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ARTICLE INFO ABSTRACT

Keywords: This work presents a study that was undertaken to find the configuration that corresponds to the highest
Energy-absorption ballistic limit for composite sandwich structures made of glass fibre-reinforced polymer (GFRP) sandwich skins
Foam and a crushable foam. To this end, a new three-dimensional finite element (FE) model was implemented. The

Analytical modelling
Numerical modelling
High-velocity impact

model accounts for the constitutive response of the GFRP sandwich skins and the crushable foam by means
of two subroutines. A previously developed analytical model was used to support and complete the results
of the FE model. Experimental data were also used to validate both models in the vicinity of the ballistic
limit for the neutral configuration (same number of plies on the front and rear face skins). Thus, the most
appropriate configuration to improve the ballistic limit for a structure with the same material (same number
of plies) was obtained by testing different distributions of laminae. The ballistic limit was then estimated for
all the possible configurations and the energy-absorption mechanisms were analysed to reveal new insights
into the behaviour of these structures when the neutral configuration is varied. In addition, the damaged
areas of the specimens were compared between the experiments and the model. As a result, the most suitable
configuration turned out to be associated with thicker rear face skins, which produce higher ballistic limits. The
largest fraction of the energy was absorbed by the out-of-plane mechanisms, this behaviour being maintained
in all the configurations. Experimental observations established that the damaged area of the front face skin
was smaller than the damage produced in the rear face skin and that bending effects were notable in the
latter. The affected areas were proved to have a round shape, presenting the largest size in the vicinity of the
ballistic limit.

1. Introduction combined with fibre microbuckling in compression or fibre debond-
ing in traction states [7-9]. Delamination may even be promoted

It is well established that composite structures provide good resista- depending on ply orientation in compression or flexural states [10].
nce-weight and stiffness-weight ratios compared to traditional mate- Woven composite laminates are used in aerospace, maritime and
rials such as steel, titanium or aluminium. These ratios enable the military applications in which high-velocity impacts impose compres-
amount of material needed and hence the costs to be significantly sion and shear loads [11-14]. Natural fibre-reinforced polymer com-

reduced [1,2]. One of the most paradigmatic typologies is composite
laminate, which allows the possibility of varying the stacking sequence
or ply orientation to strengthen rigidity only in the direction in which
loads are applied, lightening the weight. Within this context, the ex-
istence of models based on continuum mechanics [3] that can predict
free-edge interlaminar stresses is highly desirable, given the structural
weakening that free-edge effects may cause [4]. Moreover, the pres-
ence of notches and holes in the specimen that are inherent to the
manufacturing process may also introduce intensification stress factors
that are associated with failure mechanisms such as delamination [5,6], quite similar to those corresponding to a pair of spaced sandwich skins

posites [15] are also widely used in bulletproof vests and ballistic
applications. In this regard, sandwich structures with a foam core have
been thoroughly studied. [16] found fibre breakage in the front and
rear faces, with delamination of the inner plies and shear failure in
the core when sandwich skins with different thicknesses are impacted
by low-velocity projectiles. [17] showed the importance of the foam
core, which allows the damaged area of the sandwich skins to be
reduced, even when the residual velocity and the ballistic limit are
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List of acronyms

CFRP Carbon fibre reinforced polymer

DOFs Degrees of freedom

FE Finite element

FEM Finite element method

GFRP Glass fibre reinforced polymer

I-P (O-O-P) In-plane (out-of-plane)

NDE Non-destructive evaluation

PVC Polyvinyl chloride

VUMAT Vectorised user material

VUSDFLD Vectorised user subroutine to redefine field
variables

without a material core. The shock front of the compression wave in
the foam core produces higher piercing forces under impact loading,
due to enhanced strength provided by the foam core [18]. Sandwich
structures with a metal foam core are also used, given their capacity to
significantly dissipate the kinetic energy of the projectile and restrain
the formation of high stress regions [19]. Curvature of the panels
changes the energy absorption rates: doubly curved sandwich panels
have increased high-velocity impact resistance [20].

