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Abstract

In this paper we assess, using finite element calculations performed with ABAQUS/Explicit, the influence of porosity in
the development of necking instabilities in flat metallic samples subjected to dynamic tension. The mechanical behaviour
of the material is described with the Gurson—Tvergaard—Needleman [6, 22, 23] constitutive model pre-implemented in the
finite element code. The novelty of our methodology is that we have included in the gauge of the specimen various non-uniform
distributions of initial porosity which, in all cases, keep constant the average porosity in the whole sample. This has been carried
out assigning random values of initial porosity (within specified bounds) to some nodes and zero to the others. Therefore, the
larger the percentage of nodes with non-zero initial porosity, the smaller their initial value of porosity. The goal is to provide
an idealized modelling of the distributions of void nucleating particles which in many structural metals nucleate early in the
deformation process and lead to material porosity. The key point of this paper is that, following this methodology, we reproduce
the experimentally-observed asymmetric-growth of the pair of necking bands which define the localization process in flat tensile
samples subjected to dynamic loading [25].

Keywords:
Dynamic tension, Necking instabilities, Porous plasticity, Finite element simulations

1. Introduction

The study of dynamic necking instabilities which trigger
failure of metallic (ductile) samples subjected to impact ten-
sile loading has focussed the efforts of many researchers over
the last 80 years. The experimental works of Mann [12, 13]
in the 30s, and Clark and co-workers [4, 3] in the 40s, were
among the first papers in this topic. These authors performed
tension tests using cylindrical specimens of different materi-
als for impact velocities up to 100 m/s, and showed that the
location of the neck in the sample, and thus the final frac-
ture, was dependent on the applied velocity. This correla-
tion between necking/fracture location and impact velocity
was rationalized using the theory of plastic strain propaga-
tion that had just been developed by Von-Kármán [26]. It was
concluded that the intervention of stress waves in the sam-
ple, generated due to the application of a sudden impact to a
specimen at rest, yields severe strain gradients in the sample
(spatial and temporal) which determine the position where the
fracture occurs. Post-mortem examination of the specimens
revealed considerable ductility inside the neck for all materi-
als and velocities that these authors tested, the final fracture
showing a deep cup and cone which were more acute as the
impact velocity was increased. Similar experimental obser-
vations have been reported in many other studies in which
metallic cylindrical bars were tested dynamically, see for in-
stance the recent papers of Rittel and co-workers [17, 18].
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Since the 90s of previous century, using flat samples in-
stead of round bars in the dynamic tensile testing of metallic
materials has become a common practice. The main reason is
the interest of the automotive industry in the mechanical char-
acterization of metallic sheets used to build crashworthiness
structures [2]. Using high speed servo-hydraulic machines,
experiments in metallic sheets can be performed for veloci-
ties up to 20 m/s, and strain rates up to 103 s−1. The failure of
the sample is preceded by the formation of a pair of necking
bands which are aligned with the two directions of zero exten-
sion contained in the plane of the specimen [7]. One of these
bands grows faster than the other, leading to the formation of
a single crack inclined 54.7◦ (if the material is isotropic) with
respect to the loading direction.

Nevertheless, to the authors’ knowledge, most of the at-
tempts carried out so far to simulate numerically the ten-
sile behaviour of flat samples subjected to dynamic loading
predict that, contrary to the experimental observations, the
growth rate of the pair of necking bands which form the local-
ization process is largely similar [11, 16, 15, 9, 25]. It seems
that, if the material is isotropic and homogeneous, and the
boundary conditions ensure that the stress state in the sample
is uniaxial until localization starts, there is not a perturba-
tion in the numerical model that could lead to the asymmet-
ric growth of the two bands. The mechanical perturbations
coming from the propagation of waves within the specimen,
and the numerical perturbations coming from the discretiza-
tion of the work piece do not seem to produce an important
difference in the rate of development of the necking bands.
However, in some works, geometric perturbations have been
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included in the specimen model to trigger the asymetric grow
rate of the necking bands [14]. In this paper we propose a dif-
ferent approach, and develop a simple finite element model
which, including non-uniform distributions of porosity in the
specimen material, allows to reproduce the experimentally-
observed asymmetric-growth of the pair of necking bands
which define the localization process in flat tensile samples
subjected to dynamic loading.

