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Abstract
NVA mild steel is a commonly used material in the shipbuilding industry. An accurate model for description of this material’s
ductile fracture behaviour in numerical simulation is still a challenging task. In this paper, a newmethod for predicting the critical
void volume fraction fc in the Guson-Tvergaard-Needleman (GTN) model is introduced to describe the ductile fracture behaviour
of NVA shipbuildingmild steel during ship collision and grounding scenarios. Most of the previous methods for determination of
the parameter fc use a converse method, which determines the values of the parameters through comparisons between experi-
mental results and numerical simulation results but with high uncertainty. A new method is proposed based on the Hill, Bressan,
andWilliams hypothesis, which reduces the uncertainty to a satisfying extent. To accurately describe the stress-strain relationship
of materials before and after necking, a combination of the Voce and Swift models is used to describe the material properties of
NVA mild steel. A user-defined material subroutine has been developed to enable the application of the new parameter deter-
mination method and its implementation in the finite element software LS-DYNA. It is observed that the model can accurately
describe structural damage by comparing the numerical simulation results with those of experiments; thus, the results demon-
strate the model’s capacity for structural response prediction in ship collision and grounding scenario simulations

Keywords Ship collision and grounding . Guson-Tvergaard-Needleman model . NVA steel . Ductile fracture . Finite element
method

1 Introduction

Although many efforts have been made to avoid the occur-
rence of maritime accidents, marine accidents are still

inevitable, and collision and grounding have caused nearly
half of all previous accidents. An effective way to reduce
casualties and economic losses caused by such accidents is
to take the ship crashworthiness and survivability after acci-
dents into consideration during the ship design phase. Thus, it
is necessary to accurately predict the structural deformation
and damage due to collision and grounding accidents.
Numerical simulation methods have always been considered
as useful tools to obtain the structural deformation and dam-
age with low cost (Calle et al. 2017; Prabowo et al. 2017).
However, a widely accepted failure criterion using the finite
element method still has not been achieved, due to the diffi-
culty to accurately define failure criteria for the nonlinear duc-
tile properties of NVA steel (Veritas 2007), which is common-
ly used in shipbuilding.

NVA steel has an intricate ductile failure process in ship
collision and grounding accidents. The ductile failure process
of metallic materials usually consists of three phases, namely
micro-void nucleation, growth, and coalescence. To model the
plastic flow and fracture of ductile metal, Gurson (1977) pro-
posed a cell model with micro-voids in a finite matrix and
deduced the mesoscopic damage model of porous material.
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Tvergaard and Needleman (Tvergaard 1982; Tvergaard 1981)
modified the original model by introducing three additional
fitting parameters. Next, the Guson-Tvergaard-Needleman
(GTN) model was proposed, and it uses the void volume frac-
tion to reflect the development of tiny defects in the material.
Compared with the traditional plastic model, the yield surface
of the Guson-Tvergaard-Needleman model takes into account
the effect of the hydrostatic stress and decreases with the in-
crease of the void volume fraction, which reflects the material
deterioration characteristic with the damage development in
the deformation process. Therefore, the GTN damage model
can be considered an ideal mechanical model for describing
the ductile fracture process of steel materials in simulating
ship collision and grounding accidents.

Failure criteria have always been the focus in research of
numerical simulation investigations on ship collisions and
groundings (Liu et al. 2015a, b). Several crucial criteria have
been proposed in previous research. The combined Rice-
Tracey (Rice and Tracey 1969) and Cockcroft-Latham
(Cockcroft and Latham 1968) criterion (RTCL) proposed by
Törnqvist (2003) has been shown to reasonably predict ductile
fractures, and one parameter needs to be determined to
calibrate the RTCL criterion. The Johnson and Cook (1983)
criterion is believed to be useful in many impact problems
with its constants determined by several model tests.
Assuming that the material stress-strain relationship can be
expressed by the power law expression, the combined BWH
Hill (1952) and Bressan and Williams (1983) instability crite-
rion proposed by Alsos et al. (2008) is able to offer a simpli-
fied way to estimate the onset of local necking. Germanischer
Lloyd supported the criteria proposed by Lehmann and Yu
(1998). The porosity model by Gurson is an advanced damage
model, but the main disadvantage of this model is that many
parameters cannot be determined directly by simple tensile
tests (Törnqvist 2003). Tvergaard and Needleman
(Tvergaard and Needleman 1984; Needleman and Tvergaard
1984) did a great deal of pioneering research in meso-damage
constitutive modelling and application. Based on the GTN
model, many scholars conducted further research. Becker
et al. (1989) performed a finite element analysis to explore
the effect of void shape on damage development in samples
under plane-strain tension. Michel and Suquet (1992)
studied the constitutive law of nonlinear porous materials.
Thomason (1985) established a two-dimensional model
and found that void growth is sensitive to the size and
spatial arrangement. Kuna and Sun (1996) used three-
dimensional cell model analyses to determine that the size
and arrangement of voids and interactions have an impact
on the yield function. Although the GTN damage model
has been continuously developed and used in many fields,
the accurate and quick determination of each parameter
and establishment of a computationally efficient GTN
damage model still require further study.

