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SUMMARY:  A numerical model incorporating the major energy dissipation mechanisms in
ballistically impacted composites (through-thickness compressive and shear failure, fibre
breakage, matrix cracking, and delamination) was implemented as a user-defined material
subroutine in the LS-DYNA finite element code.  Post-failure response was simulated for the
various failure modes using a continuum damage mechanics approach.  Penetration and
backplane deformation due to a 1.1 g fragment simulating projectile (FSP) impacting at
velocities ranging between 400-600 m/s was predicted for flat aramid fabric-reinforced
composite panels.  The effects of post-failure modelling on the penetration and backplane
response were investigated.
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INTRODUCTION

Laminated composites fabricated from high-performance polymeric fibres, such as
polyethylene and aramid, provide essential characteristics for ballistic head protection
purposes including light-weight, high strength, damage tolerance, and tailorability.  The
performance of composite laminates under ballistic impact is generally measured by the
structure’s ability to prevent complete perforation by a projectile.  A measure for the ballistic
performance is the ballistic limit velocity V50, which is the projectile impact velocity at which
50 % of specimens tested are completely perforated.  The laminate properties are mainly
optimised for their penetration resistance and the deformation of the laminate during the
ballistic impact is generally ignored.

However, the current consensus from research on the ballistic impact response of laminated
helmets is that the delamination response of the laminate might be a possible cause of head



injuries at impact velocities close to the ballistic limit.  At these impact velocities, complete
perforation of the helmet might be prevented, but the projectile’s kinetic energy might be
sufficient to separate the inner, non-perforated laminate layers from the remainder of the
helmet.  This separation of the helmet interior is a delamination process and the delaminated
layers are generally referred to as the backplane.  The backplane deformation depends on the
amount of the projectile’s kinetic energy dissipated during the penetration process.  Fibre
breakage, matrix cracking, through-thickness compressive and shear failure, and delamination
are generally considered to be the major energy absorption modes in ballistically impacted
laminates [1-4].  The impact of the delaminated backplane with the head of the helmet wearer
is thought to be a potential cause of skull fracture and underlying brain damage.

In order to support further optimisation of the ballistic performance of laminated helmets, an
improved understanding of the nature of the backplane delamination process and the
subsequent impact of the backplane with the head of the helmet wearer is required.  The
complex response of composite laminates to ballistic impact together with the high cost and
limited reproducibility of ballistic impact tests would render a completely experimental
approach expensive and time consuming.  Numerical modelling can provide a partial solution
to this problem, since it allows a fast and relatively inexpensive means of gaining insight into
the parameters determining the ballistic impact response of laminated composites.

The current research presents a numerical model capable of simulating the backplane response
of laminated helmets.  The model incorporates the four damage modes mentioned above.
Both instantaneous and post-failure approaches were applied.  The failure models were
implemented in the LS-DYNA finite element code as user-defined material subroutines.  The
impact of fragment simulating projectiles (FSP) on woven aramid laminates was simulated.
The effects of post-failure behaviour on the predicted penetration and backplane response are
presented for impact velocities in the range 400-600 m/s.

FAILURE MODELS

Both instantaneous and post-failure models were used in the current research.  Instantaneous
failure models do not incorporate any residual load bearing capacity once the material is
loaded beyond its strength.  The stiffness values related to the failure direction are
instantaneously reduced to zero once the strength is exceeded in a particular direction.
However, composite materials generally exhibit some residual load bearing capacity once the
loading surpasses the material strength.  This residual load bearing capacity can be modelled
with post-failure models, which define a more gradual decrease in the material stiffness once
its strength has been exceeded.  Recent work has shown that post-failure models can
significantly improve damage predictions and reduce mesh sensitivity in models of transverse
impacts on graphite [5-7] and aramid fibre-reinforced laminates [8-10].

The details of the instantaneous and post-failure models developed as part of the current study
are outlined in the following.  A distinction was made between intralaminar and interlaminar
failure modes, and each of this type of failure mode was treated in a separate part of the
software.  The intralaminar failure modes included in-plane tensile failure (fibre breakage and
matrix cracking) and through-thickness compressive and shear failure.  These failure modes
were modelled within the element constitutive routines and implemented in user-defined
material subroutines.  An element erosion algorithm was used to simulate cratering of the
laminate by the projectile.  The interlaminar failure mode included delamination, which was
simulated using discrete interfaces inserted between layers of elements.  Delamination



initiation and propagation were predicted using the normal and shear stresses in the interface.
This treatment of delamination allowed the formation of a discrete delaminated backplane
during the final stages of the laminate penetration process.