2. Constitutive framework

The mechanical behaviour of the material is described
using the Gurson-Tvergaard-Needleman (GTN) constitutive
model [6, 22, 23] pre-implemented in ABAQUS/Explicit
[20]. For the sake of clarity, the main features of the model
are briefly presented in this section.

The flow potential has the form:

Φ =

(
σe

σy

)2

+ 2q1 f ∗ cosh
(

3q2σh

2σy

)
− 1 − (q1 f ∗)2 (1)

where the effective Mises stress, σe, and the hydrostatic
pressure, σh, are defined by:

σe =

√
3
2

s : s; σh =
1
3
σ : 1; s = σ − σh : 1 (2)

where σ is the macroscopic Cauchy stress tensor, s is its
deviatoric part, and 1 is the unit second order tensor.

Moreover, σy is the flow strength of the fully dense ma-
trix material described in the present work by the following
power-type relation [21]:

σy = Ψ
(
ε̄p, ˙̄εp) = σ0

(
1 +

ε̄p

ε0

)n ( ˙̄εp

ε̇0

)m

(3)

where ε̄p =
∫ t

0
˙̄εp (τ) dτ and ˙̄εp are the effective plastic

strain and the effective plastic strain rate in the matrix mate-
rial, respectively. Moreover, σ0, n and m are material param-
eters, and ε0 and ε̇0 are the reference strain and strain rate,
respectively. Note that, for the sake of simplicity, the temper-
ature dependence of the flow strength is not considered.

In Eq. (1), q1 and q2 are material parameters, and the func-
tion f ∗ = f ∗( f ), where f is the void volume fraction, is given
by:

f ∗ =


f if f < fc

fc +
( fu − fc) ( f − fc)(

f f − fc
) if fc 6 f 6 f f

fu if f > fu

(4)

where fc is the void volume fraction at which voids coa-
lesce, f f is the void volume fraction at final fracture of the
material and fu = 1/q1 is the ultimate void volume fraction.

The rate of deformation tensor is taken to be the sum of an
elastic part, de, and a plastic part, dp, as follows:

d = de + dp (5)

where the elastic part is related to the rate of the stress by
the following hypo-elastic law:

σ̇ = C : de = C :
(
d − dp) (6)

with σ̇ being the objective stress rate (it corresponds to
the Green-Naghdi derivative in ABAQUS/Explicit [20]) and
C being the tensor of isotropic elastic moduli given by:

C = 2GI
′

+ K1 ⊗ 1 (7)

where G is the elastic shear modulus, K is the bulk modulus
and I

′

is the unit deviatoric fourth order tensor.
The plastic part of the rate of deformation tensor follows

the direction normal to the flow potential:

dp = λ̇
∂Φ

∂σ
(8)

where λ̇ is the non-negative plastic flow proportionality
factor.

The plastic part of the rate of deformation tensor and the
effective plastic strain rate in the matrix material are related
by enforcing equality between the rates of macroscopic and
matrix plastic work:

σ : dp = (1 − f )σy ˙̄εp (9)

Moreover, assuming the incompressibility of the matrix
material, the evolution of the void volume fraction is defined
as:

ḟ = (1 − f ) dp : 1 (10)

Note that void nucleation is not considered in the present
analysis. Hence, if the initial void volume fraction is zero, the
macroscopic material is fully dense and follows Mises plas-
ticity.

In ABAQUS/Explicit, the integration of the constitutive
model relies on the consistency condition during plastic load-
ing:

Φ̇ = 0 (11)

Details regarding the integration of the constitutive model
are not given herein but can be found in [1].

