN4 failed in BM), a 3 mm region with the highest strain
at the beginning of the plastic stage is measured. The WM deformation
is measured from the centre 5 mm of WM, smaller than the complete
WM width (generally at least 7 mm) to avoid possible transverse
constraints from HAZ. The measured stress–strain relationship of WM
is also used in FEA for modelling the WM. An example that illustrates
the measuring range of virtual extensometers (range of red arrow) is
shown in Fig. 13.

Following the method proposed in [5], two values of MF1 and MF2
are calibrated for each type of profile and presented in Table 10. It
is worth mentioning that the larger the strength difference between
HAZ and WM/BM is, the higher MF is. No transverse constraint is

observed at the yield point for S355 as MF1 equals 0. Compared to
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Table 10
The calibrated parameters.

Code S355t5 S355t8 S355t10 S500t4 S500t8 S500t10 S700t5 S700t8 S700t10

MF1 [%] 0 0 0 5 5 5 14 4 4
MF2 [%] 4.5 4 5 7.5 3 0 10 8 6
Table 11
Mechanical properties of BM.

Code-name No. 𝑓y [MPa] 𝑓u [MPa] 𝜀f [%] Code-name No. 𝑓y [MPa] 𝑓u [MPa] 𝜀f [%]

S355t5 N1 510 539 23.3

S355t10

N1 524 555 18.2
N2 499 546 25.3 N2 507 537 26.6

S355t8 N1 504 535 26.9 N2M1 491 534 29.7
N2 508 528 26.6 N2M2 514 531 27.9

S500t5 N1 565 635 22.5

S500t10

N1 568 607 21.2
N2 566 638 21.0 N2 597 630 16.7

S500t8 N1 575 609 24.8 N2M1 560 595 24.3
N2 585 614 24.9 N2M2 564 602 22.6

S700t5 N1 767 846 12.3

S700t8

N1 772 845 13.4
N2 756 837 12.9 N2 784 857 13.8

S700t10 N1 812 907 12.2 N2M1 742 820 15.7
N2 819 902 12.9 N2M2 737 811 12.7
Fig. 14. Example of different ultimate strains.
𝑓

S355 and S500, S700 has higher MFs, which aligns with the hardness
results. Besides, MFs of S700t5 are significantly higher than S700t8 and
S700t10. The reason is that the width of S700t5 was 20 mm while the
other two specimens are not wider than 10 mm, which also implies
that the width of the specimen may affect the extent of the transverse
constraint.

4.3. Determination and validation of the HAZ constitutive parameters

The yield strength 𝑓y (0.2% proof stress), the ultimate strength 𝑓u,
and the elongation at failure 𝜀f are determined for BM, as shown in
Table 11.

The modification factors MF1 and MF2 were calibrated for one
specimen of each profile. The calibrated MFs were used to calculate
the modified yield strength 𝑓 ∗

y and the modified ultimate strength 𝑓 ∗
u

for the other specimens extracted from the same profile, see Eq. (7).
The measured strength, the modified strength, and the ultimate strain
𝜀u of HAZ are presented in Table 12 for all welded coupon specimens.
Since the yield and ultimate strength of BM for each profile show good
consistency, the average mechanical properties of BM are compared
10
to HAZ to reveal the correlation between HAZ and BM. Note that the
ultimate strength of HAZ in specimens S500t10WN2 and S500t10WN4
is higher than BM, as the average ultimate strength is used for BM.
Fig. 14 presents the engineering stress–strain relationship of the S355t8
profile. It can be seen that the ultimate strain (corresponding to the
ultimate strength) of the two specimens differ significantly (0.015 for
S355t8N1 and 0.081 for S355t8N2), although the two curves are almost
identical from a global perspective. Hence, the elongation at failure 𝜀f ,
which can also reflect the ductility of the material, is used to compare
with the ultimate strain of HAZ.
𝑓 ∗
y = 𝑓y ×

(

1 −
MF1
100

)

∗
u = 𝑓u ×

(

1 −
MF2
100

) (7)

The yield strength ratio 𝑓 ∗
y,HAZ∕𝑓y,BM, the ultimate strength ratio

𝑓 ∗
u,HAZ∕𝑓u,BM, and the strain ratio 𝜀u,HAZ∕𝜀f ,BM of all tested welded

coupon specimens are presented in Table 12. The ratios of S355 and
S500 vary in a very similar range, where the yield strength and the
ultimate strength of HAZ are on average 13% and 4% lower than
BM, respectively. A significant strength reduction in HAZ is observed
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Table 12
Comparison of HAZ and BM.