Intralaminar Failure

Instantaneous Failure Model

A strain-based instantaneous failure model, similar to the models by Hashin [11] and Chang
and Chang [12,13], was developed for this project.  In-plane tensile failure was predicted by
relating either the longitudinal or transverse tensile strain to a corresponding critical strain.  In
case of unidirectional laminae this would imply that longitudinal tensile failure represents
fibre breakage and transverse tensile failure represents matrix cracking.  For woven fabric-
reinforced composites, both longitudinal and transverse tensile failures correspond to fibre
breakage.  In-plane tensile failure was predicted by the following criteria:
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where i=1,2 denotes the in-plane directions, εii are the in-plane tensile strains, εfii the
corresponding failure strains, mi the damage exponents, and ri are the failure thresholds which
are set equal to 1.  The effect of the damage exponent m will be discussed in the post-failure
model.  When in-plane tensile failure occurred in the i-direction, all stresses related to that
direction (σij, j=1-3) were set to zero instantaneously.  In practice, the stresses were set to zero
over 100 time steps to avoid numerical instability problems.  Typical time steps in the
simulations presented in this study were in the order of 12 µs.

During ballistic impact, the projectile will compress the composite material in the impacted
area.  This will lead to high compressive stresses under the projectile and high transverse
shear stresses in the surrounding area.  When these stresses exceed their related strength
values, the projectile will punch a hole in the material.  In order to be able to determine the
relative contribution of the through-thickness compressive (crushing) and shear (punching)
failure modes, different failure criteria were used to predict each of the through-thickness
failure modes.  Through-thickness compressive failure was predicted by the following
criterion:
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where ε33 is the through-thickness compressive strain, εf33 the corresponding failure strain, m3
the damage exponent, and r3 is the failure threshold that was set equal to 1.  Through-
thickness shear failure was predicted using the following criterion:
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where ε23 and ε31 are the through-thickness shear strains, εf23 and εf31 corresponding failure
strains, m4 the damage exponent, and r4 the failure threshold which was set equal to 1.  When
through-thickness compressive or shear failure occurs, all stresses were instantaneously set to
zero and the element was deleted from the mesh to simulate the formation of a crater by the
projectile.

The failure strains used in the above failure criteria were obtained from the appropriate stress-
strain relations for the composite laminate through:
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where Sij represent the strength values and Eij are the corresponding stiffness values (Young’s
or shear modulus).

Post-Failure Model

The post-failure model used in this research was based on a Continuum Damage Mechanics
approach, which characterises the onset and growth of damage by a decrease in stiffness of the
material [14,15].  Matzenmiller et al. [16] developed a continuum damage mechanics model
for anisotropic damage in elastic-brittle fibre-reinforced composites.  Williams and Vaziri [7]
first implemented this model as a user-defined subroutine in LS-DYNA and a similar
approach was used for the current post-failure model.  A set of damage variables wi was
introduced to relate the onset and growth of damage to stiffness losses in the material:

[ ]











































−

−

−

−
−−

−
−

−

−−
−

=

3113

2323

1212

3332

23

1

13

3

32

2221

12

3

31

2

21

1

1
100000

0
1

10000

00
1

1000

000
1

1

000
1

1

000
1

1

11

Gw

Gw

Gw

EwEE

EEwE

EEEw

)(

)(

)(

)(

)(

)(

νν

νν

νν

C (5)

where C is the compliance matrix.  The stiffness matrix is obtained by inverting the
compliance matrix: S=C-1.  The following expressions were used for the damage variables:
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where k represents the failure mode that the damage variable wij is related to.

The same failure criteria as in the instantaneous failure model were used in the post-failure
model.  However, the damage thresholds, rk, are no longer constants in the post-failure model,
but are continuously increasing functions with increasing damage.  The damage thresholds in
the post-failure model can be thought of as being similar to the yield strength in plasticity
theory with hardening.  Consequently, the corresponding failure criteria, fk, can be represented
as damage surfaces in strain space, similar to the yield surface in plasticity theory.  The post-
failure model assumes linear elastic behaviour within the part of the strain space bounded by
the damage thresholds.  This means that both loading and unloading of the material are linear
elastic as long as the damage thresholds are not exceeded.  The non-linear elastic material
behaviour is captured by the damage functions wij in case of damage growth.  Damage growth
will occur when the strain path crosses the damage surface (fk = 0) and the strain increment
has a non-zero component in the direction of the normal to the damage surface.  The amount
of damage growth in a particular damage mode is represented by an increase in the value of
the damage function wij and the stiffness matrix, S, is updated accordingly.  When the damage
functions associated with the through-thickness compressive and shear failure modes (w3j,
j=1-3) are equal to 1, the corresponding element is removed from the mesh.