Hogström and Ringsberg (2012) studied the properties of
NVA materials in ship collision accidents. In this study, three
failure criteria (shear, FLD, and FLSD) are used to initiate dam-
age (DI) at the point of necking, which is followed by a bilinear
law for damage evolution (DE) up to the point of fracture, and
the results show that the shear criterion with DE can best mimic
the experimental results. To reflect the material properties and
describe the ductile failure process of NVAmild steel in a more
accurate way, a new method is proposed in this paper, based on
the Hill, Bressan, and Williams hypothesis and a combination
of the Voce and Swift models. Swift and Voce equations are
commonly used in flow stress models to describe the stress-
strain relationship duringmaterial deformation. NVA shipbuild-
ing mild steel has good ductility. It is difficult to simulate the
mechanical properties accurately using a single Swift or the
Voce equation. To solve this problem, a combination of Voce
and Swift equations is used to describe the hardening curve in
this study; the two equations are used to describe the stress-
strain relationship before and after necking. The GTN model
is used to replace the von Mises yield criterion in this study.
Furthermore, in previous studies (Mahnken 1999; Bonora
1999; Brunet et al. 2005; Croix et al. 2003), the parameters of
the GTN model were usually determined by converse method,
which determines the values of the parameters through compar-
isons between experimental results and numerical simulation
results but with high uncertainty. The new method proposed
in this paper can reduce the uncertainty of the prediction for
critical void volume fraction fc to a certain extent. In this meth-
od, the moment of necking is determined by calculating the
critical yield stress when the material reaches the necking point,
and the void volume fraction f at this moment is determined as
fc. In addition, the user-defined subroutine is programmed to
realize the application of this method in the finite element soft-
ware LS-DYNA. The numerical simulation results obtained by
the GTN damage model with the new method are compared
with the experimental outcomes and numerical results from
Hogström and Ringsberg (2012) to demonstrate the effective-
ness of the method. This proposed method can contribute to the
description of the intricate ductile fracture process of NVAmild
steel and to the prediction of structural response in a more
accurate way for numerical simulations of ship collision and
grounding accidental scenarios.

2 Description of the Constitutive Model

In this section, all of the theoretical foundations and deriva-
tions are introduced. Section 2.1 introduces the development
of the GTN damage model and its main theoretical formulas.
Section 2.2 describes how to use the stress update algorithm to
implement the GTN damage model introduced in Section 2.1
in finite element software LS-DYNA. The selection of a flow
stress model to describe the hardening behaviour of the matrix
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material is explained in Section 2.3, and Section 2.4 presents
the proposed newmethod for determining the parameter fc; i.e.
when the stress reaches the critical value, the value of the
continuously updated void volume fraction f mentioned in
Section 2.2 is the parameter fc.

2.1 GTN Damage Model

Gurson (1977) proposed a cell model with micropores in a
finite matrix, which can describe the influence of micropores
on the mechanical behaviour of the material. To depict the
interaction between voids more effectively, Tvergaard (1981,
1982) introduced the parameters q1, q2, and q3 to make the
numerical results more coincident with the experimental re-
sults. Besides, Tvergaard and Needleman (Tvergaard and
Needleman 1984; Needleman and Tvergaard 1984) intro-
duced a damage function (f*) to explain the phenomenon of
sharp polymerization of voids during material rupture.
Consequently, the GTN model can be expressed as:

Φ ¼ σeq

σm

� �2

þ

2q1 f
*cosh −

3

2

q2σh

σm

� �
− 1þ q3 f

*2� � ¼ 0
ð1Þ

where Φ is the yield function, σeq is the macroscopic von
Mises equivalent stress, σm is the yield stress of the matrix
material, and σh = −σkk/3 is the hydrostatic stress. Three pa-
rameters q1, q2, and q3 modify the original model to better
represent void interaction effects. Normally, q1 = 1.5, q2 =
1.0, and q3 = q1

2. When taking q1 = q2 = q3 = 1.0, the GTN
model degenerates to the original Gurson model. f* is the total
effective void volume fraction to account for the gradual de-
crease of material load-carrying capacity due to the void po-
lymerization. f* approaching zero when the material is undam-
aged, and the yield function φ degenerates into the standard
von Mises form. It is defined as:

f * ¼ f
f c þ κ f − f cð Þ

f ≤ f c
f > f c

�
ð2Þ

where fc is the critical void volume fraction at which void

polymerization initially occur, κ ¼ 1=q1− f cð Þ
f f − f cð Þ is the acceleration

factor of the void growth, and ff is the void volume fraction at
the moment of material fractures.

In addition to the void volume fraction f, plastic flow of the
porous material also depends on the equivalent plastic strain
of the matrix material. Based on the principle of equivalent
plastic work, the evolution function can be obtained as:

dε
pl

m ¼ σ : dεp

1− fð Þσm
ð3Þ

where dεplm is the equivalent plastic strain increment of the
matrix material, and dεp is the plastic strain increment.

The total damage evolution of the material consists of two
parts: the existing void growth and new void nucleation. The
increment of the void volume fraction can be expressed as:

d f ¼ d f growth þ d f nucleation ð4Þ

Assuming that the matrix material is incompressible, the
existing void growth dfgrowth is related to the hydrostatic com-
ponent of plastic strain:

d f growth ¼ 1− fð Þdεp : I ð5Þ

where I is the second-order unit tensor.
Assuming that the void nucleation is controlled by plastic

strain, the change of the void volume fraction caused by nu-
cleation can be expressed as (Chu and Needleman 1980):

d f nucleation ¼ Adεplm ð6Þ
where A is the void nucleation coefficient controlled by plastic
strain:

A ¼ f N
sN

ffiffiffiffiffiffi
2π

p exp −
1

2

ε
pl

m−εN
sN

0
@

1
A

20
@

1
A ð7Þ

where fN is the void volume fraction of the nucleating parti-
cles, εN is the mean equivalent plastic strain at void nucleation,
and sN is the standard deviation of the nucleation strain.