A ballistic equation was developed in order to describe the be-
haviour of composite structures with carbon fibre reinforced plastic
sandwich skins with an aluminium honeycomb core under a hyper-
velocity impact regime [21]. Various sandwich skin thicknesses were
considered to review the velocity limits at the transition from the
ballistic to the shatter regime at the onset of projectile fragmentation,
and from the shatter to the hyper-velocity regime. An experimental
and numerical study [22] showed optimal facesheet-thickness-to-core-
thickness ratios in GFRP sandwich structures, seeking to identify the
performance with the highest energy absorbed by the core, reducing
overall deflection of the structure. In this case, the sandwich structures
were subjected to underwater impulsive loads, since it has been estab-
lished that underwater environments produce a significant difference in
response compared to air-backed structures. In general terms, thicker
and lower-density cores provide superior blast mitigation and failure
resistance [23].

Sandwich panels consisting of titanium facesheets and an alu-
minium honeycomb core mainly absorb energy in the rear facesheet
in symmetrical configurations [24]. Additionally, it has been found
that carbon fibre-reinforced polymer (CFRP) with thinner sandwich
skins bonded by an adhesive to thicker honeycomb Kevlar cores are
more susceptible to damage if subjected to thermal fatigue [25]. It
has been established that increasing facesheet thickness and reducing
honeycomb cell size increases perforation resistance when the areal
density of the sandwich structure exceeds a certain value [26]. For
all these reasons, composite structure behaviour is more difficult to
characterise than that of traditional materials when there are fatigue
and fracture effects. Thus, the ability to inspect and characterise sand-
wich structures using non-destructive evaluation (NDE) methods [27]
seems fundamental. NDE methods are even used to inspect sandwich
structures with a balsa core [28] that can be used to build civil
constructions in areas with severe climate conditions, given that they
are capable of withstanding impacts from small projectiles such as
secondary debris from blast, hurricanes, and tornados and foreign
object debris from roads and runways.

Another possibility is provided by analytical models [29-31] that
allow global magnitudes such as ballistic limits or residual velocities to
be obtained with lower computational costs. This mathematical mod-
elling technique assumes a series of stages that take into account data
from previous stages in order to initialise later stages. For instance, [32]
used the plastic work dissipated in deformation and fracture at each
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stage as an approximation from the solution of the previous stage.
Shear forces are transmitted in the bond between facesheets and hon-
eycomb core that are subjected to the impact of blunt and spherical
projectiles. In these approximations, wave theory [33] is used as a
way to calculate the effects of the impact through the material, which
naturally introduces the failure mechanisms formulation [34], and it
can be also applied to describe low-velocity regimes [35] or high-
velocity impact in sandwich panels made of composite sandwich skins
with dense cores [36].

As shown, a complete description of sandwich structures subjected
to different impact velocities calls for a combination of analytical and
numerical approaches that need to be endorsed by experimental obser-
vations. In this paper, we present a sensitivity study to determine the
most suitable distribution of laminae in order to improve the ballistic
limit with a given number of plies. The study is carried out numer-
ically by using a continuum damage model implemented by means
of a FE model based on two subroutines. One of them is associated
with different failure criteria for the GFRP sandwich skins [37]. The
other subroutine, specifically designed for this work, implements the
constitutive law of the crushable foam core. The two subroutines are
executed together. The numerical results are supported by the solution
obtained from an analytical model previously developed and validated
by the authors [38]. Both sets of results are carefully compared and
discussed. Lastly, the numerically estimated damaged area is compared
with the experimentally measured area affected by the projectile in
specimens subjected to high-velocity impacts.

2. Finite element modelling

In this section, an explanation of the FE model to describe high-
velocity impact in sandwich structures is presented. Two damage mod-
els are developed with the aid of two user-written subroutines in an
explicit finite element method (FEM) framework (Abaqus/Explicit). For
the first, a previously developed continuum damage mechanics model
with different failure criteria is used by means of a vectorised user
material (VUMAT) subroutine for the glass-fibre sandwich skins [39].
Note that the sandwich skins consist of perpendicularly interlaced fibres
that are parallel with the laminate border, so the stacking sequence
of the woven alignment form is always [0/90],,. For the other model,
a crushable foam model is implemented adding a user-defined failure
criterion. In the first two subsections, the constitutive model for the
composite sandwich skins and foam core are described, taking into ac-
count failure mechanisms related to those considered in the theoretical
model, which will be summarised in the next section and are fully
explained in [38]. In the third subsection, the discretisation type of the
elements is described.

