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� Post-necking true stress–strain relations of four structural steels are investigated.
� The combined linear and power law is used to describe the post-necking stress–strain relations of steels.
� A ductile damage model is proposed to simulate the damage and fracture of steels.
� The fracture of tensile coupons of the investigated steels is simulated.
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Numerical analyses incorporating appropriate damage models provide an opportunity to predict the
strength and deformation capacity of steel structures. This paper presents a practical calibration for
the ductile damage model of S355 and high-strength steel S690Q, S700MC, S960Q based on tensile cou-
pon test results. A combined linear and power expression is adopted to calibrate the post-necking dam-
aged stress–strain relations of the investigated steels, upon which the undamaged stress–strain relations
are estimated further. Damage initiation criterion is based on the Rice-Tracey model and damage evolu-
tion law is related to the calibrated damaged stress and the estimated undamaged stress. Fracture of the
tensile coupons is modelled using a critical damage variable. Tensile coupon tests on the investigated
steels are modelled in ABAQUS with the explicit solver. Results show that combining the proposed
post-necking stress–strain relations and ductile damage model generates very good predictions for strain
localization and final fracture of the tensile coupons. Numerical engineering stress–strain curves agree
well with the experimental results. It also indicates that high-strength steels are more susceptible to
damage than S355. The damage variable of S960Q is about 2 times as large as that of S355 from the onset
of necking to the final fracture.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

High-strength steels (HSS) have been widely used in engineer-
ing structures (offshore structures, building and bridge structures,
etc.) and engineering equipment (engineering vehicles, crane facil-
ities, etc.) [1–4]. Application of HSS has the potential to reduce
plate thickness in welded structures for saving welding costs and
to support much higher external loads for realizing more innova-
tive structures. HSS are normally manufactured by quenching
and tempering (Q&T) process or thermo-mechanically controlled
process (TMCP) [5–7]. The progress of these two processes pro-
motes the massive application of HSS. The microstructure of HSS
is different from that of conventional mild steels due to special
manufacturing process, resulting in an improved tensile strength
at the expense of material ductility. Therefore, the plastic design
method for structures using mild steels may not be fully applicable
to the design of HSS structures. The effect of less material ductility
of HSS on structural resisting performance is one of the major con-
cerns for practical applications [8–11].

The variation of structural strength and deformation, resulted
from the occurrence and evolution of material damage, could be
numerically predicted by incorporating appropriate steel damage
or fracture models [12–22]. Kanvinde et al. [12–14] investigated
the applicability and accuracy of two micromechanics-based duc-
tile fracture models, the stress modified critical strain (SMCS)
model and void growth model (VGM), for predicting the crack ini-
tiation of structural steels at locations without macroscopic initial
flaws. Both models integrate plastic strains and triaxial stresses to
predict crack initiation, and the former only uses the critical values

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2020.120632&domain=pdf
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while the latter considers the loading histories of plastic strains
and triaxial stresses. The uniaxial true stress–strain relation plays
an essential role in the simulation of ductile fracture predictions
due to large deformations occurring in strain localization regions.
However, the calibration of true stress–strain relation for each
structural steel was not implemented in detail before the parame-
ter identification for the fracture models, which might lead to some
deviations for the identified parameters in the fracture models
[12–16].

The GTN damage model is a micromechanics-based porous
plasticity model considering the effect of void growth and coales-
cence through the coupling of material yield surface and hydro-
static stress. It was initially proposed by Gurson [17] and then
modified by Tvergaard and Needleman [18] through introducing
a failure point after which the effect of hydrostatic stress on yield
surface accelerates. Achouri et al. [19,20] reported an experimental
study on the ductile damage mechanism of a high-strength low-
alloy steel and a parameter identification strategy for the GTN
model was calibrated based on the experimental results of notched
specimens. The calibrated GTN model shows very good prediction
capability over a wide range of stress states. Feldman and Schaf-
frath [21,22] recently applied the GTN model in the simulation of
strength and deformation capacity of centre-holed HSS plates
under tensile loading. The numerical load–displacement curves
agree well with the experimental results even including the post-
fracture stages. Although the GTNmodel could be used in the dam-
age and fracture simulation of steel structures, there are at least 7
parameters that must be identified for each steel [19] and the com-
monly performed tensile coupon tests cannot offer enough results
for the parameter identification, which makes it inconvenient to
apply in the simulation of steel structures. Besides, the uniaxial
true stress–strain relation in the GTN model should be input as
the material constitutive in the absence of damage since the effect
of void growth and coalescence is considered by the variable of
void volume fraction in the model. The ‘‘undamaged material con-
stitutive” in large deformations cannot be measured in experi-
ments and the strain hardening property is generally assumed as
a power law [19], which would increase the deviations of parame-
ter identification in the GTN model.

