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A B S T R A C T

Welding induces microstructural changes in the base metal, forming a heat-affected zone (HAZ) that is especially 
prone to strength degradation in high-strength steel (HSS) connections. While the mechanical behavior of welded 
joints is strongly influenced by the softened HAZ, most existing research has focused on its tensile and fatigue 
properties, with limited attention given to its shear behavior, despite evidence of shear failure mechanisms in 
certain welded structures.

Building on recent advances in damage modeling, this paper calibrates a shear-modified Gurson-Tvergaard- 
Needleman (GTN) model tailored for the HAZ. The GTN model, which uses void volume fraction as a damage 
index and accounts for microvoids and stress triaxiality, is extended here to better capture shear-dominated 
failure modes. In the meantime, shear tests were conducted on coupon specimens extracted from butt-welded 
cold-formed rectangular hollow sections fabricated from three steel grades and three thicknesses. Load- 
deformation curves and local strain measurements are obtained from these shear tests. Finite element (FE) 
simulations of the HAZ, incorporating the shear-modified GTN model, are conducted. The experimentally 
measured load-deformation curves are used to calibrate the parameters of the shear-modified GTN model, while 
the measured local strains serve to validate the FE model. Practical values for the key parameters of the shear- 
modified GTN model are recommended for engineering applications. The estimated ultimate load carrying ca
pacity based on the proposed model is in close agreement (approximately 5 %) with the experimental values. The 
limitations of the proposed model and directions for future research are also pointed out.

1. Introduction

Welding is widely employed to join steel members. The heating and 
cooling process during welding induces microstructural changes in the 
base metal (BM) adjacent to the welds, resulting in the formation of a 
heat-affected zone (HAZ) [1–4]. Strength degradation within the HAZ 
becomes increasingly pronounced with higher steel grades, particularly 
in high-strength steel (HSS) connections [3,5–10].

The strength of the softened HAZ is a critical factor in determining 
the mechanical behavior of welded joints. Hardness measurements 
reveal the inhomogeneity of the HAZ [1,3,5], which partially reflects 
changes in strength but does not fully capture the mechanical response. 
Some studies have calibrated equivalent HAZ models using coupon tests 

and finite element (FE) analyses of welded connections [11,12]. How
ever, most investigations of the HAZ in butt-welded joints have focused 
on tensile strength [4,7,13–15] and fatigue strength [16–19]. Research 
on the shear behavior of the HAZ is limited, despite the identification of 
shear failure mechanisms in HAZ, such as those observed in tubular 
joints [20–22]. To address this gap, the present study investigates the 
shear behavior of the HAZ in butt-welded HSS connections through 
shear tests on the HAZ and calibrates a damage model to account for 
shear effects.

Recent studies on shear-induced damage in HSS, particularly those 
based on punch-shear or blanking tests, have shown that the fracture 
surface typically comprises the rollover zone, shear zone, fracture zone, 
and burr zone, where micro-defects tend to develop into microcracks 
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[23,24]. Among mechanical models incorporating microscale damage 
mechanisms, the Gurson-Tvergaard-Needleman (GTN) model [25–29] 
uses the void volume fraction (VVF) as a damage index and performs 
well under tension-dominated stress states [28,30–36]. However, the 
GTN model demonstrates certain limitations in capturing the mechani
cal behavior under shear-dominated stress conditions [37–39], leading 
to many studies focusing on incorporating shear damage modifications 
into the GTN model [40–50]. Existing shear-modified GTN models have 
certain limitations in application as discussed in Section 2.1 and do not 
address the HAZ. This study aims to fill this knowledge gap by refining 
and calibrating a shear-modified model for the HAZ.

This paper calibrates a shear-modified GTN model for the HAZ, with 
key parameters identified and subsequently determined. Butt-welded 
cold-formed rectangular hollow sections with three different steel 
grades and three thicknesses are fabricated to produce coupon speci
mens for shear testing of the HAZ. Load-deformation curves and local 

strain measurements are obtained from these shear tests. Finite element 
(FE) simulations of the HAZ, incorporating the shear-modified GTN 
model, are conducted. The experimentally measured load-deformation 
curves are used to calibrate the parameters of the shear-modified GTN 
model, while the measured local strains serve to validate the FE model. 
Practical values for the key parameters of the shear-modified GTN model 
are proposed. The estimated ultimate load-carrying capacity based on 
the proposed model closely matches the experimental results, with dis
crepancies of approximately 5 %. The limitations of the proposed model 
and directions for future research are also pointed out.

2. Shear-modified GTN model

2.1. The shear-modified GTN model for calibration

The HAZ with limited area and material heterogeneity is idealized as 
an equivalent homogeneous area for analysis. Previous studies have 
demonstrated that the GTN model calibrated by the tensile tests of HAZ 
specimens can reproduce the mechanical behaviour of the welded con
nections with good agreement between numerical simulations and 
experimental results [20,51]. To consistently characterize the HAZ 
mechanical behaviour across different stress states, a shear-modified 
GTN model is further studied and calibrated to capture HAZ damage 
under shear-dominated stress states.

Table 1 
Summary of the parameters and calibration method.

Parameters Definition Calibration

q1, q2 Parameters to measure the 
influence of VVF on the GTN 
field surface

Calibrated by tensile tests from the 
same welded joints [20].

f0 Initial VVF
fc Critical VVF at the onset of 

rapid increase
ff VVF when the element is 

deleted with only microvoid 
evolution

c, d, K Parameters to modify the Lode 
dependence function

Calibrated by tensile, shear, 
compression and tortion tests in 
the previous study [54].T Parameters to modify the 

failure criterion of Eq. (8)
D0 Initial shear damage Parameters calibrated in this study
Df Shear damage when the 

element is deleted with only 
shear damage evolution

kω Parameters to measure the rate 
of shear damage increase

Table 2 
Parameters calibrated based on previous studies.