For illustrative purposes, the stress-strain response for the through-thickness compressive
failure mode is shown in Fig. 1.  As can be seen in Fig. 1a, the post-failure strength decreases
more rapidly with strain with increasing values for m3, and the post-failure model approaches
the instantaneous failure model for high values of m3.  Fig. 1 shows that low values for m3 or
high values for S33 will lead to high compressive strains in the element before the element is
deleted.  These high compressive strains can lead to computational instabilities, such as
negative volume and hourglassing problems.  Therefore, care should be taken in the choice of
m3 and S33.

        
     a: Effect of damage exponent m3    b: Effect of stiffness E33 and strength S33

Fig. 1: Post-failure stress-strain response

Interlaminar Failure

The interlaminar failure considered in this research consisted of delamination failure of
adjacent plies.  Delamination failure was implemented using a discrete delamination interface
connecting adjacent element layers.  The discrete delamination interface was based on the tie-



break contact algorithm in LS-DYNA.  The interface rigidly connects the nodes of the
adjacent layers until the following failure criterion is exceeded:

failure  no :0

failure :0
22

<

≥





+





=

s

s

n

n
delam SS

F σσ
(7)

where σn and σs are the normal and shear interface stresses, respectively, and Sn and Ss are the
corresponding strength values.  When the delamination criterion is exceeded, the interface is
allowed to separate, simulating inter-ply cracking.  Modifications were made to the original
tie-break interface to ensure that the contact definitions in the discrete delamination interface
were properly updated when elements were eroded in the crater zone.  A similar approach was
undertaken by Hung et al. [17] who also modelled delamination in LS-DYNA with tie-break
interfaces.  Their numerical results were in good agreement with experimental data.

MODEL DESCRIPTION

Mesh

A finite element model of the FSP and the target panel were built using I-DEAS Masters
Series, Version 6.  The panel model consisted of 19 plies, each 0.5 mm thick, resulting in a
total panel thickness of 9.5 mm.  Each ply in the panel model was 1 element thick, resulting in
19 elements through the thickness of the panel.  The panel model was impacted by a .22
calibre chisel nose FSP (MIL-P46593).  The FSP was fabricated using 4340 steel, heat-treated
to 28 Rc, and weighs 1.1 g.  To reduce the computational time, only one quarter of the
problem was modelled utilising symmetry.  All components of the model were discretised
using 8-node brick elements with single point integration.  A typical mesh of the flat panel
model with the FSP is shown in Fig. 2.

Fig. 2a: Composite panel model with FSP b: Close-up of impact area

Material Properties

The material properties for the woven fabric-reinforced aramid laminates were obtained from
the literature.  Most of this data was obtained under quasi-static loading conditions.  The
adopted values for the elastic and strength parameters in the numerical model are summarised
in Table 1 and Table 2, respectively.  These values were used as starting values.  In ongoing
work, the results from ballistic experiments on aramid panels and helmets will be used to
obtain more realistic estimates for the material properties.  The 4340 steel FSP material was
modelled using a yield strength of 1,034 MPa and a hardening modulus of 685 MPa.  Young's
Modulus was taken as 207 GPa and Poisson's Ratio was 0.3.  Ballistic impact tests showed
that the ballistic limit for this target-projectile combination was about 600 m/s.