Specimen 𝑓y,BM [MPa] 𝑓y,HAZ [MPa] 𝑓 ∗
y,HAZ [MPa]

𝑓 ∗
y,HAZ

𝑓y,BM
𝑓u,BM [MPa] 𝑓u,HAZ [MPa] 𝑓 ∗

u,HAZ [MPa] 𝑓 ∗
u,HAZ

𝑓u,BM
𝜀f ,BM [%] 𝜀u,HAZ [%] 𝜀u,HAZ

𝜀f ,BM

S355t5WN2
505

453 453 0.90
543

561 533 0.98
24.3

18.5 0.76
S355t5WN3 430 430 0.85 549 521 0.96 16.6 0.68
S355t5WN4 431 431 0.85 545 518 0.95 20.0 0.82

S355t8WN2
506

465 465 0.92
531

545 523 0.99
26.8

23.0 0.86
S355t8WN3 451 451 0.89 535 514 0.97 16.8 0.63
S355t8WN4 454 454 0.90 538 516 0.97 16.7 0.62

S355t10WN2

509

474 474 0.93

539

569 541 1.00

25.6

16.2 0.63
S355t10WN3 419 419 0.82 537 510 0.95 18.8 0.73
S355t10WN3M 426 426 0.84 524 498 0.92 20.6 0.80
S355t10WN4 441 441 0.87 541 514 0.95 17.1 0.67
S355t10WN4M 430 430 0.84 535 508 0.94 18.6 0.73

S500t4WN2
566

522 496 0.88
637

643 596 0.94
21.8

15.5 0.71
S500t4WN3 518 492 0.87 645 598 0.94 14.9 0.69
S500t4WN4 522 496 0.88 638 587 0.92 16.2 0.74

S500t8WN2
580

531 504 0.87
612

606 588 0.96
24.9

17.0 0.68
S500t8WN3 504 479 0.83 577 560 0.92 16.0 0.64
S500t8WN4 520 494 0.85 586 573 0.94 13.2 0.53

S500t10WN2

572

564 536 0.94

609

632 632 1.04

21.2

13.3 0.63
S500t10WN3 513 487 0.85 593 593 0.98 19.2 0.91
S500t10WN3M 515 489 0.85 593 593 0.97 13.9 0.66
S500t10WN4 545 518 0.91 615 615 1.01 10.4 0.49
S500t10WN4M 532 506 0.88 610 610 1.00 12.7 0.60

S700t5WN2
762

– – –
841

– – –
12.6

– –
S700t5WN3 585 503 0.66 795 716 0.85 14.7 1.17
S700t5WN4 673 579 0.76 793 713 0.85 10.1 0.80

S700t8WN2

759

589 566 0.75

833

712 655 0.79

13.9

11.7 0.84
S700t8WN3 608 583 0.77 717 660 0.79 12.3 0.88
S700t8WN3M 632 607 0.80 726 668 0.80 11.3 0.81
S700t8WN4 606 581 0.77 709 654 0.79 12.7 0.91
S700t8WN4M 574 551 0.73 707 650 0.78 11.1 0.80

S700t10WN2
816

656 630 0.77
904

780 733 0.81
12.6

11.5 0.92
S700t10WN3 696 668 0.82 789 741 0.82 13.9 1.11
S700t10WN4 701 673 0.83 798 750 0.83 9.2 0.73
in the S700 material, as the average yield strength ratio and the
ultimate strength ratio are 0.76 and 0.81, respectively. It is worth
mentioning that the ultimate strength reduction in HAZ varies in a
very similar range with a maximum 4% difference compared to another
research [4], where the HAZ ultimate strength is predicted based on the
hardness result. The average strain ratio of S355, S500, and S700 are
0.72, 0.66 and 0.84, respectively. Besides, there is no clear relationship
between the ratios and the thickness of the original profile for all
materials.