Parameters S355 S500 S700

q1=AfB A= 1.443; 
B=− 0.068

A= 1.417; 
B=− 0.079

A= 1.443; 
B=− 0.068

q2 1.015
f0 0.001
fc 0.03288 0.02257 0.01650
ff 0.05
fu =1/q1

c, d, K c = 0.83, d = 0.5, K=− 0.3

Fig. 1. Boundary conditions of (a) unit tensile, (b) pure shear and tensile-shear states.

Table 3 
Information on seven loading cases in the unit cell.

Stress state Uniaxial 
tensile

Pure 
shear

Tensile shear

Reference figure Fig. 1(a) Fig. 1(b)
U1/U2 – 0 0.25 0.5 1 2 4

Node 
coordinates

(0,0,0) Ux=0, Uy=0 Ux=0, Uy=0
(1,0,0) Ux=U1, 

Uy=0
Ux=U1, Uy=U2

(1,1,0) Ux=U1 Ux=U1, Uy=U2, Uz=0
(0,1,0) Ux=0 Ux=0, Uy=0
(0,0,1) Ux=0, Uy=0 

Uz=0
Ux=0, Uy=0 Uz=0

(1,0,1) Ux=U1, 
Uy=0 Uz=0

Ux=U1, Uy=U2 Uz=0

(1,1,1) Ux=U1 Ux=U1, Uy=U2 Uz=0
(0,1,1) Ux=0 Ux=0, Uy=0, Uz=0

Table 4 
Parameters used in the trial unit.

f0 fc ff D0 Df kω T

0.001 0.0165 0.05 0.004 0.04 1 0.1
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Fig. 2. (a) Mises stress versus equivalent strain and evolution of (b) normalized VVF, (c) shear damage and (d) effective damage of different loading conditions (e) 
development of ξ.
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Fig. 3. (a) Mises stress - equivalent strain and (b) shear damage evolution of pure shear unit with different parameters.

Table 5 
Nominal dimensions of hollow sections.

Code name Steel grade Profile Wall thickness t [mm] Outer corner radius r [mm]

S355t5 S355 100×50×5 5 9
S355t8 140×140×8 8 20
S355t10 160×160×10 10 25
S500t4 S500 140×140×4 4 8.5
S500t8 140×140×8 8 20
S500t10 160×160×10 10 25
S700t5 S700 120×120×5 5 9
S700t8 120×120×8 8 20
S700t10 120×120×10 10 25

Fig. 4. (a) The schematic drawing of the cross-section. (b) The etched cross-section of S500MH welded connection (10 mm).
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2.1.1. Shear damage evolution uncoupled with VVF
Shear-modified GTN models that incorporates the shear damage 

evolution into VVF development generally have large variations in 
calibration across different states and tend to over-predict damage at 
high porosity [45,48–50]. Therefore, the shear damage model uncou
pled with VVF is adopted in this study to enhance reliability [52–57]. 
Although the GTN model use damage indexes based on microscale 
mechanism, it is rather difficult to quantify the voids and cracks at the 
micro level. Hence, the material behaviour at the macro level is 
employed to quantify the effect of shear damage on mechanical 
response. This paper draws on the models of Jiang et al [53] and Wu et al 
[54], adopting a shear damage evolution theory based on the 
macro-mechanical test results, as illustrated in Eq. (4), where ω’(θ) is the 
modified Lode dependence function describing the effects from Lode 

angle (θ) or Lode parameters (ξ), S is the deviatoric stress tensor and kω is 
the parameter need to be determined to control the shear damage evo
lution rate. Due to the lack of sufficient experimental evidence, as
sumptions regarding shear damage coalescence and nucleation are not 
considered.

2.1.2. Lode dependence function
Eq. (5) modified by previous studies [53,54] was employed as the 

Load dependence function in order to include the various stress states, 
where c, d and K are the parameters calibrated by mechanical tests in 
general compression stress states and ξ = 27J3/2q3. When stress triaxi
ality (η) is negative, the value of the function gradually decreases with 
the reduction of η until reaching the defined lower limit. For positive η, 
the function remains consistent with the formulation proposed by 

Fig. 5. Inclined HAZ in the weld cross-sections.

Table 6 
The determined width of HAZ and WM [mm].

Steel grade S355 S500 S700

Thickness t5 t8 t10 t4 t8 t10 t5 t8 t10

HAZ1 4.0 3.0 3.0 5.0 4.0 4.0 3.0 3.0 3.5
HAZ2 3.5 3.5 4.0 4.0 4.0 3.5 3.0 3.0 2.5
WM 12.0 14.0 11.5 4.0 9.0 9.0 7.5 9.5 9.0

Y. Gao et al.                                                                                                                                                                                                                                     Thin-Walled Structures 218 (2026) 114027 

5 



Nahshon and Hutchinson [41].