2.2 Numerical Implementation of the Constitutive
Model

In this section, the numerical integration algorithm of the con-
stitutive equation, i.e. the stress update algorithm, is described
in detail. The implementation details of GTN damage model
in finite element software LS-DYNA and a flow chart are
given in Fig. 1.

As a satisfactory mathematical model describing the
ductile fracture process, the GTN model plays an im-
portant role in numerical simulation. Combining the
backward Euler complete implicit algorithm proposed
by Aravas (2010) with the finite element explicit solu-
tion, the implicit calculation of large stiffness matrix by
finite element solver can be avoided when the stress
update of GTN model is realized, which is especially
applicable for sheet metal deformation analysis.

The implementation of stress update algorithm usually in-
cludes two parts: elastic prediction and plastic correction. The
total strain is separated into elastic and plastic parts: ε= εe +
εp. The plastic strain increment also consists of two parts:

Δεp ¼ 1
3Δεplh I þΔεpleqn, w h e r e Δεplh ¼ −λ ∂ϕ

∂σh,Δεpleq ¼
λ ∂ϕ

∂σeq, n is the flow direction, and λ is the scale factor. The

void volume fraction f and the matrix equivalent plastic strain
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εplm are taken as two internal variables of the model. f t and
f t + Δt represent the value f at time t and t + Δt respectively.
The concrete realization steps are summarized as follows:

Step 1. Get the initial condition at time moment t

tσ; tε; tþΔtΔε; tHa

where tHa represents the void volume fraction and matrix
equivalent plastic strain.

Step 2. Calculate the trail elastic stress by assuming that the
strain increment is purely elastic

tþΔtσ
e ¼ tσþ C : tþΔtΔε ð8Þ

where C is the fourth rank elastic modulus.
The hydrostatic stress of trial elastic stress is calculated by:

tþΔtσ
e
h ¼ − 1

3
tþΔtσ

e
kk , and the equivalent stress is calculated

by: tþΔtσ
e
eq ¼ 3

2
tþΔtS

e
: tþΔtS

e� �1=2
.

Step 3. Calculate the yield function and determine whether
plastic deformation occurs

tþΔtΦ
e ¼ Φ tþΔtσ

e
eq;

tþΔtσ
e
h;

tHα
� 	

ð9Þ

If t +ΔtΦe ≤ 0, the material is still in an elastic state at the
current time step, and the true stress is the trail elastic stress.
Go to step 5 directly. If t +ΔtΦe > 0, the material is in a plastic
state, and the plastic correction in step 4 is needed.

Step 4. Calculate the plastic correction

To simplify the presentation, neglect the left superscript
t + Δt in this step.

Calculate the flow direction according to Eq. (10):

n ¼ 3

2σe
eq
Se ð10Þ

The Newton-Raphson method is used to solve the
nonlinear equations. For three-dimensional solid ele-
ments, the flow rule and yield condition need to be
satisfied simultaneously.

f 1 ¼ kþ1 Δεplh
∂Φ
∂σeq

þ kþ1

Δεpleq
∂Φ
∂σh

¼ 0

f 2 ¼ Φ kþ1σe
eq;

kþ1σe
h;

kþ1Hα
� 	

¼ 0

8>>>>><
>>>>>:

ð11Þ

where Δεplh and Δεpleq denote the increment of hydrostat-

ic plastic strain and equivalent plastic strain, respective-
ly. Iteration continues until |f1| and |f2| are both less than
the tolerances, which signify the iteration converges;
otherwise, terminate the calculation.

For the shell elements, in addition to the above conditions,
the stress in the thickness direction of the elements should be
zero, that is, σ33 = 0. After rewriting, the additional condition
can be expressed as:

f 3 ¼ σeq þ 3GΔεpleq

� 	
σh− se33 þ

4

3
GΔε3

� �
σeq ¼ 0 ð12Þ

whereΔε3 is the normal component of the strain increment in
the x3 direction.

Fig. 1 User-defined material subroutine flow chart diagram for GTN
damage model
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Step 5. Update stress and statement variables

For solid elements, the hydrostatic stress and equivalent
stress are:(

tþΔtσh ¼ tþΔtσ
e
h þ KΔεplh

tþΔtσeq ¼ tþΔtσ
e
eq−3GΔεpleq

ð13Þ

For shell elements, they can be expressed as:(
tþΔtσh ¼ tþΔtσ

e
h−K Δε3−Δεplh

� 	
tþΔtσeq ¼ −3GΔεpleq þ tþΔtσ

e
eq

2 þ 6GtþΔts
e
33Δε3 þ 4G2Δε23

� 	1=2
ð14Þ

where K and G represent the bulk modulus and the shear
modules, respectively.

Update the stress and statement variables:

tþΔtσ ¼ −tþΔtσhI þ 2

3
tþΔtσeqn ð15Þ

(
Δεplm ¼ −σhΔεplh þ σeqΔεpleq

1− fð Þσm

Δ f ¼ 1− fð ÞΔεplh þ AΔεplm

ð16Þ

(
tþΔtε

pl
m ¼ tεplm þΔεplm

tþΔt f ¼ t f þΔ f
ð17Þ

If f > fc, f
* = fc + κ(f−fc).

Step 6. Go to the next time step

Figure 1 shows the flow chart diagram for stress update of
GTN damage model.

2.3 Matrix Hardening Behaviour

The Swift (1952) and Voce (1948) equations are commonly
used expressions to describe the material stress-strain curve.
To determine an appropriate hardening model, the uniaxial
tensile test performed by Hogström et al. (2009) is used.
Specific experimental details and the determination process
can refer to Section 3.2.1, here no longer say.