2.1. Constitutive model for the sandwich skins

Based on the experimental evidence, the constitutive response of
the glass-fibre sandwich skins can be assumed to be linear-elastic up
to the onset of damage, which means that the sandwich starts deterio-
rating, being orthotropic. This being so, it is a reasonable assumption
that such a constitutive material law is progressively affected by the
projectile. The damage by different mechanisms is taken into account
through six scalar damage variables that affect the diagonal terms.
Since damage variables evolve differently, the material can separate
merely from being orthotropic. However, non-diagonal terms remain
unaffected, which could be a limitation if damage behaves asymmetri-
cally. Nevertheless, this type of constitutive law is widely used [40-43].
Furthermore specimens analysed in this work, as shown in latter sec-
tions, present a circular damaged surface after impact reinforcing the
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hypothesis of symmetric damage. The constitutive behaviour is then
formulated in Mandel’s notation as:
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where ¢; and y, y (with i,j = 1,2,3) are the components of the strain
tensor, o;; are the components of the stress tensor; E;, v;; and G;; are
the Young’s moduli, Poisson’s coefficients and shear moduli, respec-
tively, and d; are damage parameters associated with different failure
mechanisms. Once the onset of damage in a particular direction is
reached, a linear decay controlled by the fracture toughness is produced
along that direction. As will be described in the theoretical model,
failure criteria can be divided into in-plane and out-of-plane types.
Some hypotheses are assumed theoretically to simplify the model and
thus some energy-absorption mechanisms are neglected depending on
the behaviour of the sandwich skins due to the boundary conditions,
thickness, etc. Nevertheless, the failure criteria presented in the FE
model account for all the possible energy-absorption mechanisms. In-
plane tensile and compression fibre failure associated with fibre failure
and elastic deformation of fibres [37] are triggered once the following
criteria are met [44]:

o1 ? 12 : 013 ’
11 + [ —== +( —= =1 (2)
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Xoni S Si3 ’

where X, are the normal failure stresses, S are the shear failure
stresses associated with 1,k = 1,2,3, and r = (t,c) accounts for tension
and compression. X, and S, were calculated according to Stan-
dards [45,46] and can be found respectively in [31,37]. According
to [47], failure by matrix cracking is caused by the in-plane shear
tension when the following relation is reached:

<6;2>2_1 4
S]ZS o

where S,,, is the shear failure stress associated with matrix crack-
ing [40]. S;,, is calculated according to Standard [46] and can be
found in [31]. The through-thickness matrix and fibre failure criterion
is associated with shear plugging and assumed to be caused by the
out-of-plane shear stress components, leading to:

%13 : 023 :
+ =1, (5)
< SlSs ) < S23s >
where S5, and S, are the shear failure stresses associated with matrix
breakage in the through-the-thickness direction. S;3; and S,;; were
calculated according to Standard [46] and can be found in [31]. Finally,

the crush failure criterion is associated with compression along the
thickness direction of the sandwich skins and is defined as:

2
933
B =, (6)
<X33>

where X3 is the normal failure stress in the through-the-thickness di-
rection. X35 is calculated according to Standard [48] and can be found
in [49]. The interlaminar damage model used in the finite element
analysis is based on the classical cohesive zone method by means of
a traction-separation law [50]. Further details about the formulation
of this model can be found in [37].
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2.2. Constitutive model for the foam

The constitutive response of the polyvinyl chloride (PVC) foam
was experimentally obtained in the literature [51] by means of sev-
eral uniaxial compression tests which provide the typical compression
stress-strain curve for crushable foams. The curve obtained can be
modelled by means of three stages. In the first stage, the foam exhibits
a linear-elastic behaviour up to a certain level of stress, named the
yield stress, where the strain can be increased while the stress remains
constant. This is well-known as the plateau region. The Young’s mod-
ulus and the initial Poisson’s coefficient are E = 87 MPa and v = 0.3
respectively. Following this, the cells of the foam start to collapse,
leading to a densification process where the stress increases with the
strain. The remaining properties for the plateau and densification re-
gion can be found in [38]. To reproduce this behaviour, a crushable
foam model with isotropic hardening was chosen. This model is gov-
erned by the equivalent plastic strain and assumes a similar behaviour
in tension and compression. The data from uniaxial tests performed
by [51] is sufficient to describe the evolution of the yield surface. Some
unavailable parameters such as the ratio between the initial yield stress
in uniaxial compression and in hydrostatic compression (k = 0.95),
and the plastic Poisson’s coefficient (v, = 0.0004) had to be estimated
according to [52]. Nevertheless, this model does not incorporate a
criterion for element deletion during the impact process. This is the
reason why an additional vectorised user subroutine to redefine field
variables at a material point (VUSDFLD) was used to implement the
same criteria as those considered in the theoretical model described
below for the foam region. The two criteria are compression and shear
plugging, which are respectively:

2
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where Xs3; is the normal failure stress of the foam in the through-the-
thickness direction and S;3; and S,3; are the shear failure stresses of
the foam. Once one of these criteria is met, the element is deleted.