Tensile coupon tests are commonly conducted to determine the
stress–strain relation and basic mechanic properties of steels [23].
Hertelé et al. [24] made a complete review of the conventional
stress–strain models including Ludwik, Ramberg-Osgood, Hol-
lomon, Voce, Swift, and Ludwigson model, which are commonly
used to describe the stress–strain relation in the initial strain-
hardening stage. Afterward, a generic stress–strain model with
two-stage strain-hardening was proposed allowing an accurate
description of pre-necking stress–strain relations. Yun and Gardner
[25,26] recently investigated the pre-necking engineering stress–
strain relations of hot-rolled and cold-formed structural steels by
analysing a large number of experimental stress–strain curves col-
lected from the literature. A quad-linear constitutive expression
and a bilinear plus nonlinear hardening expression were proposed
and calibrated for hot-rolled steels, in which parameters were only
dependent on Young’s modulus, yield stress and ultimate stress. A
two-stage Ramberg-Osgood constitutive model was calibrated to
describe the engineering strain-strain relations of cold-formed
steels. In practice, the pre-necking true stress–strain relation for
numerical analysis can be converted from the measured pre-
necking engineering stress–strain relation based on tensile coupon
tests. Actually, the post-necking true stress–strain relation is also
necessary for simulations when structural behaviours undergoing
large deformations or the damage and fracture behaviours are
analysed. However, the post-necking relation is commonly taken
as an extrapolation of the pre-necking stress–strain relation
[19,27,28] or a linear curve from the true stress–strain at the onset
of necking to the fracture stress–strain derived upon the assump-
tion that fracture true stress and strain are uniform at the critical
necking section [15–16]. Therefore, the post-necking behaviours
are worth being investigated further for the damage and fracture
analysis of steel structures.

From the perspective of continuum damage mechanics [29–31],
the process from the onset of necking to the fracture of a tensile
coupon can be considered as a ductile damage process with void
nucleation, growth and coalescence in the necking region. Accord-
ingly, the post-necking stress–strain relations and ductile damage
behaviours of steels are worth being explored and calibrated based
on the tensile coupon test results in the load-descending phase,
since they are essential to numerically assess the structural resis-
tance and deformation capacity. The objective of this paper is to
present a practical calibration of the phenomenological damage
model for HSS using the full-range engineering stress–strain curves
from tensile coupon tests. S355 and HSS grade S690Q, S700MC,
S960Q are analysed based on the available experimental results
reported in [32–34]. A combined linear and power stress–strain
law is adopted to describe the post-necking damaged and undam-
aged stress–strain relations with respective calibrated weighting
factors. Fracture of tensile coupons is modelled using a critical
damage variable. The proposed damage models are validated
against the experimental results of tensile coupon tests and the
damage properties of each steel are discussed.
2. Post-necking stress–strain relations

2.1. Experimental results

Tensile coupon test results of some HSS reported recently are
used here to investigate the post-necking behaviours mainly
including the material plasticity and damage performance. Ho
et al. [33] performed tensile coupon tests on S690Q and the full-
range engineering stress–strain curves was reported. In the
RUOSTE project [34], material ductility requirements for S700MC
and S960Q were investigated. S700MC is a thermo-mechanically
rolled structural steel made for cold-forming [35] and S960Q is a
structural steel produced by quenching and tempering process
[6]. Besides, Ribeiro et al. [32] investigated the mechanical proper-
ties of the massively used non-alloy structural steel S355 [36]. In
the above studies, full-range engineering stress–strain curves of
the investigated steels were reported. S690Q, S700MC, and
S960Q HSS are the main research objects of this paper. S355 is also
included to compare the mechanical properties between HSS and
mild steel.

Fig. 1 shows the major geometries and dimensions of the tensile
coupons in [32–34]. For S355 coupon, the parallel part has a cross-
section of 15 � 20 mm. The initial gauge length and parallel length
are 50 and 90 mm, respectively. For S690Q coupon, the parallel
part has a 10 � 6 mm cross-section. The gauge length is
43.75 mm, a little less than the parallel length of 50 mm. Same
geometry is adopted for S700MC and S960Q coupons with a
cross-section of 30 � 8 mm at the parallel parts. The initial gauge
length and parallel length are 80 and 100 mm, respectively. Digital
imaging correlation technique or extensometers were used to mea-
sure the elongations of gauge length during the entire loadings. It
needs to be clarified that tensile coupons shown in Fig. 1 are the
geometric models in the finite element analysis (FEA) instead of
the actual coupon geometries. The difference is that the axial
dimension of coupon grip parts is only about 1/3 of the actual
dimension since the main concern of the FEA is the parallel parts
of tensile coupons.

Fig. 2 depicts the experimental full-range engineering stress–
strain curves for S355, S690Q, S700MC, and S960Q adapted from
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[32–34]. In the tests the elongations of gauge lengths were mea-
sured through displacement monitoring systems until the fracture
of tensile coupons. Table 1 lists the experimental material proper-
ties of each steel. Three coupon tests for S355 were reported in [32]
and the experimental stress–strain curve of 2# specimen was
selected for the following analysis. Two coupon tests for S690Q
were reported in [33] and the experimental stress–strain curves
were almost identical except for an evident difference for the strain
at ultimate strength. Given that the following calibration of post-
necking stress–strain relations is related to the strain at ultimate
strength, an average strain at ultimate strength equal to 6.1%, as
listed in Table 1, is considered for analysis. Hence, the engineering
stress–strain curve for S690Q shown in Fig. 2 is an average curve of
the experimental results in [33].