A single Swift equation is verified firstly. The Swift model
can be expressed as

σm ¼ K ε0 þ ε
pl

m

� �n

ð18Þ

where σm is the yield stress,εplm denotes the equivalent plastic
strain, ε0 is the yield strain, K is the hardening coefficient, and
n is the hardening exponent. The results are as follows:
K= 783 MPa, ε0 = 0.02, n = 0.26, and the comparison of the
experimental data and numerical results is shown in Fig. 2.

Figure 2 shows that if the von Mises yield criterion or the
GTN damage model is adopted, the Swift hardening model
can describe the stress-strain relationship of the material accu-
rately during the initial stage of deformation, which shows that
the void volume fraction of NVAmild steel increases slowly at
the initial stage of deformation before the neck shrinkage oc-
curs. However, no matter which yield criterion is adopted, the
single Swift hardening model cannot accurately describe the
mechanical behaviour of the NVA shipbuilding material after
constriction.

As for the Voce equation, similar conclusions are observed.
Therefore, the Voce and Swift formulas are used to describe
the stress-strain relationship of NVA shipbuilding steel before
and after constriction.

2.4 Determination of the Parameter fc

In this section, a new critical void volume fraction identification
method is proposed. It has been demonstrated that using a single
Voce or Swift equation cannot simulate the mechanical behav-
iour of NVA mild steel accurately, so the combination of two
equations is used to describe the hardening curve of the material
in this paper. The stress-strain relationship can be expressed as:

σm ¼
σy þ Q 1−e−bε

pl

m

 !
ε
pl

m ≤εc

K Bþ ε
pl

m

� �n

ε
pl

m > εc

8>>><
>>>:

ð19Þ

where σy represents the initial yield stress, εc is the necking
strain, and Q, b, K, B, and n are the hardening parameters of

Fig. 2 The comparison of the experimental and numerical results
calculated by the Swift equation
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each model. To ensure the continuity of yield stress before and
after necking, B can be expressed as:

B ¼ K−1 σy þ Q 1−e−bεc
� �� �� �1=n−εc ð20Þ

Experiments have shown that the void volume fraction of
carbon steel increases slowly before necking occurs
(Törnqvist 2003; Roy et al. 1981), so the necking moment
of NVA mild steel can be approximately determined based
on the von Mises yield criterion. Hill proposed a criterion
for local necking in the negative β regime (Hill 1952).
He assumed that a local neck will form with an angle
tan�1 1=

ffiffiffiffiffiffi
−β

p� �
to the direction of the major principal stress,

which yields reasonable results only for the negative values of
β. At the moment when a neck is formed, the strain hardening
effect and the thickness reduction balance each other. It means
that the traction force reaches a maximum value at themoment
of local necking, so the increment of the traction is equal to
zero, which leads to the following local necking criterion
(Alsos et al. 2008)

dσ1

dε1
¼ σ1 1þ βð Þ ð21Þ

where β represents the strain rate ratio,β ¼ dε2
dε1

, dε1 and dε2
are the increment of principal strain, and σ1 denotes the prin-
cipal stress. Besides, Hill assumed that the ratio of principal
stress increments is consistent with the principal stress ratio,
i.e.

α ¼ dσ2

dσ1
¼ σ2

σ1
ð22Þ

Table 1 Material parameters

E (GPa) v Q (MPa) b σy (MPa) q1 q2 q3 fc ff fn εN SN

201 0.3 253 9.73 144 1.5 1.0 2.25 0.01 0.03 0.03 0.3 0.1

(a) Axial stress versus axial strain

(b) Void volume fraction f versus axial strain

Fig. 4 Results for the uniaxial tension tests of a single element. a Axial
stress versus axial strain. b Void volume fraction f versus axial strain.
‘User defined’ line means data obtained by origin GTN model, and
‘Explicit’ line means data obtained by 120-GURSON model

Fig. 3 Boundary and loading conditions of single element tests
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Considering the situation of plane stress state, the follow-
ing expressions can be obtained by von Mises yield function

dσm ¼ dσ ¼ ∂σ
∂σ1

dσ1 þ ∂σ
∂σ2

dσ2 ð23Þ

where dσm and dσ represent the increment of yield stress and
equivalent stress, respectively. Combined with Eq. (19), Eq.
(23) can be rewritten as

dσm ¼ 1

2σ
dε1σ1

2 1þ βð Þ 2−2αþ 2α2
� � ð24Þ

According to the content of the plastic mechanics, Eq. (24)
can be further written as

dσm

dε
pl

m

¼ σ1

2
2−αð Þ 1þ βð Þ ð25Þ

where the equality holds up if and only if the necking occurs.
Combined with the stress-strain relationship before the

neck is formed, i.e.σm ¼ σy þ Q 1−e−bε
pl
m

� 	
, the increment ra-

tio of yield stress and equivalent plastic strain can be also
expressed by

dσm

dε
pl

m

¼ b σy þ Q−σm
� � ð26Þ

By contrasting Eq. (25) and Eq. (26), the critical yield stress
can be obtained when the necking occurs.