2.3. Finite element implementation

The model is formulated for dynamic analysis and explicit inte-
gration and is coded as an Abaqus/Explicit VUMAT user-subroutine.
Three-dimensional Lagrangian elements were used to carry out the
simulations. The dimensions of the sandwich plates were (160 x 160
mm?). This size ensured that the damage would not reach the edge of
the specimen and therefore boundary conditions would not influence
the damage. The skins of the sandwich used in this study were made
from E-glass/polyester woven laminates. The core of the sandwich
was a PVC foam with a density of 100 kg/m’, and the skins were
1980 kg/m*. The foam core was 30 mm thick as in the experimental
specimens (see Fig. 1(a)). Each ply was 0.6 mm thick and a total of ten
plies were used in all the configurations studied, as described in the
results section. Ten plies were also used in the experimental tests, five
in the front skin and five in the rear skin. For a better understanding
of the simulated conformations in the FE model, Fig. 1(b) illustrates
two (1-9 and 6-4) of the configurations simulated as an example. The
first number is the number of plies in the front sandwich skin (0.6 mm
each) and the second number denotes the plies in the back sandwich
skin. Configurations ranging from 1-9 to 9-1 were studied, 5-5 being the
configuration corresponding to the available experimental data. Due to
the perpendicular alignment of the fibres, the constitutive response of
the E-glass polyester laminates was taken to be orthotropic, with nine
independent constants given by [37]. A VUMAT subroutine developed
by [37] was used to account for the continuum damage model.
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Front Face
Impact Direction

Back Face

160 mm

(a) Overall sandwich dimensions
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(b) Reference configurations. 1-9 (top). 6-4 (bottom)

Fig. 1. Sandwich structure and reference configurations.

The model is composed of 502425 C3D8R hexahedral elements for
the plies (Abaqus notation). Since C3D8R are reduced integration ele-
ments whose stiffness matrix is calculated through a single integration
point, so three degrees of freedom (DOFs) are available per element.
111650 COH3D8 hexahedral elements were used in the model as the
cohesive elements to simulate the joints. Since COH3D8 are complete
integration elements with four points of integration, twelve DOFs are
available per element. The model is composed of 627536 nodes. At
each node, three DOFs related to the three spatial displacements are
available. The constitutive behaviour of the cohesive elements is de-
fined by means of a traction-separation law where the stress vector
is calculated as the elasticity matrix multiplied by the strains, defined
as the separations divided by the initial thickness of the cohesive ele-
ment [52]. The onset of damage is reached when a function involving
the nominal stress ratios is equal to one and from that point, damage
evolves according to the Benzeggagh-Kenane fracture criterion [53].
The equations and material properties needed to define the constitutive
behaviour of this interlaminar damage model are collected in [37].

In addition, among the methods to avoid the problem of growth of
cracks through preferred paths attached to mapped meshes [54-56], an
unstructured mesh as shown in Fig. 2 was used. A convergence study
varying the areal mesh density was carried out in a previous study [37]
for the same geometry, obtaining differences of less than 1% from the
results with this mesh. This analysis ensures the independence of the
results when using a finer mesh in the impact region with elements
of 0.5 x 0.5 x 0.3 mm? and increasing the element size outwards from
the impact location. The longitudinal element density ensures that
the criterion established by [52] is met, with elements 0.3 mm thick
within the plies and 2 mm thick within the foam. This distribution
ensures a good degree of accuracy in the centre where the impact
takes place, and at the same time the gradient proposed along the free
mesh enables the problem described below to be avoided, reducing
the number of elements and thus being computationally more efficient.
This division can be seen in Fig. 2. Fig. 2(a) shows the whole sandwich
panel meshed while Fig. 2(b) shows a detail of the more finely meshed
region. The thicknesses were discretised by two partitions in each ply
and ten partitions in the foam core. The projectile was simulated as
a spherical analytical surface. The boundary conditions were set to be
true to the real conditions. Thus, the projectile was able to move only
in the through-the-thickness direction. As will be shown in the results
section, the boundary conditions do not affect the residual velocity
since the waves do not reach the borders of the sandwich. Nevertheless,
the borders of the foam and skins were clamped to be consistent with
the experimental tests, where a testing frame was used to fix the
specimens. It means that all the DOFs on the side faces were restrained
as illustrated in Fig. 2(c). The frictional behaviour between bodies was
simulated by an exponential decay friction model instead of the classic
Coulomb mode [37]. Both the elements of the plies and of the foam
were deleted if any of the damage variables associated with the failure
criteria reached unit value.