2.1.3. Fracture criteria
In the FE model utilizing the original GTN, an element is deleted 

when its VVF reaches the value of ff. Wu et al [54] and He et al [58] both 
defined the effective damage (Deff) based on the sum of the normalized 
VVF and normalized shear damage, which is suitable for complex 
damage evolution that includes both shear damage and VVF evolution. 
The piecewise function adopted in Wu’s model [54] considers the in
fluence of η and Lode parameters. However, this piecewise function may 
cause the mutations of the Deff value. Therefore, Eq. (7) and Eq. (8), 

referring to [58] and [54], are discussed in the following Sections 2.2 
and 5.2 to determine the fracture criterion. In addition to maintaining 
consistency with the original GTN model calibrated by a series of tensile 
tests, critical VVF (fc) is replaced by fracture VVF (ff) in the following 
study.

2.1.4. Yield function
The yield function proposed by Wu et al [54] avoids the coupling 

between shear damage and hydrostatic stress (p), and has been validated 
for various complex stress states. Therefore, the yield function in Eq. (1)
was adopted.

To conclude, the shear-modified GTN model employed in this study 
is adopted from Jiang et al [53] and Wu et al [54] with minor modifi
cations (excluding shear damage nucleation and coalescence). The 
detailed equations are presented in Eq. (1)-(6). The shear-modified GTN 
model incorporates two decoupled damage evolution mechanisms. The 
damage from VVF evolution (f*) is driven by volumetric strain incre
ment as Eq. (2) shows, and dominates the damage evolution primarily 
under stress states with high stress triaxiality. The shear damage (D) is 
governed by the deviatoric stress components and modulated by the 
Lode parameter, as Eq. (4) illustrates. Under tension-dominated loading 
conditions (e.g., uniaxial or triaxial tension), damage evolution is pri
marily governed by VVF. In contrast, under pure shear conditions where 
volumetric strain is negligible, only shear damage would develop. The 
parameters related to the shear modified-GTN model and determining 
process are summarized in Table 1, and the corresponding values are 
illustrated in Table 2. 

Φ =
q2

(1 − D)2σ2
my

+ 2q1f ∗cosh
(

−
3q2p
2σmy

)

− 1 − (q1f ∗)2 (1) 

Where: 

p = −
1
3

σ : I, q =

(
3
2

S : S
)1

2
, S = σ + pI 

σ and S are the material’s stress tensor and deviatoric stress tensor, 
respectively. I is the identity matrix. q, p and σmy are the von Mises 
equivalent stress, hydrostatic stress, and the flow stress of the undam
aged matrix material from the isotropic hardening model, respectively. 

ḟ = (1 − f)ε̇p
: I (2) 

Fig. 6. (a) Specimen cutting scheme from different profiles. (b) Shear specimen dimensions (unit in mm). (c) The shear specimen cut from S700t8.

Table 7 
Initial dimensions of the shear segment in specimens.

Specimen code S355t5_1 S355t5_2 S355t8 S355t10_1 S355t10_2

Thickness[mm] 3.01 3.04 3.02 3.02 3.03
w0[mm] 3.25 3.25 3.25 3.25 3.53
A0[mm2] 9.79 9.88 9.83 9.82 10.69
Specimens code S500t4 S500t8_1 S500t8_2 S500t10_1 S500_t10_2
Thickness[mm] 2.96 3.03 3.03 3.02 3.03
w0[mm] 3.26 3.25 3.02 3.01 3.75
A0[mm2] 9.65 9.85 9.15 9.08 11.38
Specimens code S700t5 S700t8_1 S700t8_2 S700t10 ​
Thickness[mm] 2.96 2.93 2.98 3.04 ​
w0[mm] 3.25 3.02 3.50 3.00 ​
A0[mm2] 9.61 8.99 10.64 9.00 ​

Fig. 7. Experimental setup.
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f ∗(f) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 f ≤ 0

f f ∈ [0, fc]

fc +
fu − fc

ff − fc
(f − fc) f ∈

(
fc, ff

)

fu f ∈
[
ff ,+∞

)

(3) 

Ḋ = kωDωʹ(θ)
S : ε̇p

q
(4) 

ωʹ(θ) =

⎧
⎨

⎩

(
1 − ξ2)(1 + cK)2

− dK (η < K)
(
1 − ξ2)(1 + cη)2

− dη (K ≤ η ≤ 0)
1 − ξ2 (η > 0)

(5) 

ε̇p
m =

σ : ε̇p

(1 − f)(1 − D)σmy
(6) 

Deff =
f
ff
+

D
Df

(7) 

Deff =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

f
ff
+

D
Df

= 1 (η ≤ 0)

f
ff
+

D
Df

= 1 (ωʹ ≤ T, η > 0)

[2 − ωʹ(θ, η)]
(

f
ff
+

D
Df

)

= 1 (ωʹ > T, η > 0)

(8) 

2.2. Determination of fracture criterion and parametric study of the 
modified-GTN model

A unit cell with one C3D8R element assigned is employed to inves
tigate the effect of each parameter on the mechanical behaviour and 

Fig. 8. Equivalent strain map of S700t5 (a) global surface and (b) around the shear segment.

Fig. 9. Failure of shear test specimens (S700t10).
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Fig. 10. Load - deformation curves of shear tests.

Fig. 11. τ -εes curves of shear tests.
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damage evolution of the shear-modified GTN model under different 
stress states with the fracture criterion of Eq. (8).

Seven different boundary conditions were used to identify the ma
terial behaviour of the modified model. The boundary conditions of 
uniaxial tension, shear and tensile-shear (a combination of tension and 
shear) are set as illustrated in Fig. 1(a) and (b) respectively. U1 and U2 
represent the displacements in the x and y directions, respectively, and 
the ratios of U1/U2 are shown in Table 3. As the U1/U2 increases, 
volumetric strain (driving the evolution of VVF) becomes more domi
nant. In contrast, when U1/U2 decreases, shear strain (affecting the 
development of shear damage) is more significant. Table 3

The calibrated parameters reported in [33,54] are adopted in this 
calculation, as listed in Table 4.