σm ¼ σy þ Q−
σ1

2b
2−αð Þ 1þ βð Þ ð27Þ

Combined with Eq. (22), the critical yield stress can be
expressed by

σcr ¼
σy þ Q
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

β2 þ β þ 1
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2 þ β þ 1

p
þ ffiffiffi

3
p

1þ βð Þ 2bð Þ−1
ð28Þ

As mentioned above, Hill’s assumption yields reasonable
results only for the negative value of β. In the positive
regime, the method of estimating the onset of local necking
proposed by Bressan and Williams (Bressan and Williams
1983) is used. The BW criterion has a simple expression and
has been widely used, and it can be expressed by

σ1 ¼ 2τ crffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− β

2þβ

� 	2r ð29Þ

where τcr is the critical shear stress, which can be calibrated
either from uniaxial tensile tests or biaxial tests. Another
alternative way used in this paper is calibration at plane
strain, β= 0, from the analysis based on Hill’s assumption.
Combined with Eq. (28) at plane strain, the critical shear
stress can be expressed by

τ cr ¼
2b σy þ Q
� �

2
ffiffiffi
3

p
bþ 3

ð30Þ

Fig. 7 True stress-strain curve for NVA mild steel

Fig. 5 Geometric model of the test specimen

Fig. 6 Engineering stress-strain curve for NVA mild steel Fig. 8 The finite element model of the tensile specimen
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As the strain rate ratio becomes negative, the effectiveness
of BW criterion becomes questionable (Alsos et al. 2008). To
cover the full range of β, Eqs. (29) and (30) are combined to
determine the moment when a neck is formed

σcr ¼

σy þ Q
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

β2 þ β þ 1
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2 þ β þ 1

p
þ ffiffiffi

3
p

1þ βð Þ 2bð Þ−1

4b σy þ Q
� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− β

2þβ

� 	2r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 β2 þ β þ 1
� �q

2þ βð Þ 2
ffiffiffi
3

p
bþ 3

� �
β≤0

β > 0

8>>>>>>><
>>>>>>>:

ð31Þ

With continuous structural deformation, the yield stress
increases gradually. Necking occurs when the value of critical
yield stress in Eq. (32) is reached. The necking strain εc can be
derived by substituting critical yield stress into Eq. (20), and
the critical void volume fraction fc is the void volume fraction f
at this moment, which is continuously updated in Eq. (16) and
Eq. (17) in Section 2.2. The assumptions and method pro-
posed in this chapter are verified by uniaxial tension tests,
and a ship-like structure experiment introduced in the next
section; the results demonstrate the feasibility of the proposed
method.

3 Subroutine Checking

Plane stress tension was used to verify the implementation
of the original GTN damage model, as illustrated in
Fig. 3. The single element type is a shell, and the initial
element dimension is taken as 1 mm. The relationship
between the yield stress and equivalent plastic strain of
the matrix material is described by the Voce equation,

σm ¼ σy þ Q 1−e−bε
pl
m

� 	
. The material parameters selected

are listed in Table 1.
The uniaxial tensile simulation results of the plane stress

element are shown in Fig. 4. The tensile stress versus strain
and void volume fraction versus strain obtained by the origin
GTN model (‘User defined’ line in Fig. 4) are compared with
those calculated by the 120-GURSON model (‘Explicit’ line
in Fig. 4) in LS-DYNA constitutive model libraries. It shows
that the results obtained by two different ways are nearly the
same, which validates the correctness of the original GTN
model.

4 Determination of NVA Mild Steel Material
Parameters

To describe the mechanical properties and damage behaviour of
the material, the uniform deformation stage in the uniaxial ten-
sile test should be used to evaluate the mechanics property pa-
rameters, and the GTN damage parameters can be obtained by
the comparison of simulation results with those from the exper-
iments. In this section, the parameters of the GTN damage mod-
el are determined by a uniaxial tensile test, and the correctness of
the identified parameters is further verified in Section 3.3.

(a) Before fracture (b) After fracture

Fig. 9 Distribution of void volume fraction f before and after fracture occurs

Fig. 10 The comparison of engineering stress-strain curve from numeri-
cal simulation and uniaxial tensile test

Table 2 Material parameters of NVA mild steel

K (MPa) n Q (MPa) b σy (MPa) q1

655 0.23724 245 1.11E+01 2.88E+08 1.5

q2 q3 ff fN εN SN
0.8 2.25 0.19 0.003 0.3 0.1
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4.1 Determination of Mechanical Property Parameters

Uniaxial tensile tests are commonly used to evaluate the me-
chanical properties of materials. In this paper, the mechanical
property parameters of NVAmild steel are determined accord-
ing to the tensile test carried out by Hogström et al. (2009).
The specimens used in this test were manufactured according
to the DNVGL rules, and the geometric model is shown in
Fig. 5. The transition radius R of the test specimen is 25 mm,
and the plate thickness a and width b are 4 mm and 25 mm,
respectively. The gauge length Lo is 56.6 mm, and the parallel
test length Lc is 76.5 mm.

Figure 6 shows the engineering stress-strain curve for NVA
mild steel from the test. When the maximum value of engi-
neering stress is reached; i.e. the instant a neck is formed, the
material deforms uniformly, and then the engineering stress
begins to drop until the fracture occurs. As shown in Fig. 6,
the NVA mild steel has good ductility.

To obtain the mechanics property parameters of the mate-
rial, the engineering stress-strain curve needs to be

transformed into the true stress-plastic strain curve, in which
the uniform deformation phase of the material is fitted with the
hardening model. Voce equation is used to describe the hard-
ening curve before necking occurs.

According to the experimental data shown in Fig. 6, the
NVA material property parameters can be obtained by using
data analysis software OriginPro 9.1. The initial yield stress
and hardening parameters are as follows: σy = 287.7 MPa,
Q = 244.9 MPa, and b = 11.10. The fitting result is shown in
Fig. 7. It can be seen that a good agreement is obtained be-
tween the Voce hardening curve with the selected parameters
and the stress-strain curve of NVA mild steel in the uniform
deformation stage, and the correlation coefficient reaches
0.995.