The yield strength ratio, the ultimate strength ratio, and the strain
ratio of most specimens (at least 9 out of 11 or 10) are not smaller
than 0.84, 0.94, and 0.6 for S355 and S500, and not smaller than 0.7,
0.79, and 0.8 for S700, respectively. Hence, a set of rather conservative
reduction factors (RFs), introduced in Eq. (6), are determined for each
steel grade, as presented in Table 13. Based on the BM average mechan-
ical properties and the determined RFs, the three Swift parameters are
derived for three profiles (S355t10, S500t10, S700t8); see Table 13. The
derived constitutive model of HAZ is further validated by the FEA of
unmilled welded coupon tests. It is worth mentioning that the proposed
HAZ constitutive model is valid for welds using the same welding
method and welding parameters presented. The heat input is in a range
of 1.0 kJ/mm to 1.4 kJ/mm.

Fig. 15 presents the load–deformation relationship of the unmilled
welded coupon tests. The results of the two specimens for each profile
are in good agreement. The fracture of S355t10 and S500t10 specimens
shifts from HAZ in the milled welded coupon specimen to BM in the
unmilled welded coupon specimen, while the S700t8 specimen failed
in HAZ in both the milled and unmilled specimens, as shown in Fig. 16.

Hence, the deformation capacity of S355t10 and S500t10 specimens

11
Table 13
Determined constitutive parameters for HAZ.

Steel grade RF1 RF2 RF3 Code-name A n 𝜀0
S355 0.85 0.95 0.6 S355t10 797 0.167 0.0236
S500 0.85 0.95 0.6 S500t10 851 0.132 0.0122
S700 0.7 0.8 0.8 S700t8 942 0.108 0.0024

are significantly higher than S700t8 specimens. Note that the low
deformation capacity of S700t8 specimens is not attributed to the lower
ductility of S700 BM compared to S355 BM and S500 BM, as a limited
strain (around yielding) was observed in BM. The lower deformation
capacity of S700t8 specimens is also demonstrated by the fact that the
modified ultimate strength of HAZ is smaller than the yield strength of
BM, implying that the HAZ fails before yielding in BM. Besides, with
an increasing measuring length, the deformation capacity increase of
S355 and S500 specimens would be even larger than S700 specimens
since the S355 and S500 specimens have a significantly higher strain
in BM than the S700 specimen.

The shift in the fracture position implies that the transverse con-
straint in the thickness direction, especially resulting from the re-
inforcement of WM, contributes to the HAZ resistance. In addition,
the equivalent ultimate strength (the total load divided by the cross-
sectional area of the parallel part) of the S700t8 unmilled specimens
is on average 769 MPa, which is 8% higher than the average ultimate
strength of S700t8 milled specimens.

The FE results are compared to the experiments in Fig. 15. It can be
seen that the tensile behaviour of the unmilled coupon specimen is well
predicted using the semi-empirical HAZ constitutive model based on
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Fig. 15. Load–displacement relationship of unmilled welded coupon specimens.

Fig. 16. Failure of milled and unmilled welded coupon specimens.

12
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the BM mechanical properties and corresponding RFs. Comparing the
FE ultimate resistance to the experiment, the maximum deviation is less
than 3%. In addition, the FE models successfully predicted the necking
position in experiments (HAZ for S700 and BM for S355 and S500).
Hence, it is concluded that the derived HAZ equivalent constitutive
model can effectively represent the HAZ mechanical properties.