The engineering strain at fracture of each HSS is much less than
that of S355, see Fig. 2. No obvious yield plateau exists in the engi-
neering stress–strain curves of S960Q and S700MC. Besides, the
post-necking engineering stress for HSS has a larger decreasing
rate compared to S355. The material properties listed in Table 1
indicate that the ultimate-to-yield ratios of S690Q and S960Q are
about 1.05, much less than 1.35 for S355. The strains at ultimate
strength and fracture for S700MC are both larger than the corre-
sponding strains for S690Q. The ultimate-to-yield ratio for



Table 1
Experimental material properties (according to [32–34]).

Material properties S355 S690Q S700MC S960Q

Young’s modulus E (N/mm2) 210 000 205 000 214 000 214 000
Yield strength fy (N/mm2) 420 746 760 1010
Ultimate strength fu (N/mm2) 565 785 840 1050
Strain at ultimate strength eu (%) 18.0 6.1 9.5 5.2
Strain at fracture ef (%) 40.0 14.5 18.8 13.2
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S700MC is about 1.10, which is larger than 1.05 for S690Q. Despite
almost similar yield strength of S700MC and S690Q, the ductility of
S700MC is better owing to its higher fracture strain compared to
S690Q.

It needs to be clarified that the geometry and gauge length of
tensile coupons affect the post-necking engineering stress–strain
curves. In addition, the loading rate in tensile coupon tests also
has effects on the uniaxial plastic behaviours [23,37]. Recently
experimental results indicate that the stress–strain relation of
S690 shows a loading rate dependency and the yield and tensile
strength would grow significantly as the increase of loading rate
[37]. Therefore, the engineering stress–strain curves shown in
Fig. 2 and the properties listed in Table 1 cannot represent the
exact differences of the post-necking properties due to the differ-
ences of coupon geometries and loading rates in tensile coupon
tests. Nevertheless, this paper focuses only on a practical proce-
dure of calibrating the ductile damage model based on the
descending stage of engineering stress–strain curves instead of
the exact behaviour comparison for each steel. The engineering
stress–strain curves shown in Fig. 2 are the resources of the mate-
rial properties in the following analysis.

2.2. Post-necking stress–strain laws

The pre-necking true stress–strain relation can be converted
from the experimental engineering stress–strain curve based on
assumptions that the volume of the gauge part remains unchanged
and the deformation in the gauge part is uniformly distributed
under the pre-necking tensile loading. Eq. (1) is the conversion
expressions from engineering stress–strain re-ee to true stress–
strain rt-et. The pre-necking engineering stress–strain relations
shown in Fig. 2 are used to derive the pre-necking true stress–
strain relations for each steel based on Eq. (1) and numerical pre-
necking true stress–strain relations are adopted in the FEA of this
study.

rt ¼ re 1þ eeð Þ ð1:1Þ

et ¼ ln 1þ eeð Þ ð1:2Þ
The post-necking true stress–strain relations cannot be directly

inferred from the descending engineering stress–strain curves as
the deformations in the necking region would no longer be uni-
formly distributed due to the strain localization effect. Therefore,
using a proper expression to describe and calibrate the post-
necking stress–strain relations is of significance. Bridgman [38]
proposed an approximation for the post-necking stress–strain rela-
tion using actual geometries (diameter and radius of curvature) in
the necking region. It is not easy to determine the post-necking
stress–strain relation using this method since measuring the radius
of curvature in the necking region is rather difficult. In the recent
research on calibrating the ductile fracture model of structural
steels [15,16], cylindrical coupon tests were conducted and the
post-necking true stress–strain relation was assumed as a linear
curve from the true stress–strain at the onset of necking to the
fracture stress–strain derived upon the fracture diameter at the
critical necking section. Both Bridgman’s method [38] and the
method used in [15,16] are only applicable to cylindrical coupons
rather than commonly-used coupons with a rectangular cross-
section.

Ling [39] proposed a combined linear and power stress–strain
law to describe the post-necking stress–strain relations, as shown
in Eq. (2).

rt ¼ Wð Þ aet þ bð Þ þ 1�Wð Þ Kent
� � ð2Þ

In Eq. (2), (aet þ b) is the linear stress–strain law; (Kent ) is the
power stress–strain law using Hollomon’s power expression [40];
W is a weighting factor.

For the linear and power laws in Eq. (2), the stress continuity
condition of Eq. (3.1) and the initial necking condition of Eq. (3.2)
need to be satisfied simultaneously.

rt jet¼et;u ¼ rt;u ð3:1Þ
drt

det

����
et¼et;u

¼ rt;u ð3:2Þ

In Eq. (3), rt,u and et,u denote the true stress and true strain at
the onset of necking, respectively. Then, parameters in linear and
power laws can be derived; a ¼ rt;u, n ¼ et;u, b ¼ a 1� nð Þ, and
K ¼ a=nn.

The true stress and strain at the onset of necking for each steel
are calculated according to Eq. (1) based on the corresponding
engineering stress and strain as marked in Fig. 2. Parameters a, b,
K, n in the combined stress–strain law of Eq. (2) can then be calcu-
lated except for the weighting factor W, which will be calibrated
for each steel in the following analysis. Table 2 lists the true stress
and strain at the onset of necking and the corresponding values of
parameters in the combined stress–strain law of Eq. (2) for each
steel.