The flow strength of the matrix material, Eq (3), has
been used along with the GTN model pre-implemented
in ABAQUS/Explicit through a user-defined subroutine
VUHARD [20]. The material parameters related to the flow
potential, Eq. (1), and the flow strength of the matrix mate-
rial, Eq. (3), taken from [21], are given in Table 1. The av-
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Symbol Property and units Value
ρ0 Initial density (kg/m3) 7600
G Elastic shear modulus (GPa), Eq. (7) 26.9
K Bulk modulus (GPa), Eq. (7) 58.3
q1 Material parameter, Eq. (1) 1.25
q2 Material parameter, Eq. (1) 1.0
σ0 Reference yield stress (MPa), Eq. (3) 300
n Strain hardening sensitivity, Eq. (3) 0.1
m Strain rate sensitivity, Eq. (3) 0.01
ε0 Reference strain, Eq. (3) 0.00429
ε̇0 Reference strain rate (s−1), Eq. (3) 1000
f0 Average value of initial VVF 0.01
fc VVF at which voids coalesce, Eq. (4) 0.12
f f VVF at final fracture, Eq. (4) 0.25
fu Ultimate VVF, Eq. (4) 0.8

Table 1: Material parameters used in the finite element calculations [21].
VVF stands for void volume fraction (porosity).

erage value of initial void volume fraction, from now on in-
distinctly referred to as porosity, is f0 = 0.01 (average value
over the whole gauge of the sample, see section 3.2).

3. Finite element model

3D finite element simulations of flat tensile samples sub-
jected to dynamic tension are carried out using the comercial
finite element code ABAQUS/Explicit [20].

3.1. Dynamic tensile specimen
The geometry and dimensions of the specimens simulated,

taken from [25], are shown in Fig. 1. The initial and boundary
conditions of the problem are:

• Initial conditions: the specimen is initially undeformed,
unstressed and at rest.

Vi(X1, X2, X3, 0) = 0
σe(X1, X2, X3, 0) = 0; ε̄p(X1, X2, X3, 0) = 0

where Vi, with i = 1, 2, 3, are the material particle ve-
locities along the X1, X2 and X3 directions, respectively.
Moreover, recall that σe is the effective Mises stress and
ε̄p is the effective plastic strain in the matrix material.

• Boundary conditions: one end of the specimen is
clamped while the other is subjected to a Heaviside step
velocity boundary condition.

V1(L0 + 2L1, X2, X3, t) = V; Ui(0, X2, X3, t) = 0

where Ui, with i = 1, 2, 3, are the material particle dis-
placements along the X1, X2 and X3 directions, respec-
tively. All other faces are traction free.
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Figure 1: Finite element model. Mesh, dimensions and boundary conditions.

The samples are meshed with 63680 eight-node tri-linear
brick elements with reduced integration (C3D8R in ABAQUS
notation). The elements in the gauge have an initial aspect
ratio 1

2 : 1 : 1 (with dimensions 0.125×0.25×0.25 mm3). The
integral viscoelastic approach available in ABAQUS/Explicit
[20] has been used to prevent hourglass deformation modes,
with the scale factor used for all hourglass stiffnesses being
equal to one.

3.2. Porosity distribution
Void nucleating particles (idealized here as initial mate-

rial porosity) are present in many metallic materials, and they
are considered as sources of damage development and pref-
erential sites for plastic localization and inception of cracks.
These defects, which are usually non-uniformly distributed
in the bulk, try to be replicated in this paper using a simple
methodology specifically devised for the purpose.