4.4. Effect of transverse constraint on the HAZ resistance

The effect of transverse constraint in the width direction on the
resistance of the welded connection is evaluated in this section based
on the one-quarter welded SHS FE model (see Fig. 9(d)). Note that the
width direction of the specimen refers to the X direction of the milled
and unmilled specimen and the X/Z direction of the SHS model, as
shown in Fig. 9. S355 and S500 unmilled welded coupon specimens
failed in BM, indicating the failure of SHS connections using S355 and
S500 materials would be in BM as well. Therefore, the increasing effect
of the transverse constraint in the width direction cannot be evaluated
by testing S355 and S500 materials in the welded SHS connection.
Hence, only the calibrated HAZ stress–strain relationship of S700t8 was
used to further study the one-quarter welded SHS FE model. Although
the failure still occurs in HAZ, the HAZ equivalent ultimate strength
(the total load divided by the SHS cross-section area) significantly
increases to 𝑓u,HAZ,SHS = 848 MPa, which is almost identical to the
ultimate strength (880 MPa) of the model using the BM stress–strain
relationship for all zones, as shown in Fig. 17.

The verified MF2 for S700t8 indicates that the transverse constraint
in the width direction of the milled coupon specimen results in an
8% strength enhancement in HAZ at the ultimate state (𝑓 ∗

u,HAZ =
0.92 × 𝑓u,HAZ,milled). Comparing the average ultimate strength (S700t8)
of the unmilled welded coupon specimens to the milled welded coupon
specimens, the ultimate strength increases by 8% due to the transverse
constraint in the thickness direction (𝑓u,HAZ,unmilled = 1.08×𝑓u,HAZ,milled).
Therefore, the BM and WM of a full-thickness weld connection may
enhance the HAZ ultimate strength (without the transverse constraint)
by 17% (𝑓u,HAZ,unmilled = 1.08∕0.92×𝑓 ∗

u,HAZ). Furthermore, the enhance-
ment would be even higher if a wider specimen is considered, such
as the welded SHS connection, where the HAZ ultimate strength is
improved by 29% compared to the HAZ ultimate strength (𝑓u,HAZ,SHS =
1.29 × 𝑓 ∗

u,HAZ), see Fig. 17.

5. Conclusions

In this paper, the equivalent mechanical properties of the heat-
affected zone (HAZ) are investigated using a semi-empirical methodol-
ogy. HAZ is considered a homogeneous material, with no distinction of
different volumetric fractions of microstructures. The following conclu-
sions are drawn for welds using the same welding method and welding
parameters presented:

1. For S355 and S500, the yield strength and the ultimate strength
of HAZ are on average 13% and 4% lower than the base material
(BM). The S700 HAZ yield and ultimate strength degradation are
24% and 19% compared to BM, respectively. The ultimate strain
of S355, S500, and S700 HAZ are 0.72, 0.66 and 0.84 times the
BM elongation at fracture, respectively.

2. Three reduction factors (RFs) are proposed to correlate the
mechanical properties of BM and HAZ. The proposed RFs for
the yield strength, the ultimate strength, and the ultimate strain
are 0.85, 0.95, 0.6 for S355 and S500, and 0.7, 0.8, 0.8 for
S700, respectively. The derived HAZ mechanical properties are
used to generate the stress–strain relationship based on the Swift
model. The derived HAZ constitutive model for each steel grade

is successfully validated against the experiments.

13
Fig. 17. Equivalent stress–deformation relationship of welded SHS.

3. The modification factors (MF1 and MF2) account for the trans-
verse constraint imposed by BM and the weld metal (WM) on
HAZ, as the transverse constraint increases the resistance of
HAZ. In an S700t8 welded connection, the ultimate strength of
HAZ in the unmilled welded coupon specimen is 17% higher
than the modified ultimate strength of HAZ. The difference is
increased to 29% due to the higher constraint in the case of the
complete butt-welded SHS.

4. The low-force Vickers hardness test results show that the major-
ity (92%) of HAZ has a width ranging from 2 mm to 4 mm. The
HAZ width does not show any correlation to the steel grade and
the plate thickness. The mean value of HAZ width is 3.2 mm.

For future studies, the stress–strain relationship of HAZ should be
investigated considering different heat inputs, cooling times (𝑡5∕8), and
types of the base material. And the validated range of the proposed
semi-empirical HAZ constitutive model could be expanded.
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Appendix. microstructure observation (FGHAZ: fine-grain heat-affected zone; CGHAZ: Coarse-grain heat-affected zone)
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