There is only one unknown parameter, the weighting factor W,
in the combined stress–strain law of Eq. (2) and an appropriate
weighting factor can be calibrated for each steel. In [39], the power
law and the linear law are considered as the lower and upper
bounds for the metallic post-necking true stress–strain relation,
respectively. Therefore, the range of validity for weighting factor
W is defined between 0 and 1. However, it is found that the power
stress–strain law would overestimate the post-necking true stress–
strain relations of some steels [33,41], indicating that the power
law should not be deemed as the lower bound of post-necking
stress–strain relations. Given that the post-necking stress of
S690Q would be overestimated using the power stress–strain law
in Eq. (2), Ho et al. [33] proposed a piecewise expression for
describing the full-range true stress–strain relation of S690Q. The
true stress–strain relation was derived using an instantaneous area
method through successive corrections of stress–strain according
to measured and predicted deformations of tensile coupons, which
made it inconvenient for practical use. Jia and Kuwamura [41] pro-
posed a modified weighted average method to describe post-
necking stress–strain relations, in which the upper bond of post-
necking stress was still described using the linear law in Eq. (2)
and the lower bond was taken as a constant equal to the true stress
at the onset of necking instead of the power law in Eq. (2).



Table 2
Parameters for post-necking stress–strain curves.

Steel rt,u et,u a b K n

S355 666.1 0.166 666.1 555.8 897.1 0.166
S690Q 832.9 0.059 832.9 783.6 984.6 0.059
S700MC 919.8 0.091 919.8 836.3 1143.6 0.091
S960Q 1104.6 0.051 1104.6 1048.6 1284.9 0.051
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In this paper, the combined linear and power law of Eq. (2) is
still adopted to calibrate the post-necking damaged stress–strain
relations of each investigated steel, which means that the damage
induced by the void growth after necking is considered in the post-
necking true stress–strain relations. It is found that the weighting
factor W in Eq. (2) could also be less than zero, with which the
post-necking true stress–strain relations of each steel could be cal-
ibrated. Fig. 3 shows the comparison between engineering and true
stress–strain curves of S355. The pre-necking true stress–strain
curve is obtained based on Eq. (1), while the post-necking true
stress–strain curves are based on Eq. (2) with various assumed
weighting factors from �0.5 up to 1.5. The combined linear and
power law of Eq. (2) generates a smooth stress–strain transition
from pre-necking to post-necking owing to the satisfaction of Eq.
(3). With the increase of the weighting factor W, the post-
necking stress has an increasing trend at the same strain. There-
fore, the only unknown parameter in Eq. (2), weighting factor W,
could be calibrated for each steel with values even less than zero
or larger than 1.
2.3. Post-necking stress–strain calibrations

Tensile coupon tests on the investigated steels are modelled
using ABAQUS package [42], as shown in Fig. 1. The grip parts in
both ends are only about 1/3 of the actual dimensions to improve
the computing efficiency as stated above. The left and right ends in
the modelling are coupled to a reference point at the respective
centre by all freedoms. The left reference point is fully fixed,
whereas for the right reference point, an axial displacement is
applied in the X-direction to realize the tensile loading and other
freedoms are fully constrained. Quasi-static analyses on the tensile
coupon tests are carried out using the explicit dynamic solver in
ABAQUS. Eight node hexahedral solid elements with reduced inte-
gration (C3D8R) are used to simulate the behaviour of the tensile
coupons. Duration of the tensile loading step is set to 200 s and tar-
get time increment is 0.001 s in all calculations. The FEA engineer-
ing stress–strain curves are obtained by analysing the elongations
0.0 0.2 0.4 0.6 0.8 1.0
0

300

600

900

1200

W =  1.5
W =  1.0 (linear law)
W =  0.5
W =  0    (power law)
W = -0.5

Engineering stress-strain
Pre-necking true stress-strain

St
re

ss
 (N

/m
m

2 )

Strain (mm/mm)

Post-necking true stress-strain

Onset of necking

Fig. 3. Comparisons between engineering and true stress–strain of S355.
of the gauge length and the force in tension at each time step in the
postprocessing.

Material plasticity is input in the simulations in the form of true
stress and true plastic strain. The pre-necking and post-necking
stress–strain relations are based on Eq. (1) and Eq. (2), respectively.
The von Mises criterion is used to describe the yield surfaces with
associated plastic flow in the FEA. Different post-necking true
stress–strain relations, described by the combined law of Eq. (2)
with different weighting factors as shown in Fig. 3 for S355, can
generate distinct post-necking FEA engineering stress-stress
curves. Therefore, the most appropriate weighting factor in the
combined linear and power law of Eq. (2) can be calibrated through
comparing the FEA and experimental engineering stress–strain
curves for each steel.

Mesh size in gauge parts may also affects the strain localization
effect, resulting in some variations in the descending stage of the
FEA engineering stress–strain curves. The FEA models with two
mesh sizes in the gauge parts are calculated for each steel to inves-
tigate the mesh size effects. The investigated steels have three
types of coupon geometries as shown in Fig. 1. S690Q coupon
has the smallest cross-section in the gauge part, two mesh sizes
for S690Q coupon are 0.5 and 0.2 mm, while two mesh sizes for
S355, S700MC, and S960Q coupons are 1.0 and 0.5 mm. In the
FEA models of HSS coupons with the larger mesh size, there are
240 elements in the cross-section of gauge parts.