4.2 Determination of GTN Damage Parameters

Most damage parameters in the GTN model cannot be directly
determined by corresponding experiments; therefore, these pa-
rameters should be regarded as tuneable parameters. By
adjusting these damage parameters to make the numerical sim-
ulation results of the uniaxial tension test consistent with the
experimental outcomes, the value of the selected parameters
can be considered to reflect the damage evolution law of the
material. Based on the user-defined subroutine verified in
Section 3.1, the new method to determine the void volume frac-
tion fc is implemented in this section. The GTN damage

Fig. 12 The engineering stress-strain curves from numerical simulations
and test

Fig. 13 Photo of the experimental setup taken just before the experiment
started (Karlsson et al. 2009)

Fig. 11 Parameter ff versus mesh size curve for NVA mild steel

Fig. 14 Finite element model in LS-DYNA
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parameters of NVA mild steel were determined inversely by
comparing the simulation results and the uniaxial tensile test
data.

The finite element model of a tensile specimen is shown in
Fig. 8. The model is established by shell elements with four
nodes, the number of shell thickness integration points is set to
two, and the mesh size is set to 1.9 mm. The stress-strain
relationship is expressed by Eq. (20), and the material param-
eters are shown in Table 2. The strain rate effect is neglected
due to the experimental low-speed loading of 0.1 mm/s. One
end of the model is rigidly fixed, and displacement loading is
applied on the other end. Figure 9 shows the distribution of
void volume fraction before and after a fracture occurs. It can
be seen that the damage degree of the tensile specimen in-
creases gradually with the deformation development. When
the neck is formed, the damage mainly concentrates in the
symmetric centre of the sheet metal, and failure occurs at the
instant ff is reached.

The engineering stress-strain curve for NVA mild steel
from numerical simulation of uniaxial tension is shown in
Fig. 10. A good agreement is obtained between the nu-
merical results and experimental data, reflecting the accu-
racy of selected material parameters and the feasibility of
the proposed method of identifying critical void volume
fraction.

To explore the relationship between the mesh size and the
void volume fraction at the final fracture ff, the finite element
models with mesh sizes of 2.9, 4.8, 6.4, and 9.6 mm are built.
The parameter ff is determined inversely by comparing the
numerical results and test data, and the ff versus mesh size
curve is drawn in Fig. 11. The numerical results of each finite
element model compared with the uniaxial tensile test out-
comes are illustrated in Fig. 12. It can be observed that the
experimental data are well-fitted, which reflects the reason-
ability of the selected parameters ff.

5 Numerical Validations and Discussion

To verify the proposed GTN damage model with the new
identifying critical void volume fraction method, a numerical
simulation for an experiment of the side-shell structure sub-
jected to collision resistance was conducted. Karlsson et al.
(2009) conducted the experiment, and the experimental setup
is shown in Fig. 13.

A reinforcing frame was designed and welded around the
structure along its edges to create clamped boundary condi-
tions to ensure well-controlled failure modes of the structure
(Karlsson et al. 2009). The lower part of the frame was welded
to a rigid fixture, see Fig. 13. The finite element model is
illustrated in Fig. 14, which is established by shell elements
with a mesh size of 10 mm. Substantially, all the elements are
four-node Belytschko-Tsay elements (BLT), while few ele-
ments located at the intersection of components are three-
node BLT elements for the continuity of the structures. BLT
element type is selected due to its fast calculating speed and its
numerical stability for large deformation problems.
Considering the computational accuracy and efficiency, the
number of shell thickness integration points is set to five.
The value of mesh resolution affects the selection of parameter
ff and also the structural deformation mode. To capture the
buckling collapse and fracture deformation mode precisely
with the reasonable computation time, the mesh size is set to
be 10 mm for most of the structural members by research. It
can be seen that the selected mesh resolution is accurate
enough to obtain a satisfying simulation result, and the com-
putation time is also acceptable.

The material of the side-shell structure is defined as NVA
mild steel, where the material parameters used are listed in
Table 2. It is worth noting that the strain rate effect is
disregarded due to the low-speed loading of the experiment.
According to the ff versus mesh size curve drawn in Fig. 11,

(a) Before fracture (b) After fracture

Fig. 15 The distribution of void volume fraction on the upper plate before and after fracture
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the parameter ff of this model is set to 0.05; i.e. the finite
element will fail when its void volume fraction reaches 5%.
Due to infinitesimal deformation of the solid half-sphere dur-
ing the collision process, the material of the indenter is defined
as rigid.

Vertical force versus displacement of the indenter curves
from the experimental and numerical simulations is shown in
Fig. 18. The structural deformation develops gradually with
the increase of indentation depth. When the displacement of
the indenter reaches approximately 0.16 m, the void volume
fraction of the material near the symmetric centre of the upper
plate is close to 5%, as shown in Fig. 15(a), and the vertical
resistance of the side-shell structure reaches the maximum at
this moment. With the continuous deformation, fracture oc-
curs in the vicinity of the upper plate, which is shown by the
deletion of elements with the void volume fraction reaching
5% in this numerical calculation, as shown in Fig. 15(b). The
vertical force decreases dramatically. When the indenter pen-
etration reaches approximately 0.31 m, the stiffeners attached
to the lower plate and the lower plate itself withstand the load,
and the vertical force increases gradually with the deformation
development. The second peak of vertical force occurs at the
moment when the lower plate breaks, and the distributions of
void volume fraction before and after fracture are shown in
Fig. 16. The total structural deformation at the termination
time (excluding the reinforcing frame) is shown in Fig. 17. It
can be seen that the error increases after the first peak point,
which may be attributed to the increase of experimental