The Mises stress, normalized VVF, shear damage, and Lode param
eters (ξ) versus equivalent strain (ε) of all conditions are depicted in 
Fig. 2.

Fig. 2(a) shows that most of the units in tension-shear states are fully 
damaged earlier with a sharply decreased strength, compared to that in 
the uniaxial tensile state. As for U1/U2=0.25, slower increases in VVF 

and shear damage are observed in Fig. 2(b) and (c), resulting in the 
slower Deff increase and late element deletion even with the multiplier 
(2-ω’) which is higher than 1.

It can be seen from Eq. (2) that only the growth of plastic volume 
affects the development of VVF. However, both normalized deviatoric 
stress plastic work and ξ affect the evolution of shear damage. For 
instance, the curves of U1/U2 = 2, 1, 0.5 in Fig. 2(c) and (e) depict that, 
the normalized shear damage increases with the equivalent strain, and a 
larger ξ also indicates a smaller shear damage increasing rate. Therefore, 
in circumstances with minor plastic volume growth and ξ near unity, it 
would be difficult to reach the deletion point even with large defor
mation. The multiplier which is higher than unity is employed to 
accelerate the Deff increase when ω’ is higher than a certain value, which 
can be seen from the different initial Deff in Fig. 2(d). However, except 
for uniaxial tensile and pure shear cases, the Lode parameters in other 
items will change during the displacement loading process (Fig. 2(e)), 
which reveals that the mutation of effective damage Deff may occur 
unreasonably in the loading process, as the line ‘U1/U2=0.5 Deff’ 
shown in Fig. 2(d).

Fig. 12. (a) ratio of engineering shear strength of HAZ to ultimate strength of BM and (b) engineering shear strain corresponding to the peak load.

Fig. 13. Model of specimens assigned with different properties.
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A stepped part will occur in the descending stage of the load- 
displacement curve as shown in Fig. 20 in Section 5 after the fracture 
starts. There is a large shear damage gradient and VVF gradient near the 
edge of the shear segment, where the fracture initiates. Meanwhile, a 
large gradient of the Lode parameter also exists. If the non-differentiable 
piecewise Deff is adopted and accelerate the deletion of elements in the 
stepped part, the discontinuity of the deletion will be amplified, that is, 
after the edge of the unit is deleted, it will take a longer loading period 
for the elements in the middle part to be deleted, leading to unreason
able stepped post-fracture curves.

Therefore, a modified definition of Deff (Eq. (7)) is proposed, where 
the multiplier is abandoned. The mutation of Deff and the stepped part 
when fracture happens can be avoided.

In the state of pure shear stress, which is only affected by shear 
damage parameters, the effects of D0 and kω on the stress-strain rela
tionship and damage development are shown by changing their values 
as depicted in Fig. 3. A larger D0 will cause the strength reduction upon 
entering the plastic stage, while the effect of kω will be distinct after 
enough accumulation of shear damage. Finally, the value of Df is used to 
control the deleted status of the unit.

3. Shear tests on HAZ

3.1. Materials and specimens

In this research, 9 types of butt-welded cold-formed RHS connections 
with 3 different steel grades (S355J2H, S500MH, and S700MLH, tech
nical terms of delivery EN10219–1 [59]) and 4 different wall thicknesses 
(4 mm / 5 mm, 8 mm, 10 mm) were fabricated to produce the shear 

specimens. Five welded tubes were fabricated for each type. Table 5
contains the nominal dimensions of the profiles, the thickness (t), and 
the outer corner radius (r) of the hollow sections. Full penetration 
welding was performed on two single-V bevelled tubes (45◦ with a 1 mm 
gap at the root). A schematic drawing and etched cross-section are 
presented in Fig. 4. The metal active gas welding (MAGW) was con
ducted at an ambient temperature of 20 ◦C, with an interpass temper
ature lower than 200 ◦C. At least two welding passes (a root and a cap 
pass) were applied, except for the 10 mm thick tube where four welding 
passes (a root, a fill, and two cap passes) were applied. The heat input 
ranged from 1.0 kJ/mm to 1.4 kJ/mm, with the shield gas containing 60 
% Ar, 30 % He, and 10 % CO2. The filler metal Cartbofil 1 was used for 
S355, while Union NiMoCr was employed for S500 and S700.

Shear specimens were fabricated from the tube wall opposite to the 
longitudinal weld of the cold-formed tubes, as depicted in Fig. 6(a). 
Firstly, the tube wall was cut from the tube and milled to a central layer 
of 3 mm. Afterwards, hardness tests were conducted on the milled plate 
(Fig. 5(c)) prior to specimen cutting. The region of HAZ was marked on 
the milled plate, and specimens were cut in a way that the shear segment 
is on the marked HAZ region to ensure the failure in HAZ. The widths of 
weld metal (WM) and HAZs on both sides (HAZ1 and HAZ2) determined 
in previous study [11] were adopted in this paper, as presented in 
Table 6. Fig. 5 presents the region of milled plates (within red lines) and 
the 3 mm assumed HAZs (within blue lines) of three examples with 10 
mm, 8 mm, and 4 mm thickness. It can be seen that HAZs’ position on 
the top and bottom surfaces of the plate varies significantly. However, 
the variation of HAZs’ position in the central 3 mm layer is limited, 
which are 0.45 mm, 0.40 mm, and 1.14 mm for plates with the thickness 
of 10 mm, 8 mm, and 4 mm, respectively. The shear segment is designed 