3. Theoretical model

In this section, a brief summary of the analytical model used to
describe the energy-absorption mechanisms taking place in sandwich
composite structures subjected to high-velocity impacts is presented.
The following is not intended to provide a full explanation of the
model but to qualitatively describe the key points of the stages and
the energy-absorption mechanisms involved [38], with special focus on
the first and last stages due to their importance for the ballistic limit.
The structures discussed here are made by assembling a crushable PVC
foam core and two composite sandwich skins consisting of woven E-
glass/polyester laminates. In the first subsection, the main hypotheses
are stated, and the main energy-absorption mechanisms involved in
each stage are described in the second subsection.

3.1. Hypotheses of the model

The model assumes the following hypotheses:

+ Although the front laminate is not very thick, the extra resistance
provided by the core and the back laminate prevents the first
sandwich skin from bending. This assumption allows the first
sandwich skin to be considered a thick laminate according to the
model proposed by [49].

In contrast, the back composite plate is considered to behave as a
thin laminate, in which membrane behaviour can be noted [39].
For this reason, the relevant variable is the relative displacement
of the projectile from the first impacted facesheet of the back
laminate.

The foam is considered to be isotropic, with three different re-
gions modelled in the constitutive law. A linear elastic behaviour
between stress and strain is established up to the yield stress,
followed by a perfect plastic evolution and lastly a densification
process.

The different wave movements are characterised by means of
wave theory [33] and their phase velocities.

3.2. Stages of the model

The model is split into six different stages that take place sequen-
tially. This means that the outputs of each stage are the inputs of the
following one. The first stage is formulated in terms of the total instan-
taneous energy, which has to be equal to the current kinetic energy of
the impactor added to the energy absorbed in both the laminate and the
foam according to the hypothesis based on the thick woven laminates
theory formulated by [49]. The sum of these two contributions must be
equal to the initial kinetic energy of the projectile. The derivation with
respect to the time, ¢, of the previous equality allows the acceleration
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(a) Overall view

(b) Detail of the central region

Composite Structures 307 (2023) 116645

(¢) Boundary conditions

Fig. 2. Finite element discretisation and boundary conditions of the sandwich structure.

of the projectile, a(r), to be obtained as a non-linear second-order
differential equation which governs the first stage:
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where Cy, is the velocity of the through-thickness wave, e, is the

laminate tinckness p; is the laminate density, v(r) is the projectile
velocity, ¢(x) is the projected diameter of the projectile, and m,, is the
projectile mass. The initial conditions for the two equations, which refer
to the instant # = 0 when the impact takes place in the front laminate,
are:

x(0) =
v(0) =

(10

where V; is the impact velocity of the projectile. The mathematical
expressions g(t, x(t), v(t)), h(t, v(t)), f(t,x(t)), p(t) are auxiliary functions
which imply different derivatives of the energy-absorption mecha-
nisms [38]. When the position of the projectile implies a deformation
of the laminate equal to the out-of-plane compressive failure strain
of the material, the first stage ends. A composite plug is pulled up
and starts travelling along with the projectile. In the second stage, a
perfect inelastic shock is assumed between the plug of material, with
a certain linear momentum, p,;, and the projectile, before and after
the composite failure at the end of the first stage. Following this, in
the third stage only two energy-absorption mechanisms are considered
in the foam; namely, compression and shear plugging. Depending on
the time spent by the waves in travelling along the laminate and foam
thickness, different volumes can be delineated in order to determine
the volume affected by compression. Next, in the fourth stage, the
only energy-absorption mechanism considered is the energy below the
foam stress-strain curve in the densification region. At the end of the
densification process, a foam plug is pulled up from the foam core when
the maximum strain of densification is reached. Subsequently, in the
fifth stage, an instantaneous linear momentum balance between the
plug of the first laminate, the foam, and the projectile is established.
Following this balance, a new body formed by the projectile and the
laminate and foam core plugs travels during the sixth stage.