Firstly, we set an average value of initial porosity in the
gauge of the specimen, f0. The value of f0 is 0.01 in all
the calculations of section 4. We only pay attention to the
gauge because only this part of the sample deforms during
the loading process. Hence, the specimen material outside
the gauge is taken as fully dense. The average value of the
initial porosity in the gauge is obtained assigning finite (pos-
itive) values of initial porosity only to some nodes (and zero
to the others). The percentage of nodes, over the total number
of nodes in the gauge, that do have initial porosity is denoted
as P. Several values of P, ranging from 10% to 25%, have
been investigated. As P increases, more nodes have an initial
(positive) value of porosity. The specific nodes with posi-
tive initial porosity are selected randomly using the function
randperm of MATLAB. Each of these nodes has allotted a
random value of initial porosity that was generated using the
normal distribution function normrnd (see [24]) which is also
pre-implemented in MATLAB. The mean of this distribution
is µ = f0/P and the standard deviation is σ = µCv, where
the relative standard deviation, Cv, determines the maximum
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Figure 2: Finite element model. Contours of initial porosity in the gauge of
the specimen. The values of f0, P and Cv are 0.01, 15% and 15%, respec-
tively.

dispersion of the generated random values of porosity. The
value of Cv is 15% in all the calculations of section 4. Note
that, for a given value of f0, the mean µ decreases as P in-
creases. If P = 100 % then µ = f0. Moreover, note that,
for any given combination of P, Cv and f0, we could generate
an infinite number of random porosity distributions: differ-
ent nodes with positive initial porosity and different values of
porosity for each one. Nevertheless, assessing the specific ef-
fect that the randomness of the porosity distribution has on the
finite element results is beyond the scope of this work. Only
one random distribution of porosity is used for each value of
P studied. We expect the results for the distributions we have
analyzed to be representative of other random distributions of
porosity.

Fig. 2 shows the contours of initial porosity in the gauge
of the specimen for the porosity distribution corresponding to
P = 15%. Note that the colour coding corresponds to the val-
ues of initial porosity at the material points. The porosity at
the material points is calculated by the finite element code in-
terpolating the values that we specify at the nodes. Note that,
in ABAQUS/Explicit, even though the porosity is an element-
based variable, it has to be specified at the nodes in order to
achieve the discontinuity in the porosity field.

We acknowledge that there are more sophisticated ap-
proaches to model the distributions of void nucleating parti-
cles which lead to material porosity in structural metals. Nev-
ertheless, we hold that the methodology presented in this sec-
tion allows for bringing to light interesting features about the
influence of the porosity distribution in the development of
dynamic necking instabilities.

4. Results and discussion

We conducted numerical simulations for various impact
velocities between 8 m/s and 25 m/s, which correspond to
strain rates between 200 and 625 s−1 . This range of veloci-
ties, and strain rates, is typically attained in dynamic tension
tests performed in fast servo-hydraulic machines [25]. Note
that for this range of velocities, and for this specimen size,
inertial effects are less important than in the other types of
uniaxial tenstion tests like the rapid expansion of rings, where
the applied velocities can reach 200 m/s, and the strain rates
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Figure 3: Through-thickness displacement of the edge of the gauge U3 versus
normalized gauge length X̄1 =

2X1−2L1−L0+L2
2L2

(see Fig. 3). The loading
time is such that the maximum value of ε̄p in the specimen is 1.2. Three
different applied velocities are considered: V = 8, 20 and 25 m/s. Results
are presented for the material with uniform distribution of porosity, and the
fully dense material.

5 · 104 s−1 [5, 28, 10]. In addition to the simulations carried
out with the non-uniform distributions of porosity described
in previous section (10% ≤ P ≤ 25%), we have run calcu-
lations with a uniform distribution of porosity (µ = f0 and
Cv = 0), and with the fully dense material ( f0 = 0). We
start the analysis presenting results obtained for these last two
cases.