Figs. 4–7 show the comparisons between the FEA and experi-
mental engineering stress–strain curves of S355, S690Q, S700MC,
and S960Q. The FEA engineering stress–strain curves using three
weighting factors with an interval of 0.1 are exhibited, and the
engineering stress–strain curve with the intermediate weighting
factor is the closest curve to the corresponding experimental curve
for each steel. Using a larger weighting factor in the combined law
of Eq. (2) results in a higher engineering stress in the descending
stage, since a larger weighting factor generates a higher true stress
based on Eq. (2). Mesh sizes in the gauge parts have little influence
on the descending stages of the experimental engineering stress–
strain curves. When the engineering strain is much larger than
the fracture strain of each steel, the finer mesh in the simulations
would produce a smaller engineering stress compared to the coar-
ser mesh. This indicates that the strain localization effect of the
investigated steels is not sensitive to the mesh size in the simula-
tions. The most appropriate weighting factor for describing S355
post-necking stress–strain relation is 0.1, whereas the most appro-
priate weighting factors for HSS are all less than zero with values
equal to �0.3, �0.1, and �0.2 for S690Q, S700MC and S960Q,
respectively.

Fig. 8 shows the calibrated true stress-plastic strain curves for
each steel. The post-necking stress–strain relations are based on
the combined linear and power law of Eq. (2) with the most appro-
priate weighting factors as shown in Fig. 8. A short phase of stress
growth for S960Q and S690Q can be seen after the onset of neck-
ing, and then the true stresses gradually decrease with almost
the same rate. The true stresses for S700MC and S355 after the
onset of necking have a progressively increasing trend. The stress
increasing rate after necking for S355 is slightly larger than that
for S700MC since a smaller weighting factor is calibrated for the
post-necking stress–strain relation of S700MC. The dash line in
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Fig. 4. Weighting factor calibration for S355.
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Fig. 5. Weighting factor calibration for S690Q.

0.00 0.05 0.10 0.15 0.20 0.25
0

200

400

600

800

1000

En
gi

ne
er

in
g 

St
re

ss
 (N

/m
m

2 )

Engineering Strain (mm/mm)

  Experiment
FEA  W =    0
FEA  W = -0.1
FEA  W = -0.2

S700MC  Mesh Size 1.0 mm

0.00 0.05 0.10 0.15 0.20 0.25
0

200

400

600

800

1000

En
gi

ne
er

in
g 

St
re

ss
 (N

/m
m

2 )

Engineering Strain (mm/mm)

  Experiment
FEA  W =    0
FEA  W = -0.1
FEA  W = -0.2

S700MC  Mesh Size 0.5 mm

a) Mesh size 1.0 mm                                                 b) Mesh size 0.5 mm 

Fig. 6. Weighting factor calibration for S700MC steel.

6 F. Yang et al. / Construction and Building Materials 263 (2020) 120632
Fig. 8 shows the full-range true stress–strain relation of S690Q
which is proposed in [33] with a piecewise expression. It can be
seen that the post-necking true stress calibrated based on Eq. (2)
is close to the proposed true stress in [33] and the former has a
slightly smaller value when the true plastic strain exceeds 0.4.
Note that the proposed post-necking true stress–strain curves
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shown in Fig. 8 have considered the effects of void nucleation and
growth during the necking stage, therefore these calibrated stress–
strain relations are applicable to the stress modified critical strain
(SMCS) model and void growth model (VGM), where the damage
induced by void nucleation and growth is incorporated in material
constitutive and the fracture initiation due to void coalescence is
related to plastic strains and triaxial stresses [12–16].

Fig. 9 shows the deformations and contour plots of equivalent
plastic strains (PEEQ) in the necking regions of tensile coupons at
respective fracture load, based on the calibrated material plasticity
for each steel. The deformations at the necking regions under two
mesh sizes are nearly identical for all coupons at respective frac-
ture load. However, the finer mesh in the simulations would lead
to a slightly larger PEEQ at the necking regions. For S355 and
S690Q coupons with the finer mesh, the maximum PEEQ at the
necking regions is about 1.05 times as large as that with the coar-
ser mesh, whereas this ratio is about 1.1 for S700MC and S960Q
coupons. The difference may be caused by the different geometries
of tensile coupons. Besides, the maximum PEEQ at the necking
regions at fracture load is about 0.90 for HSS coupons with the
coarser mesh, while S355 coupon with the coarser mesh has a
slightly larger value equal to 1.07.
3. Ductile damage models

In the ductile fracture model, such as stress modified critical
strain (SMCS) model and void growth model (VGM), it is assumed
that void growth is the major step inducing fracture initiation and
void nucleation strains are generally neglected [12–16]. Therefore,
using the ductile fracture models only the initial fracture can be
predicted. The damage initiation and evolution due to void nucle-
ation and growth cannot be identified accurately since the damage
properties are incorporated in the material constitutive as stated
above. In this paper, a practical damage model for structural HSS
will be calibrated, which is composed of damage initiation crite-
rion and damage evolution law for predicting void nucleation
and growth respectively, and a critical damage variable Dcr is
adopted to predict the initial fracture due to void coalescence.
ABAQUS [42] offers a general capability for modelling the progres-
sive damage and failure of steel materials, requiring the specifica-
tion of (1) the undamaged elastoplastic response, (2) a damage
initiation criterion, and (3) a damage evolution law including a
choice of element removal. The damage initiation criterion will
be introduced firstly as follows.