In the sixth stage, the initial energy of the body formed by the
projectile and the two plugs must be equal to the sum of the instan-
taneous kinetic energy of the body added to the energy absorbed up
to this moment by all the energy-absorption mechanisms according to

the thin woven laminates theory hypotheses formulated by [39]. The
second-order differential equations that govern the stage and its initial
conditions are:
- 8(t, x(1), (1) = h(t, v(D))v()
a(n = N -
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where CV is the velocity of the transverse wave, c is a phenomeno-
logical constant D is the flexural rigidity of the plate, m; and m; are
the laminate and foam plug masses respectively, and k(z, v(¢)) is a phe-
nomenological function to account for the relative displacement [38,
39]. The expressions g(t, x(1), v(t)), h(t, v(t)) are auxiliary functions, dif-
ferent from the functions defined in the first stage, which again imply
different derivatives of the energy-absorption mechanisms [38]. Lastly,
the initial velocity of the body is V. This stage finishes when the
relative displacement between the plug and the laminate equals the
laminate thickness. At that precise moment, the residual velocity is
reached.

4. Results

Given that the main objective of this study is to find the suitable
configuration of laminae to improve the ballistic limit of sandwich
structures made of a crushable foam core and GFRP plates, the val-
idation process is divided into two steps. In the first subsection, the
FE model is validated. To this end, the FE model predictions of the
ballistic response in the region of the ballistic limit are compared to
experimental data and the previously validated theoretical model [38].
The relationship between the radius of the damaged area in the front
and rear faces and the impact velocity is compared with the experimen-
tal results. In the second subsection, different configurations of laminae
are studied to explore their influence on the ballistic limit. The energy
absorption by the different mechanisms is analysed. First, the energies
absorbed in the front and rear faces are compared. Secondly, the
in-plane and out-of-plane energy-absorption mechanisms are assessed
separately in order to provide a better understanding of the process.
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Fig. 3. Impact velocity versus residual velocity: comparison between theoretical and
finite element predictions and experimental results [51].

In the last subsection, the damaged areas obtained from the FE model
are compared to the surfaces affected by the projectile impact in the
experiment.

4.1. Validation of the finite element model

The validation study is focused on the ballistic limit of the sandwich
structure. In the experimental tests carried out by [51], a Sabre Ballis-
tics model A1G gas gun was used. Impact velocity was controlled by
regulating the pressure in the system and either of two gases were em-
ployed, helium or argon. Spherical steel projectiles of 7.5 mm diameter
and 1.7 g mass were used. A Photron FASTCAM-ultima APX high-speed
video camera was used to record the impact tests. The data acquisition
system of the camera was adjusted to gather information in a window
of 50,000 frames per second. It took 16 experimental result tests,
because the interesting zone in this study is close to the ballistic limit,
which was measured to be 343 m/s. In these tests, the ballistic limit
is experimentally defined as the impact velocity required to perforate
the target 50% of the time. This statistical definition makes sense for
experiments. For the analytical and numerical models, each impact
velocity has one residual velocity associated with it. Therefore, the
ballistic limit is simply taken as the first impact velocity with a non-zero
residual velocity. As explained in a previous section, the configuration
of laminae is denoted by two numbers; the number of plies on the
front and rear faces respectively. Since the configuration of laminae will
vary, and the original ballistic limit for the neutral configuration, 5-5,
is 343 m/s, a reasonable prediction is that the configuration presenting
the highest ballistic limit is bounded below 400 m/s, which would be
a ballistic limit improvement of more than 15%. For this reason, the
finite element model is only validated within this range of velocities. A
set of 16 FEM simulations were conducted to reproduce the available
experimental tests. Since the theoretical model is less computationally
expensive, simulations were performed for each initial velocity. The
comparison between the theoretical and finite element predictions of
the residual velocity versus the impact velocity with the experimental
data available [51] is presented in Fig. 3.