Fig. 3 shows the through-thickness displacement of the
edge of the gauge U3 versus the normalized gauge length of
the sample X̄1 =

2X1−2L1−L0+L2
2L2

(see Fig. 3), for the material
with uniform distribution of porosity, and the fully dense ma-
terial. Three impact velocities are considered, V = 8, 20 and
25 m/s, respectively. For each impact velocity, the loading
time is such that the maximum value of the equivalent plastic
strain in the specimen is ε̄p = 1.2. The excursions in dis-
placement represent the pair of necking bands oriented with
the directions of zero extension that form the localization pat-
tern in ductile metallic sheets subjected to uniaxial tension
[7]. The necking bands are clearly observed in Fig. 4, which
shows contours of equivalent plastic strain, for the fully dense
material, for the same velocities and loading times of Fig. 3.
Note that the location of the necking bands depends on the
applied velocity, as shown experimentally and numerically in
several publications, e.g. [19, 25]. Note also that the results
obtained for the material with uniform distribution of poros-
ity and the fully dense material are very similar. Including an
homogeneous distribution of porosity in the model does not
affect significantly the localization process for the impact ve-
locities and material behaviour investigated in this paper. The
two excursions of through-thickness displacement which rep-
resent the necking bands are largely symmetric with respect
to the central point of the valley that they have in between: the
two necking bands virtually have the same width and rate of
growth. Next, we show that including a non-uniform distri-
bution of porosity in the gauge breaks this symmetry and the
two necking bands develop at different speeds, in agreement
with the experimental evidences [25].

Fig. 5 shows the through-thickness displacement of the
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Figure 4: Contours of equivalent plastic strain ε̄p. The loading time is such
that the maximum value of ε̄p is 1.2. Three different applied velocities are
considered: V = 8, 20 and 25 m/s. Results are presented for the fully dense
material.

edge of the gauge U3 versus the normalized gauge length of
the sample X̄1 (see Fig. 3), for the material with uniform
distribution of porosity, and the materials with non-uniform
distributions of porosity corresponding to P = 10% and P =

25%. As mentioned before, we have run calculations with
other values of P but the results are not shown for the sake of
brevity. Three impact velocities are considered: 8 m/s in Fig.
5(a), 20 m/s in Fig. 5(b), and 25 m/s in Fig. 5(c). In all cases
the loading time is such that the maximum value of ε̄p in the
specimen is 1.2. Fig. 6 shows contours of equivalent plastic
strain ε̄p for the same uniform and non-uniform distributions
of porosity considered in Fig. 5, and for the same loading
times and impact velocities: 8 m/s in Fig. 6(a), 20 m/s in Fig.
6(b), and 25 m/s in Fig. 6(c). The non-uniform distributions
of porosity play a role in: (1) the location of the gauge where
the flow localization occurs and (2) the rate of growth of the
necking bands that form the localization pattern.

1. For V = 8 m/s the necking bands develop roughly in
the center of the sample for the uniform distribution of
porosity, closer to the impacted side for P = 10%, and
closer to the clamped side for P = 25%. However, for
20 m/s and 25 m/s the location of the plastic localization
becomes largely independent of P. In our calculations
there is a threshold velocity, V ≈ 14 m/s, for which the
location of flow localization turns from being controlled
by the porosity distribution to being controlled by the
intervention of wave propagation within the specimen.
As the impact velocity increases, the role of the stress
waves in the specimen deformation behaviour becomes
more important, which leads to a severe heterogeneity in
the stress and strain fields in the sample, which eventu-
ally dictates the location of the flow localization [27, 8].
We have checked that the threshold velocity depends, for
instance, on the average value of porosity in the gauge.

2. Irrespective of the impact velocity, both non-uniform
distributions of porosity, P = 10% and P = 25%, break
the symmetry of the pair of necking bands that form the
localization pattern. One of the two bands grows faster
than the other. This result is in agreement with the ex-
perimental evidences reported elsewhere [25]. For in-

stance, Fig. 7 shows AISI 430 steel samples, tested by
Vaz-Romero et al. [25], with a fracture triggered by a
necking band aligned with one of the two directions of
zero extension that exist in the loading plane of the spec-
imen. In these experiments the direction of zero exten-
sion that leads to fracture was dependent on the applied
velocity, as in our calculations. In the simulations of
Figs. 5 and 6, for V = 8 m/s, the band that grows faster
is the one on the left if P = 10% and the one on the
right if P = 25%. For V = 20 m/s the band that grows
faster in the one on the right, and for V = 25 m/s is the
one on the left. In our simulations there is a threshold
velocity, V ≈ 14 m/s, for which the band that develops
more rapidly becomes independent of the non-uniform
distribution of porosity P (for the values of P considered
in this work).