uncertainty with the increasing number of structures involved
in deformation after rupture occurs (Fig. 18). In addition, the
following sources are not possible to include in the FE model,
such as the residual stresses caused by welding, weld geome-
tries, and roll direction of the material. Although the residual
stresses were relaxed before the start of the experiment, it was
done for the upper plate and not for the lower one (Table 3),
which may cause the increasing error after the first peak point.
In Hogström and Ringsberg (2012), the numerical results cal-
culated using three different damage initiation (DI) criteria
(shear, FLD, and FLSD) combined with a bilinear law for
damage evolution (DE) are compared with experimental re-
sults, and the comparison of the best three combinations in
various DI+DE models is shown in Fig. 19. Before the first
peak, the calculated results of the GTN damage model are
more consistent with the experimental results, as shown in
Fig. 19. After that step, the numerical results calculated by
all methods are slightly lower than the test results. In general,
the numerical simulation results calculated by the GTN

(a) Before fracture           (b) After fracture

Fig. 16 The distribution of void volume fraction on the lower plate before and after fracture

Fig. 18 Vertical force indentation curves from simulation and test
Fig. 17 The total structural deformation at the termination time
(excluding the reinforcing frame)
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damage model with the new method are in good agreement
with the experimental outcomes, which verifies the feasibility
of the proposed fc determination method and the accuracy of
the selected material parameters of NVA mild steel.

6 Conclusions

To better describe the intricate ductile failure process of NVA
shipbuilding steel and accurately predict the structural defor-
mation and damage during ship collision and grounding acci-
dents, a new method to determine the critical void volume
fraction is proposed based on mesoscopic damage model in
this paper. A comparison between experiment and numerical
simulations is used to validate the correctness of the method.
The following conclusions can be drawn:

The GTN damage model is used in ship collision and
grounding scenarios. Compared with the commonly used von
Mises yield criterion, the mesoscopic damage model, as the

foundation of the parameter determination method, links the
material yield with damage, thereby reflecting the continuous
deterioration of the material as the damage processes.
Therefore, the GTN damage model is an ideal mathematical
model describing the material rupture process. A new method
for predicting the critical void volume fraction fc of the GTN
damage model is proposed. The proposed critical void volume
fraction identification method reduces the uncertainty of the
GTN damage model parameter selection to some extent. A
combination of the Voce and Swift equations is used to describe
the stress-strain relationship of NVA mild steel to represent its
ductile fracture process. The material parameters and the GTN
damage parameters of NVA shipbuilding steel are determined
by numerical comparison with a uniaxial tensile test, and refer-
ence experiment of a double-hull side-shell structure subjected
to collision load is used to verify the correctness of the proposed
method and the accuracy of the selected material parameters.
The calculated results of the GTN damage model are also com-
pared with the numerical results from Hogström and Ringsberg
(2012), and the comparison results demonstrate the accuracy
and applicability of the proposed method in this paper.

Combined with the connective strain hardening curve and
the determinate material parameters, the GTN damage model
with the new method will accurately describe the ductile frac-
ture of NVA mild steel to better predict structural responses in
collision accidents.
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creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Alsos HS, Hopperstad OS, Törnqvist R, Amdahl J (2008) Analytical and
numerical analysis of sheet metal instability using a stress based
criterion. Int J Solids Struct 45(7–8):2042–2055. https://doi.org/10.
1016/j.ijsolstr.2007.11.015

Fig. 19 Comparison of FE analyses using GTN damage model and three
failure criteria from Hogström and Ringsberg (2012)

Table 3 Side-shell structure details

Structure Long side (mm) Short side (mm) Thickness (mm) Amount

L-profile, web 1500 58 4 8

L-profile, flange 1500 28 4 8

T-beam, flange 1090 60 5 1

T-beam, web 1090 102.5 3 1

Lower plate 1500 1090 5 1

Upper plate 1500 1090 5 1

Reinforcing frame 1660 1250 5 1

Vertical plate 1090 305 3 2

Indenter Radius is 135 mm 1

Z. Song et al.: Critical Void Volume Fraction Identification Based on Mesoscopic Damage Model for NVA Shipbuilding Steel 455



Aravas N (2010) On the numerical integration of a class of pressure-
dependent plasticity models. Int J Numer Methods Eng 24(7):
1395–1416. https://doi.org/10.1002/nme.1620240713

Becker R, Smelser RE, Richmond O (1989) The effect of void shape on
the development of damage and fracture in plane-strain tension. J
Mech Physics Solids 37(1):l11–l129. https://doi.org/10.1016/0022-
5096(87)90007-x

Bonora N (1999) Ductile damage parameters identification and measure-
ments. J Strain Anal Eng Des 34(6):463–478. https://doi.org/10.
1243/0309324991513894

Bressan JD, Williams JA (1983) The use of a shear instability criterion to
predict local necking in sheet metal deformation. Int J Mech Sci
25(3):155–168. https://doi.org/10.1016/0020-7403(83)90089-9

Brunet M, Morestin F, Walter-Leberre H (2005) Failure analysis of an-
isotropic sheet-metals using a non-local plastic damage model. J
Mater Proc Tech 170(1):457–470. https://doi.org/10.1016/j.
jmatprotec.2005.05.046

Calle MAG, Oshiro RE, Alves M (2017) Ship collision and grounding:
scaled experiments and numerical analysis. Int J Impact Eng 103:
195–210. https://doi.org/10.1016/j.ijimpeng.2017.01.021