3.1. Damage initiation criteria

The damage initiation criterion in this paper is to predict the
initial damage induced by void nucleation. Note that the ‘‘damage
initiation criterion” in ABAQUS could also be taken as the fracture
initiation criterion in the VGM, which is determined by plastic
strains and hydrostatic stresses. It is clear that damage induced
by void nucleation will occur when the plastic strain reaches a
threshold [29–31], but no expression can be used to predict the
damage initiation due to the inconvenience of identifying the plas-
tic strain corresponding to void nucleation. Therefore, it is assumed
here that the damage initiation is similarly governed by plastic
strains and hydrostatic stresses as the fracture initiation in the
VGM, as shown in Eq. (4).

e
�pl

D ¼ e
�pl

D g; e
��pl

� �
¼ a � exp �b � gð Þ ð4Þ

In Eq. (4), the equivalent plastic strain (PEEQ) at damage initia-

tion e
�pl

D is a function of stress triaxiality g and strain rate e
pl

as
defined in ABAQUS [42]. Stress triaxiality g ¼ �p=q, p is the pres-

sure stress, q is the Mises equivalent stress. e
pl
is the rate of PEEQ

and its effect on the damage initiation is neglected in this study.

The relationship between damage initiation PEEQ e
�pl

D and stress tri-
axiality g is defined as an exponential function according to the
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Fig. 9. Deformations and contour plots of equivalent plastic strains at fracture loads.
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Rice-Tracey model [43]. a and b are two material parameters. b is
generally taken as 1.5 [43,12–16] while the only unknown param-
eter a could be estimated based on tensile coupon test results. The
damage initiation criterion is met when the condition of Eq. (5) is

satisfied [42], in which e
�pl

is the equivalent plastic strain (PEEQ)
and xD is the damage initiation variable.
xD ¼
Z

de
�
pl

e
�pl

D g; e
��
pl

� � ¼ 1 ð5Þ

In tensile coupon tests, the damage initiation due to void nucle-
ation would occur at the onset of necking, which has been
observed by Achouri et al. [19]. The stress triaxiality g in the gauge
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part is equal to 1/3 before the occurrence of necking. Accordingly,

the damage initiation PEEQ at g ¼ 1=3 can be taken as the PEEQ e
�pl

n

of core elements in the coupon necking region at the onset of neck-
ing. Then, parameter a can be obtained by Eq. (6). The relationship

between damage initiation PEEQ e
�pl

D and stress triaxiality g can be
expressed by Eq. (7) [44]. Fig. 10 shows the damage initiation PEEQ

e
�pl

D vs. stress triaxiality g curves for the investigated steels accord-
ing to Eq. (7). With the increase of stress triaxiality, the damage ini-
tiation PEEQ has a gradually decreasing trend. At the same stress
triaxiality, S355 has the largest damage initiation PEEQ, followed
by S700MC, S690Q, and S960Q.

e
�pl

n ¼ a � exp �1:5 � 1=3ð Þ ) a ¼ e
�pl

n

exp �1:5 � 1=3ð Þ ð6Þ
a) e %1.6=

c) e %0.21=

Fig. 11. Axial plastic strain of the crit
e
�pl

D ¼ a � exp �1:5 � gð Þ ¼ e
�pl

n � exp �1:5 � g� 1=3ð Þ½ � ð7Þ
3.2. Estimation of undamaged stresses

The true stress–strain curves shown in Fig. 8 have incorporated
the damage properties induced by void nucleation and growth,
these curves therefore can be taken as the damaged true stress–
strain relations for each steel. However, the undamaged stress–
strain relations, describing the stress–strain response excluding
the damage effects by void nucleation and growth, are necessary
for the ductile damage model and will be approximately estimated
based on the calibrated damaged stress–strain relations under
some assumptions.

First, the volume of a core element at the critical necking region
in the FEA model is assumed to be constant neglecting the slight
expansion due to large tensile plastic deformation. The expansion
of the core element due to void growth in the necking region is
not included. Eq. (8) can be obtained.

Aele0 � Lele0 ¼ Aele � Lele ) Aele0

Aele
¼ Lele

Lele0
ð8Þ

In Eq. (8), Aele0, Lele0 are the original area and length of the core
element; Aele, Lele are the deformed area and length. The axial strain
of the core element eelet can be estimated as shown in Eq. (9). The
elongation of the core element can then be obtained.

eelet ¼
Z Lele

Lele0

dLele
Lele

¼ ln Lele � ln Lele0 ¼ ln
Lele
Lele0

� �
) Lele

Lele0
¼ exp eeletð Þ

A significant assumption introduced in this study is that the
same original area in the critical necking region will resist the same
axial force in tension in the entire course of tensile loadings. As the
same element size is used in the gauge parts of the FEA models, Eq.
(10) can be obtained.
)b e = 9.0% 

)d e = 14.5% 

ical necking elements for S690Q.
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Fele

Aele0
¼ F

A0
¼ re ð10Þ

In Eq. (10), Fele denotes the axial tension resisted by a core ele-
ment, Aele0 represents its original area. F denotes the axial tension
resisted by the critical necking cross-section, A0 represents the
original area of the cross-section. Then, the undamaged stress relet

of the core element can be estimated by Eq. (11).

relet ¼ Fele

Aele
¼ Fele

Aele0
� Aele0

Aele
¼ F

A0
� Lele
Lele0

¼ re � exp eeletð Þ ð11Þ

Consequently, the undamaged stress relet of the core element
can be estimated according to the engineering stress re of the ten-
sile coupon and the axial strain eelet of the core element corre-
sponding to the same engineering strain.