However, the non-uniform distributions of porosity do not
play a meaningful role in the response of the sample before
plastic flow localizes. Note in Fig. 5 that outside the local-
ization area the U3 − X̄1 curves are very similar for the ma-
terial with uniform distribution of porosity, and the materials
with non-uniform distributions of porosity. For P = 10% and
P = 25% there are slight oscillations in U3 due to the het-
erogeneity in the porosity level, but the results are virtually
overlapped with those obtained for the material with uniform
distribution of porosity. Fig. 8 shows the axial force in the
clamped side of the specimen F as a function of the loading
time t for an impact velocity of 8 m/s. The force is virtually
identical for the material with uniform distribution of poros-
ity and the materials with P = 10% and P = 25% until the
loading time is ≈ 1000 µs. This loading time, for which the
force starts to drop quickly, determines the onset of plastic
localization. Note that the fastest force drop, i.e. the fastest
localization process, occurs for P = 10%, and the slowest for
the material with homogeneous distribution of porosity. It be-
comes apparent that, in our calculations, the heterogeneity of
the porosity distribution plays a key role in the development
of the localization process.

5. Concluding remarks

In this paper we have investigated the influence of porosity
in the localization of plastic flow in flat tensile samples sub-
jected to dynamic loading. For that purpose we have devel-
oped a simple numerical methodology in which non-uniform
distributions of porosity are included in the gauge of the spec-
imens simulated. The goal is to provide an idealized mod-
elling of the distributions of void nucleating particles which
in many commercially-available metals and alloys nucleate
early in the deformation process and lead to material poros-
ity. A key point of the methodology is that, for all the non-
uniform distributions of porosity tested, the average porosity
in the whole gauge of the specimens was kept constant. The
numerical simulations reveal that, because the porosity is not
homogeneously distributed in the material, the localization
pattern in the sample is formed by a pair of necking bands
which grow at different speeds, in agreement with experimen-
tal evidences reported in the literature. The calculations also
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Figure 5: Through-thickness displacement of the edge of the gauge U3 versus
normalized gauge length of the sample X̄1 =

2X1−2L1−L0+L2
2L2

for the material
with uniform distribution of porosity, and the materials with non-uniform
distributions of porosity corresponding to P = 10% and P = 25%. Three
impact velocities are considered: 8 m/s in Fig. 5(a), 20 m/s in Fig. 5(b), and
25 m/s in Fig. 5(c). In all cases the loading time is such that the maximum
value of ε̄p in the specimen is 1.2.

(a)

(b)

(c)

Figure 6: Contours of equivalent plastic strain ε̄p for the material with uni-
form distribution of porosity, and the materials with non-uniform distribu-
tions of porosity corresponding to P = 10% and P = 25%. Three impact
velocities are considered: 8 m/s in Fig. 6(a), 20 m/s in Fig. 6(b), and 25 m/s
in Fig. 6(c). In all cases the loading time is such that the maximum value of
ε̄p in the specimen is 1.2.
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Figure 7: AISI 430 steel tensile samples tested by Vaz-Romero et al. [25]
at 2.5 m/s and 5 m/s using a servo-hydraulic machine. The specimens show
a fracture caused by a necking band aligned with one of the two directions
of zero extension contained in the plane of the specimen. The location and
orientation of the fracture depend on the applied velocity.
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show, in agreement with experiments, that the necking band
which grows faster depends on the impact velocity and the
specific distribution of porosity considered.
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