Chu CC, Needleman A (1980) Void nucleation effects in biaxially
stretched sheets. J Eng Mater Technol 102(3):249. https://doi.org/
10.1115/1.3224807

Cockcroft MG, Latham DJ (1968) Ductility and the workability of
metals. J Inst Met 96:33–39

Croix P, Lauro F, Oudin J, Christlein J (2003) Improvement of damage
prediction by anisotropy of microvoids. J Mater Proc Tech 143(1):
202–208. https://doi.org/10.1016/s0924-0136(03)00420-5

Gurson AL (1977) Continuum theory of ductile rupture by void nucle-
ation and growth: part I—yield criteria and flow rules for porous
ductile media. J Eng Mater Technol 99(1):297–300

Hill R (1952) On discontinuous plastic states, with special reference to
localized necking in thin sheets. J Mech Physics Solids 1(1):19–30.
https://doi.org/10.1016/0022-5096(52)90003-3

Hogström P, Ringsberg JW (2012) An extensive study of a ship’s surviv-
ability after collision – a parameter study of material characteristics,
non-linear FEA and damage stability analyses. Mar Struct 27(1):1–
28. https://doi.org/10.1016/j.marstruc.2012.03.001

Hogström P, Ringsberg JW, Johnson E (2009) An experimental and nu-
merical study of the effects of length scale and strain state on the
necking and fracture behaviours in sheet metals. Int J Impact Eng
36(10–11):1194–1203. https://doi.org/10.1016/j.ijimpeng.2009.05.
005

Johnson GR, CookWH (1983). A constitutive model and data for metals
subjected to large strains, high strain rates and high temperatures.
Proceedings of the 7th International Symposium on Ballistics. The
Hague, Netherlands, 541–547

Karlsson UB, Ringsberg JW, Johnson E, Hoseini M, Ulfvarson A (2009)
Experimental and numerical investigation of bulb impact with a ship
side-shell structure. Mar Technol 46(1):16–26. https://doi.org/10.
1080/10641190903143272

Kuna M, Sun DZ (1996) Three-dimensional cell model analyses of void
growth in ductile materials. Int J Fract 81(3):235–258. https://doi.
org/10.1007/bf00039573

Lehmann E, Yu X (1998) On ductile rupture criteria for structural tear in
the case of ship collision and grounding. Proceedings of 7th
International Symposium on Practical Design of Ships and Mobile
Units, Hague, 149–156. https://doi.org/10.1016/S0928-2009(98)
80149-2

Liu J, Meng C, Yufeng G (2015a) A comparative study of failure criteria
in ship collision simulations. Chin J Ship Res 10(4):79–85. https://
doi.org/10.3969/j.issn.1673-3185.2015.04.012

Liu K, Wang Z, Tang W, Zhang Y, Wang G (2015b) Experimental and
numerical analysis of laterally impacted stiffened plates considering
the effect of strain rate. Ocean Eng 99: 44–54. https://doi.org/10.
1016/j.oceaneng.2015.03.007

Mahnken R (1999) Aspects on the finite-element implementation of the
Gurson model including parameter identification. Int J Plast 15(11):
1111–1137

Michel JC, Suquet P (1992) The constitutive law of nonlinear viscous and
porous materials. J Mech Physics Solids 40(4):783–812. https://doi.
org/10.1016/0022-5096(92)90004-l

Needleman A, Tvergaard V (1984) An analysis of ductile rupture in
notched bars. J Mech Physics Solids 32(6):461–490. https://doi.
org/10.1016/0022-5096(84)90031-0

Prabowo AR, Cao B, Bae DM, Bae SY, Zakki AF, Sohn JM (2017)
Structural analysis of the double bottom structure during ship
grounding by finite element approach. Latin Am J Solids Struct
14(6):1106–1123. https://doi.org/10.1590/1679-78253648

Rice JR, Tracey DM (1969) On the ductile enlargement of voids in triax-
ial stress fields. J Mech Physics Solids 17(3):201–217. https://doi.
org/10.1016/0022-5096(69)90033-7

Roy GL, Embury JD, Edwards G, Ashby MF (1981) A model of ductile
fracture based on the nucleation and growth of voids. Acta Metall
29(8):1509–1522. https://doi.org/10.1016/0001-6160(81)90185-1

Swift HW (1952) Plastic instability under plane stress. J Mech Physics
Solids 1:1–18. https://doi.org/10.1002/zamm.19750551209

Thomason PF (1985) A three-dimensional model for ductile fracture by
the growth and coalescence of microvoids. Acta Metall 33(6):1087–
1095. https://doi.org/10.1016/0001-6160(85)90202-0

Törnqvist R (2003) Technical University of Denmark, Lyngby (ed)
Design of crashworthy ship structure. PhD thesis, 7–33

Tvergaard V (1981) Influence of voids on shear band instabilities under
plane strain conditions. Int J Fract 17(4):389–407. https://doi.org/10.
1007/bf00036191

Tvergaard V (1982) On localization in ductile materials containing spher-
ical voids. Int J Fract 18(4):237–252. https://doi.org/10.1007/
BF00015686

Tvergaard V, Needleman A (1984) Analysis of the cup-cone fracture in a
round tensile bar. Acta Metall 32(1):157–169. https://doi.org/10.
1016/0001-6160(84)90213-x

Veritas DN (2007). Rules for classification of ships/high speed, lightcraft
and naval surface craft: Det Norske Veritas, Høvik, Norway. Part 2,
Chapter 1–2

Voce E (1948) The relationship between stress and strain for homoge-
neous deformation. J Inst Met 74: 537–562

Journal of Marine Science and Application456