Fig. 14. True stress-plastic true strain relationships of (a) BM, (b) WM and (c) Undamaged true stress-plastic true strain relationships of HAZ.
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to be 3 mm as shown in Fig. 6(b), which is smaller than the determined 
width shown in Table 6, especially that 4 mm to 5 mm HAZ widths were 
identified for 4 mm plates. In addition, the region of HAZ is determined 
based on the hardness test results on the milled plate. The chosen HAZ, 
where the shear segment is applied, had a limited position variation on 
two sides of the milled plate according to the hardness test results. 
Therefore, the employed method, as a compromised solution, is valid. 
The average thickness, width of shear segment (w0) and calculated area 
(A0) of the shear segment of specimens are shown in Table 7.

3.2. Experimental setup and procedure

An Instron testing machine with a 200 kN capacity was used for the 
shear tests. A displacement-controlled load with a rate of 0.002 mm/s 
was employed. 3D digital image correlation (DIC) was used to measure 
the global displacement and local strain during the experiment. The 
spatial resolution of the system is approximately 23 μm/pixel. A stan
dard calibration process following the instructions of ARAMIS 2021 was 
conducted before the test. The calibration deviation was 0.03 pixels, 
lower than the limiting value of 0.1 pixels. Fig. 7 presents a represen
tative example of the experimental setup.

DIC tracks the displacement field of surface speckle patterns during 
loading. By comparing images at each loading step, the deformation 
regarding the displacement and local strain on the specimen surface can 
be accurately measured. For the critical area, especially with complex 
geometry, the strain contour plot reveals more information than the 
traditional measuring method, such as strain gauges and extensometers.

A fine random speckle pattern with small particle size was applied 

during specimen preparation to ensure sufficient grayscale variation 
within the small field of view of the DIC system. The DIC system’s 
camera and light source were mounted next to the testing machine. The 
shooting frequency was 1 Hz. The commercial software ZEISS INSPECT 
Correlate 2023 was used to analyze experimental data. The subset size 
and the step size are two parameters that directly affect the resolution of 
deformation measurements. The step size needs to be adjusted with the 
subset size to balance coverage and computational efficiency. A larger 
subset size together with a larger step size contains more speckles and 
has higher robustness during computation but less spatial resolution, 
which means less information in the recognition of edges and details. 
The smaller subset and step size are more sensitive to the local defor
mation on a small scale and lead to a higher resolution, but the mea
surements are more prone to noise due to fewer speckles included for 
computation and have a higher calculation cost due to a higher number 
of subsets to analyze. Therefore, the size of the subset and the step size 
for the global surface component were set to 19 pixels and 7 pixels, 
respectively. A virtual extensometer of 40 mm was established, as shown 
in Fig. 8(a), to measure the global deformation and generate the load- 
deformation relationship data, which would be used in the following 
calibration process of the shear-modified GTN model. Simultaneously, 
the equivalent strain distribution around the shear segment was 
measured using inspection points created on the smaller local surface 
component (Fig. 8(b)). For this shear component, the subset size and 
step size were adjusted to 13 pixels and 5 pixels. The recorded local 
equivalent strain would be adopted for the following validation process. 
Given that the width of the shear segment was approximately 3 mm 
(about 130 pixels), the spatial resolution was sufficient to ensure the 
measurement accuracy under such conditions.

3.3. Experimental results of shear tests

Initially, two specimens were designed for each type of welded tube. 
However, due to fabrication errors, i.e. the shear notch was misaligned 
with the identified HAZ, 14 specimens were tested in the end. All 
specimens exhibited the same failure modes as depicted in Fig. 9. The 
load-deformation curves of all tests are shown in Fig. 10. Note that the 
load variation does not necessarily mean the difference in HAZ strength, 
as the width of the shear segment (w0) varies.

Due to the small size of the shear section, the machining error has a 
great influence on the mechanical performance of the specimen. The 
engineering shear stress τ and engineering strain εes were defined as Eq. 
(9) and Eq. (10). 

τ = P/A0 (9) 

εes = U/w0 (10) 

where P is the shear load, and U is the displacement recorded by DIC. A0 
and w0 are presented in Table 7.

As depicted in Fig. 11, there is no pronounced trend in the engi
neering shear strength of specimens with the same steel grade but 
different thicknesses.

As the BM shear tests with the same specimen dimensions are not 
available, the engineering shear strength (τe,HAZ) is compared to the 
ultimate strength of BM (fu,BM) provided in the previous study [11]. The 
results are presented in Fig. 12(a). The shear strength softening in the 
HAZ is more significant in S700 material, while the difference between 
S355 and S500 is minor. Regardless of the steel grade, the softening of 
the 8 mm specimen is always slightly less than that of the other two 
thicknesses.

The same trend was observed in terms of shear ductility. To exclude 
the effect of dimensional errors, Fig. 12(b) shows the average engi
neering shear strain corresponding to the peak load. It can be seen that 
the ductility of the HAZ decreases with the increase of the steel grade. 
This trend is similar to that of the BM of all steel grades.

Fig. 15. Fracture surface with different mesh sizes of (a) 250 μm (b) 125 μm (c) 
100 μm.
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4. FE simulation of HAZ considering the shear-modified GTN 
model

4.1. FE models

The commercial software ABAQUS:2021 [60] was employed to 
conduct the FE analysis. The measured dimensions presented in Table 7
were used. The model was divided into several regions with corre
sponding material properties assigned, as depicted in Fig. 13. The di
mensions of HAZ presented in Table 7 were adopted in the FE models. 
The clamped parts were restricted as the rigid body.