Fig. 11 shows the deformation and equivalent plastic strain
(PEEQ) distributions of the elements at the critical necking region
for S690Q coupon, corresponding to engineering strains from the
initial necking 6.1% to the final fracture 14.5%. The elements in
Fig. 11 are those at the critical necking region in Fig. 9c with mesh
size 0.5 mm. It can be seen that the PEEQ distribution at the critical
necking region is almost uniform at the onset of necking and the
distribution would be increasingly uneven as the increase of the
engineering strain. The PEEQ of the core elements in the critical
necking region is larger than that of the peripheral elements from
the onset of necking to the final fracture. This indicates that the
final fracture will take place initially from the core of the necking
region. From the simulation of S690Q coupon with mesh size
0.5 mm, the relationship between the axial strain of the core ele-
ments and the corresponding engineering strain can be obtained.

From the tensile coupon simulations using the calibrated post-
necking stress–strain relations, the relationships between the axial
plastic strain (PE11) of the core elements at the critical necking
region and the corresponding engineering strain can be extracted
for each steel, see Fig. 12. As the increase of the engineering strain,
the PE11 of the core elements at the critical necking region gets lar-
ger with an increasing growth rate for each steel. When the engi-
neering strain approaches the fracture engineering strain, the
PE11 of the core elements in the calculation with finer mesh will
be larger than that in the calculation with coarser mesh for each
steel. This indicates that the strain distributions in the necking
region are sensitive to the mesh size when the engineering strains
are close to the fracture engineering strains. The effects of the
mesh size can be neglected when the engineering strains are much
less than the fracture engineering strains.

The undamaged stress of the core elements at the critical neck-
ing region can be estimated using Eq. (11) and the curves shown in
Fig. 12. Fig. 13 shows the estimated undamaged stress vs. the PEEQ
of the core elements at the critical necking region. The finer mesh
in the calculations generates slightly larger undamaged stress
when the coupons approach the final fracture. In most cases, the
effects of mesh size can be neglected. Besides, it is found that the
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estimated undamaged stress for each steel could also be described
using the combined linear and power law of Eq. (2) with calibrated
weighting factors. As shown in Fig. 13, the weighting factors in the
combined law of Eq. (2) for describing the undamaged stress of
S355, S690Q, S700MC, and S960Q are 0.78, 0.54, 0.90, and 0.80,
respectively. Fig. 14 shows the estimated undamaged stress–strain
curves for the investigated steels. The undamaged stresses for
S960Q, S700MC, and S355 have a nearly linearly increasing trend
after the onset of necking due to the weighting factors close to 1.0.
3.3. Damage evolution laws

In the above analyses, the calibrated damaged stress and the
estimated undamaged stress for the investigated steels after neck-
ing have been obtained and expressed by the combined linear and
power stress–strain law with corresponding weighting factors. The
damage evolution law is related to the damaged and undamaged
stress in ABAQUS, which describes the degradation rate of material
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Fig. 16. Engineering stress–strain comparisons between experimental and FEA results.
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stiffness once the damage initiation criterion is reached. The
degradation of material stiffness is modelled using a scalar damage
variable Di [42]. At any given analysing time, the stress in the
material is given by the scalar damage equation as shown in
Eq. (12).

ri ¼ 1� Dið Þr� i ð12Þ

In Eq. (12), r
�
i is the undamaged true stress, which has been esti-

mated and described by the combined stress–strain law shown in
Fig. 14; ri is the damaged true stress shown in Fig. 8. As the dam-

aged true stress ri and the estimated undamaged stress r
�
i have

been obtained in the above analyses, the damage variable Di for
each steel can be calculated by Eq. (13).

Di ¼ 1� ri

r
�
i

ð13Þ

Damage evolution law is input in ABAQUS in tabular form as
damage variable Di in function of the effective plastic displacement

u
�pl

i . The value of u
�pl

i corresponding to Di is defined by Eq. (14) [42].

u
�pl

i ¼ Lchar � e
�pl

i � e
�pl

D

� �
ð14Þ

In Eq. (14), Lchar is the element characteristic length. For C3D8R
element with cubic geometry in the simulations, its characteristic
length Lchar is assumed equal to element edge length same as the

mesh size. e
�pl

i is the PEEQ, e
�pl

D is the damage initiation PEEQ, and

(e
�pl

i � e
�pl

D ) is the ‘‘damage plastic strain”.
Fig. 15 shows the damage evolution laws for the investigated

steels, which are the relationships between the damage variable

Di and the ‘‘damage plastic strain” (e
�pl

i � e
�pl

D ) for each steel. The
damage evolution laws are obtained from the FEA results with
the coarse mesh size. It can be observed that the damage vari-
able Di has an approximately linear-increasing trend as the
increase of the ‘‘damage plastic strain” for each steel. At the
same ‘‘damage plastic strain”, the damage variable Di for
S960Q has the maximum values followed by S690Q and
S700MC. S355 has minimum damage variables. The critical dam-
age variable Dcr is utilized here to realize the ‘‘element removal”
function in ABAQUS. Its value can be calculated based on Eq.
(13) using the damaged and undamaged stresses corresponding
to the fracture engineering strain. As elements reach this level
of degradation, with damage variable Di close to the critical
damage Dcr, the elements will be deleted from the FEA models
to simulate the fracture of tensile coupons. The critical damage
variables Dcr for S960Q, S690Q, S700MC, and S355 are 0.42,
0.37, 0.34, and 0.21, respectively, as marked in Fig. 15. The
investigated HSS have much larger critical damage variables
compared to mild steel S355. The critical damage variable of
S700MC is a little smaller than that of S690Q.
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4. FEA results