Table 1 Elastic properties adopted for aramid laminate in numerical model
Young’s Moduli [GPa] Shear Moduli [GPa] Poisson’s Ratio’s [-] Density [g/cm3]

E11, E22 E33 G12 G23, G31 ν21 ν31, ν32 ρ
18.5 6.0 0.77 1.36 0.25 0.33 1.23

Table 2 Strength properties adopted for aramid laminate in numerical model
Tensile [MPa] Compressive [MPa] Shear [MPa]

S11, S22 Sn S33 S23, S31 Ss
740.0 34.5 1200.0 271.5 9.0

RESULTS

Fig. 3 and Fig. 4 show the predicted sequence of events for an FSP impacting an aramid panel
at 500 m/s utilising the instantaneous and post-failure model, respectively.  Both figures
clearly show the formation of a crater in the panel model by deletion of elements that fail in
either the through-thickness compressive or shear failure mode.  Delamination occurs both
adjacent to and ahead of the advancing FSP.  The delaminations ahead of the FSP are thought
to be caused by stress-waves preceding the FSP.  It is clear from the two figures that the
response of the instantaneous and post-failure models differs considerably.  The predictions
utilising the instantaneous failure model indicate that the panel is not capable of stopping the
FSP.  However, when the post-failure model is used, the numerical model predicts that
complete perforation of the panel is prevented.  Based on the experimentally determined
ballistic limit of the considered target-projectile combination of 600 m/s, the post-failure
model seems to provide a more realistic prediction.

              
t=25 µs t=75 µs t=150 µs

Fig. 3: Instantaneous failure model, impact velocity of 500 m/s

              
t=25 µs t=75 µs t=150 µs

Fig. 4: Post-failure model, impact velocity of 500 m/s



Fig. 5 shows the effect of the damage exponent m on the predicted ballistic response when the
post-failure model is utilised in the simulations.  The figure shows that the damage exponent
corresponding to the through-thickness shear failure mode, m4, has the most dominant effect
on both the FSP velocity and backplane displacement time histories.  This is in agreement
with earlier findings presented in [10], where it was found that the through-thickness shear
properties of the laminate governed the penetration process.  However, it should be noted that
the predicted response highly depends on the chosen material properties for the aramid
laminate.  Ongoing simulations of ballistic impact experiments will provide a clearer
understanding of the parameters governing the ballistic impact response of the aramid
laminate.

     
a) b)

Fig. 5: Effect of the damage exponent m on the response predicted by the post-failure model.
a) Effect of m on the FSP velocity time history;

b) Effect of m on backplane displacement time history

Fig. 6 shows the predicted projectile and backplane response for woven aramid laminates
impacted by projectiles at 400-600 m/s, utilising the post-failure model.  The FSP velocity
time histories in Fig. 6a show that when the post-failure mode is used, the simulation predicts
that the panel is capable of preventing complete perforation by projectiles impacting at 400
and 500 m/s.  When the panel is impacted by an FSP at 600 m/s second, the simulation
predicts that the FSP exits the panel with a residual velocity of 63 m/s.  This is of particular
interest, since the experimentally determined ballistic limit for this particular target-projectile
combination lies around 600 m/s.  Fig. 6b shows the predicted backplane displacement time
histories for simulations incorporating the post-failure model.  As can be seen from the figure,
the backplane displacement increases with increasing impact velocity.  The predicted
backplane displacement resulting from the 600 m/s FSP impact is of less importance since the
panel is completely perforated.  It should be noted that Fig. 6b only shows trends and that the
actual backplane response strongly depends on the material and damage properties of the
lamina.  The effects of these properties are not considered in this study and are subject of
current research.  Similar simulations utilising the instantaneous failure model predicted that
the panel was only able to prevent the 400 m/s FSP from completely perforating the panel.



     
a) FSP velocity time histories b) Backplane displacement time histories

Fig. 6: FSP and Backplane response at impact velocities ranging 400-600 m/s,
predicted utilising the post-failure model.

CONCLUSIONS

Simulations of the ballistic impact response of woven aramid laminates to FSP’s impacting at
400-600 m/s showed that post-failure modelling had a considerable effect on the predicted
impact response.  Panel models incorporating the post-failure response were in most cases
capable of stopping FSP impacts at velocities below the measured ballistic limit.  Of
particular interest is the 600 m/s impact case, since the experimentally determined ballistic
limit of the aramid panels was found to be near this value.  The results of the post-failure
simulation at this impact velocity showed that the FSP exited the panel model with a residual
velocity of 63 m/s.  Simulations utilising the instantaneous failure model under predicted the
ballistic performance of the woven aramid laminates.

The material properties used in this study were based on published results from quasi-static
tests.  The quasi-static values were used as starting values for the material properties required
by the numerical model.  Subsequent simulations of ballistic impact tests on aramid panels
and helmets will be undertaken to provide more realistic estimates of the material parameters.
Mesh refinement and a non-local damage approach are also the subjects of current research in
order to avoid mesh-sensitivity issues.
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