Fixed boundary conditions and displacement loading along the x- 
axis are applied to the reference points (RP1 and RP2) of the rigid part of 
the left and right ends of the specimen, respectively. Other degrees of 
freedom were fully fixed. The detailed boundary conditions are visible in 
Fig. 13.

Each step was set to be 0.02 s and to carry out a displacement loading 
of 5 mm. After the explicit analysis, the ratio of kinetic energy to internal 
energy was kept lower than 0.05, indicating that the simulation results 
can be considered quasi-static.

4.2. Material properties

The true stress-plastic true strain relationships of BM and WM used in 
[20] were adopted in this study, as shown in Fig. 14(a) and (b), where 
the tensile tests of BM (S355, S500 and S700) and corresponding 
butt-welded joints, method of identifying the HAZ [10], and calibration 
process of the corresponding property parameters were reported.

The undamaged true stress-plastic true strain relationships of HAZ 
are shown in Fig. 14(c) according to the parameters reported in [20]. 
The definition of the modified-GTN model does not reveal the Jacobian 
matrix which indicates the tangent stiffness related to the stress and 
strain increment. Therefore, the user-defined material subroutine 

designed for explicit analysis (VUMAT) in Abaqus was employed. The 
subroutine follows the Return Mapping Algorithm, assuming the mate
rial is in an elastic state to predict the trial stress. If the stress exceeds the 
yield surface (which means Φ > 0), it is then returned to the yield sur
face along the normal direction. This step updates the plastic strain, 
stress, and other relevant variables [61].

When Φ > tolerance, according to the associated flow rule and 
Newton iteration method, 

Δεp = Δλ
∂Φ
∂σ (11) 

Δεp,k+1 = εp,k+1 − εp,k = − Φk

/(
∂Φ
∂εp

)k

(12) 

Thus, the increment of the plastic multiplier can be calculated as Eq. 
(13): 

Δλk+1 = −

⎛

⎜
⎝

Φ
∂Φ
∂εp :

∂Φ
∂σ

⎞

⎟
⎠

k

(13) 

Where: 

∂Φ
∂εp =

∂Φ
∂σ

∂σ
∂εp +

∂Φ
∂f

∂f
∂εp +

∂Φ
∂D

∂D
∂εp +

∂Φ
∂σmy

∂σmy

∂εp
m

∂εp
m

∂εp (14) 

Then the increment plastic strain and return step can be calculated as 
Eq. (15) and Eq. (16): 

εp,k+1 = εp,k + Δεp,k+1 (15) 

σk+1
trial = σk

trial +
∂σ
∂εp

(
Δεp,k+1) (16) 

Then the other variables can be updated. The iteration should 

Fig. 16. (a) Shear segment assigned the modified-GTN model (b) Load-displacement curves and (c) normalised fracture displacement under different mesh sizes in 
the shear segment.
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Fig. 17. (a) Load-displacement of S700t5 model with various D0, (b) S355t10 model with various kω and (c) S700t8 model with various Df.
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continue until Φk+1 is less than the tolerance. For the possible situation 
where the VVF approaches zero, the value of q1 may approach infinity, 
so a cut-off maximum value should be set in the program to ensure no 
excessive distortion in the model elements.

The material properties of the WM, BM, and HAZ were assigned to 
the corresponding regions, as shown in Fig. 13. Since the HAZ2 region 
remained in the elastic deformation stage during the entire loading 
process, the shear-modified GTN model was applied only to the HAZ1 

region to improve computational efficiency, while damage evolution in 
HAZ2 was not considered.

4.3. Sensitivity of mesh size

C3D8R meshes were used in this analysis. From previous studies, it is 
evident that the GTN model is sensitive to mesh size and the larger stress 
concentration at the onset of element deletion leads to a more serious 
mesh sensitivity [62–64]. As the mesh size decreases, the 
load-displacement curves show a clear trend towards convergence. 
However, with the same parameters, increasing the mesh size delays the 
model’s element deletion and fracture. Convergence cannot be obtained 
and different mesh distribution leads to different crack propagation 
paths. In this case, the fracture surface of the shear segment would be 
different with the mesh size of 250 μm, 125 μm and 100 μm as shown in 
Fig. 15.

The larger element presents an averaged distribution of damage 
within the mesh size. This reduces stress concentration effects, thereby 
delaying the onset of element deletion. However, as the mesh size de
creases, the damage can become overly concentrated, leading to un
reasonable crack propagation patterns and inaccurate predictions. 
Besides, the overly fine mesh can cause other numerical problems such 
as stress oscillations and computational divergence [65]. To solve the 
problem, the same mesh size should be used in subsequent applications 
to ensure the accuracy of fracture prediction. In this study, the modified 
GTN model is assigned to shear segments, shown in Fig. 16(a), with the 
same parameters and different mesh sizes. The loading results show that 
the 100 to 200 μm mesh can converge in the stress and strain before the 
onset of element deletion but it can be seen from Fig. 16(c) that the 
normalized fracture displacement is nearly linear with the element size, 
and convergence cannot be achieved. When the mesh size is 80 μm, the 
failure mode of the model changes dramatically, so the 100 μm mesh 
calculation is used in the subsequent calibration work.

5. Calibration of shear-modified GTN model

5.1. Parameters calibration procedure

A parametric study on shear specimens has revealed the effects of 
parameters on the macroscopic mechanical response.