4.1. Engineering stress–strain curves

The tensile coupon tests on the structural steels are modelled
incorporating the proposed ductile damage models. The undam-
aged stress–strain curves, shown in Fig. 14, are input as the mate-
rial plasticity. The damage initiation criteria shown in Fig. 10 and
the damage evolution laws shown in Fig. 15 are input as the ductile
damage models. Besides, the critical damage variables Dcr shown in
Fig. 15 are incorporated in the simulations to realize the fracture of
tensile coupons. The same quasi-static analyses are conducted
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using the explicit dynamic solver in ABAQUS. The FEA engineering
stress–strain curves of the structural steels using the proposed
ductile damage models could then be obtained.

Fig. 16 shows the comparisons of engineering stress–strain
curves between the experimental and FEA results with and with-
out the proposed ductile damage models. Both the FEA results gen-
erate very good predictions for the load-descending phases of the
tensile coupon test results. The difference of the FEA results with
and without the ductile damage models is that using the ductile
damage model can simulate the sudden fracture of tensile coupons
by defining the critical damage variable Dcr for each structural
steel.

4.2. Fracture modes

In the FEA results incorporating the proposed ductile damage
models, the damage variable of the elements in the necking region
would gradually grow up to the critical damage variable as the
increase of the axial displacement. When the damage variable of
the elements in the critical necking region reaches the defined crit-
ical damage variable, the elements will be deleted from the FEA
model to simulate the sudden fracture of tensile coupons. Fig. 17
exhibits the final fracture modes of tensile coupons using the pro-
posed ductile damage models. The figures in the left of Fig. 17
show the PEEQ contour plots in the necking region of tensile cou-
pons after fracture. The right figures show the damage variable
(SDEG) contour plots in the necking region of tensile coupons after
fracture. The PEEQ distributions in Fig. 17 for each steel can be
made a comparison with the PEEQ distributions in the left of
Fig. 9. It can be seen that using the proposed ductile damage mod-
els could generate almost the same PEEQ distributions in the neck-
ing region for each steel compared to the results without damage
models. The maximum SDEG in the necking region for each coupon
after fracture is slightly less than the respective critical damage
variable Dcr, because the elements reaching the critical damage
variable Dcr have been deleted from the mesh of the model, as
shown in the right of Fig. 17. The calibrated ductile damage models
for structural steels have been used to simulate the behaviours of
S700MC and S960Q centre-holed plates under tensile loading
[45]. Using the proposed ductile damage models could generate
almost the same numerical load–displacement curves as using
the Void Growth Model (VGM), which are very close to the exper-
imental curves. The initial fracture, determining the deformation
capacity of the centre-holed plates, could be accurately predicted
using the proposed ductile damage models.
5. Conclusions

In this paper, the ductile damage models for S355 and HSS
S690Q, S700MC, S960Q were established based on the available
tensile coupon test results in the literature. A combined linear
and power law was used to describe the post-necking damaged
and undamaged stress–strain relations for each steel with the cal-
ibrated weighting factors. The effects of mesh size on the strain
localization were investigated. The ductile damage properties for
the investigated steels were made a comparison. The following
conclusions are drawn from the analysis of this paper.

1) The combined linear and power law of Eq. (2) can be used to
describe the post-necking stress–strain relations of S355 and
HSS S690Q, S700MC, S960Q with weighting factors equal to
0.1 and �0.3, �0.1, �0.2, respectively. For S690Q and S960Q,
their post-necking true stresses have a short phase of grow-
ing followed by a gradually decreasing trend until the final
fracture. For S700MC and S355, their post-necking true
stresses have a progressively increasing trend until the final
fracture.

2) The post-necking undamaged stress–strain relations are
estimated according to the relationship between engineer-
ing stress–strain and axial strain of the core elements at crit-
ical necking regions of tensile coupons. The estimated post-
necking undamaged stress–strain relations could also be
described using the combined linear and power law of Eq.
(2). The undamaged true stresses for S960Q, S700MC, and
S355 have a nearly linear-increasing trend after the onset
of necking due to the weighting factors close to 1.0.

3) The ductile damage models are established based on the cal-
ibrated damaged stress–strain relations and the estimated
undamaged stress–strain relations. It is verified that the
full-range engineering stress–strain curves and the fracture
modes of the investigated steels can be accurately predicted
using the proposed ductile damage models.

4) The damage variable for each steel has an approximately
linear-increasing trend as the increase of the ‘‘damage plas-
tic strain”. The investigated HSS are more susceptible to
damage compared to mild steel S355. The damage variable
of S960Q is about 2 times as large as that of S355 from the
onset of necking to final fracture.
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