The parameter D0 is related to the initial shear damage of the ma
terial. It prominently influences resistance after the elastic stage. A 
higher D0 corresponds to a slower increase in the resistance and a lower 
peak value as shown in Fig. 17(a).

Fig. 17(b) demonstrates the effect of kω on the behaviour of the FE 
model. The parameter kω is associated with the progression of shear 
damage. Its influence becomes increasingly significant as D accumu
lates. A larger kω leads to an early failure as well as a rapid decline after 
peak load. Due to the swifter degradation of the remaining elements 
after the onset of fracture, the resistance drops off more rapidly 
compared with that of smaller kω.

The parameter Df does not affect the calculations before element 
deletion occurs and only determines the individual element deletion. 
Consequently, a smaller Df value results in an earlier element deletion, 
leading to an earlier fracture failure and a more rapid decrease of 
resistance after the onset of fracture, see Fig. 17(c).

Therefore, the tangent stiffness in the hardening phase, peak load, 
fracture displacement and post-fracture behaviour of shear specimens 
are collectively influenced by these three parameters.

The calibration process was conducted as shown in a flow chart in 
Fig. 18. Mean Absolute Percentage Error (MAPE) calculated as Eq. (17)
was used as the index to evaluate the errors of simulated and experi
mental results. Due to observed instability in simulating post-failure 
behaviour, load-displacement data before the load decreased to 90 % 
of the maximum value was determined for error estimation. 

Fig. 18. Flowchart of the calibration process.

Table 8 
Parameters in different fracture criteria.

Fracture criteria D0 kω Df Other parameters

Eq. (7) 0.04 0.5 0.110 –
Eq. (8) 0.04 0.5 0.160 Refer to Table 4
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MAPE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n
∑n

i=1

(
yexp,i − yfem,i

)2
√

yexp,max
(17) 

5.2. Model calibration results

Taking S700t5 for instance, the simulation results of fracture criteria 
in Eq. (7) and Eq. (8) are compared using the same D0, kω, and different 
Df after calibration as displayed in Table 8. The shear damage gradient, 
VVF gradient, and Lode parameter gradient during the loading process 
can be significantly large near the shear segment’s edge as shown in 
Fig. 19. In the circumstance of adopting Eq. (8), after the edge elements 
with ξ near 0.95 are deleted, it will take a larger loading displacement to 
delete the elements at the center, leading to unreasonable stepped post- 
fracture curves compared with the curve of Eq. (7), as shown in Fig. 20.

5.2.1. Comparison of calibration results and test data
As shown by the calibration results of the shear specimens in Fig. 21, 

the shear-modified GTN model can simulate the mechanical perfor
mance of the specimens under shear load. However, the descending part 
of the curve is not stable in the post-fracture stage. The parameters 
calibrated are shown in Table 9.

Moreover, in the calibration process, it was found that the calibration 
results strongly depend on the undamaged matrix property of the HAZ, 
the difference in shear segment width, and the width of the HAZ. It is 
possible to simulate the fracture displacement by adjusting the shear 
parameters but controlling the slope of the descending part after the 
fracture needs further improvement.

5.2.2. Verification of the modified GTN model based on the test data (local 
strain)

The local strains measured by 3D DIC were used to verify the FE 
model. The equivalent strains were measured from FE models and 
compared with those from 3D DIC at five inspection points (Fig. 22). 
Additionally, since the DIC identification is based on a 13-pixel subset, 
which is approximately 0.3 mm, the average value of integration points 

within a 0.3 mm range in the FE model was taken as the representative 
simulated value, as marked in Fig. 22(a).

The comparison in Fig. 23 demonstrates that the simulated values 
generally align well with the experimental data. The number at the end 
of the legend name denotes the measuring displacement corresponding 
to the limitation of DIC recognition, as marked in Fig. 21. In addition to 
the inherent limitations of the local fracture model, discrepancies in the 
observation of local strains could also arise from differences in specimen 
cutting and model dimensions.

5.3. Conservative solution

The GTN model parameters obtained from the calibration exhibit an 
unclear correlation with the strength or the tube thickness, resulting 
from several potential factors. Firstly, errors in measuring the width and 
thickness of the shear segment may cause discrepancies in calibration 
results. Secondly, the possible heat input variation along the welding 
seam may result in varying HAZ width and strength. Although hardness 
is obtained on the edges of milled plates, the risk of HAZ variation at the 
center of the plate still exists. This difference in specimens and FE model 
directly affects the calibrated equivalent mechanical property of the 
shear segment. Finally, the shear segment was cut from the region next 
to the weld seam. It is possible that a limited portion of BM or WM might 
be involved in the tested shear segment. However, the focus of the 
present study is on the behaviour of the entire region, excluding the 
fracture propagation. The potential small portion of the BM or WM 
might greatly influence the fracture initiation and propagation, but not 
the plastic hardening behaviour. The calibrated parameters are still 
valid.

Considering the abovementioned issues, three groups of parameters 
that can conservatively estimate the mechanical behaviour of shear 
specimens with strength grades of S355, S500 and S700 were proposed 
for practical applications. The determined parameter groups are shown 
in Table 10. The conservative predictions are compared to experiments 
in Fig. 24.

The estimated ultimate load carrying capacity from Fig. 24 are 
compared in Table 11 with the experimental values for each specimen. It 
can be seen that the estimated ultimate load carrying capacity is in close 
agreement (approximately 5 %) with the experimental values with a 
coefficient of variation (COV) of 0.0414.

4. Conclusions and future work

In this study, the shear-modified GTN model was calibrated using 
shear test results from the heat-affected zones (HAZ) of S355, S500, and 
S700 butt-welded cold-formed tubes. Parameters related to tensile 
fracture were adopted from previous GTN model calibrations, while 
shear damage parameters were determined by integrating both experi
mental and numerical results for each material investigated. As a result, 
the modified model is applicable to both tensile and shear fracture. The 
main findings are as follows: 

Fig. 19. (a) shear damage (b) VVF and (c) Lode parameter ξ on the shear segment cross-section before the first element being deleted in the calibration result 
of S700t5.

Fig. 20. Calibrated results of S700t5 with different definitions of Deff.
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Fig. 21. Calibration results.
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Table 9 
Calibration results.

Specimen Code D0 Df kω MAPE

S355t5_1 0.08 0.152 0.4 0.0354
S355t5_2 0.08 0.151 0.4 0.0379
S355t8 0.07 0.138 0.3 0.0212
S355t10_1 0.06 0.120 0.3 0.0203
S355t10_2 0.006 0.360 2 0.0145
S500t4 0.001 0.008 0.8 0.0448
S500t8_1 0.001 0.003 0.4 0.0376
S500t8_2 0.001 0.006 1 0.0340
S500t10_1 0.001 0.0022 0.3 0.0330
S500t10_2 0.015 0.028 0.3 0.0406
S700t5 0.04 0.110 0.5 0.0240
S700t8_1 0.001 0.0023 0.5 0.0121
S700t8_2 0.01 0.05 1 0.0162
S700t10 0.02 0.041 0.5 0.0225

Fig. 22. (a) Average calculation range in FE model and (b) corresponding positions of inspection points in specimens.
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1. The shear strength of HAZ decreases significantly in the investigated 
S700 butt-welded connections compared to those of S500 and S355. 
The shear ductility of HAZ decreases with increasing steel grade.

2. The shear-modified GTN model effectively captures the equivalent 
material behavior of the HAZ in HSS butt welds under shear- 
dominated stress states. The model demonstrates strong agreement 
with both load-deformation relationships and local equivalent strain 
fields. Furthermore, the calibrated shear-modified GTN model is also 
applicable to tensile-dominated stress states.

3. The parameters D0 and kω affect the shear damage accumulation and 
the ultimate resistance. The parameter Df determines the onset of 
failure. The value of Df is affected by D0, kω and the mesh size of the 
model.

4. The steel grade (S355, S500, and S700) and thickness (4 mm/5 mm, 
8 mm, and 10 mm) of the welded tube do not have significant 

influences on the parameters of shear damage. A group of parameters 
is recommended for each steel grade as a conservative practical so
lution to evaluate the mechanical behaviour of HAZ in HSS butt 
welds.

Future research focuses on the following four aspects to increase the 
applicability of the shear-modified GTN model.

(a) Variations in heat input during the welding process leads to dif
ferences in the mechanical properties and distribution of HAZ. A 
more comprehensive investigation concerning a broader range of 
welding parameters should be conducted to understand their ef
fects on the HAZ and to enhance the applicability of the shear- 
modified GTN model.

(b) The shear behaviour of HAZ in the thickness (e.g. for punching 
shear failure of tubular joints) and welding (e.g. for butt-welded 
tubes in torsion) directions was not covered in this study. Further 
investigations are required.

(c) The calibrated shear-modified model should be verified against 
tests of different welded joints considering the differences be
tween coupon and joint specimens, such as the residual stress, the 
scatter of HAZ properties, and welding defects.

Fig. 23. Comparison of experimental and simulation results of equivalent strain in the central line of the shear segment.

Table 10 
Conservative parameter groups for S355, S500 and S700.

Strength grade D0 Df kω

S355 0.080 0.151 0.4
S500 0.015 0.028 0.3
S700 0.040 0.090 0.5
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Fig. 24. Conservative simulation results by FEM and the corresponding experimental results.
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(d) HAZ in different HSS welded connections may exhibit various 
mechanical and microstructural properties under the same 
welding process. More tests on specimens with a wider range of 
grades, thicknesses, and delivery conditions are needed to in
crease the reliability of the proposed parameters.
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[30] F. Fritzen, S. Forest, T. Böhlke, D. Kondo, T. Kanit, Computational homogenization 
of elasto-plastic porous metals, Int. J. Plast. 29 (2012) 102–119.

[31] T.S. Cao, E. Maire, C. Verdu, C. Bobadilla, P. Lasne, P. Montmitonnet, P. 
O. Bouchard, Characterization of ductile damage for a high carbon steel using 3D 
X-ray micro-tomography and mechanical tests – application to the identification of 
a shear modified GTN model, Comput. Mater. Sci. 84 (2014) 175–187.

[32] J. Faleskog, X. Gao, F. Shin, Cell model for nonlinear fracture analysis - I. 
Micromechanics calibration, Int. J. Fract. 89 (1998) 355–373.

[33] R. Yan, H. Xin, M. Veljkovic, Ductile fracture simulation of cold-formed high 
strength steel using GTN damage model, J. Constr. Steel. Res. 184 (2021).

[34] B.V. Farahani, R. Amaral, J. Belinha, P.J. Tavares, P. Moreira, A GTN failure 
analysis of an AA6061-T6 Bi-failure specimen, Procedia Struct. Integr. 5 (2017) 
981–998.

[35] G. Cricrì, A consistent use of the Gurson-Tvergaard-Needleman damage model for 
the R-curve calculation, Frat. Integrità Strutt. 7 (24) (2013) 161–174.
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