Fig. 3 shows good agreement between both the theoretical and finite
element models and the experimental data. The ballistic limit found
experimentally through a Lambert-Jonas adjustment is 343 m/s while
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Fig. 4. Comparison between experimentally measured [17] and numerically predicted
radius of the damaged area on the front and rear laminates versus impact velocity.

those predicted by the theoretical and finite element models are 322
m/s and 326 m/s respectively. Therefore, the finite element model
captures the value of the ballistic limit for the reference configuration
(5-5) reasonably well (error below 10%). Moreover, the fit of the curves
in the region of the ballistic limit is fairly good. The theoretical model
slightly overestimates the residual velocities given by the experimental
data but the finite element model predictions are very accurate near the
ballistic limit. To complete the validation, the damaged area from the
experiment was measured from photographs of the impacted specimens
using free digital image-processing software; this was possible because
the material of the skins was translucent [17]. Fig. 4 shows that
the damaged areas predicted by the FE model on the front and rear
laminates follow the same trends when compared with the experiments,
revealing a peak for impact velocities near the ballistic limit. This peak
is softer for the front laminates.

It can be observed that in both cases the size of the damaged
area becomes larger as impact velocities approximate the ballistic limit
where the contact time, and thus the transverse wave and delamination
are at a maximum. Consequently, both models are suitable for use in
the search for a configuration of laminae to improve the ballistic limit
with a given number of plies.

4.2. Study of ballistic limit sensitivity with respect to configuration and
energy absorption

The main objective of this section is to determine the most appro-
priate configuration of plies or at least to discover useful trends to
establish the ballistic limit. Since the original sandwich skins of the
sandwich structure were made of 0.6 mm thick plies (each sandwich
skin consists of 5 assembled plies), the configurations proposed are
all the possible distributions of plies with the same total thickness
for the two sandwich skins. To this end, a set of finite element and
theoretical simulations were considered with all possible configurations
of laminae. For each configuration, different simulations of impact tests
were performed numerically and analytically for different projectile
impact velocities to determine the predicted ballistic limit. In the FE
model, for each configuration, a simulation was performed every 10
m/s. When the residual velocity changed from zero to non-zero in
two consecutive simulations, the ballistic limit was set as the mean of
the impact velocities of the two simulations. In the theoretical model,
for each configuration, a simulation was carried out every 1 m/s.
The ballistic limit was taken as the first impact velocity value with
a non-zero residual velocity. The only parameter changed from one
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Fig. 5. (a) Ballistic limit versus laminate configuration ([number of laminae on front face]-[number of laminae on rear face]). (b) Projectile velocity versus non-dimensional time
for an impact velocity of 400 m/s, comparison between theoretical and FE predictions for configurations 1-9 and 9-1.

configuration to another, apart from the impact velocities to look for
the ballistic limit, was the number of plies constituting the front and
rear skins. The results of this analysis are shown in Fig. 5(a).

Fig. 5(a) shows that the configuration where the ballistic limit is
the highest is reached with the 1-9 configuration. This prediction is
consistent between the theoretical and finite element models. Further-
more, both models agree in describing the same descending trend in
the ballistic limit when the number of plies on the front face skin is
increased while the number in the rear face is reduced.

Even though the trends are the same, there are notable differ-
ences between the ballistic predictions of the two models in the range
sufficiently different from the neutral configuration (5-5), where the
predictions are almost equal. All the energy-absorption mechanisms
described in the theoretical model are accounted for in the FE model
by means of the various failure criteria. Therefore, it can be inferred
that the differences observed in Fig. 5(a) are mainly associated with the
moment transfers considered in the theoretical model and to differences
in the failure criteria. On the one hand, these inelastic shocks are
indeed one of the most effective mechanisms to decrease projectile
velocity in the analytical model [38] as shown in Fig. 5(b). In this
model, the plug of material formed in the first stage is smaller, as
there are few plies on the front face to influence the linear momentum
of the plug, p;;. This effect produces a lower projectile velocity and
therefore a higher ballistic limit in configurations with fewer plies in
the first sandwich skin (4-6 to 1-9) than the neutral configuration. As
the number of plies is progressively higher, the sandwich skins’ capacity
to decrease the projectile velocity is affected. This causes the theoretical
predictions of the ballistic limit to decrease significantly faster than the
FE predictions. Additionally, no moment transfer between the projectile
and the plugs occurs in the FE approach. When an element is deleted to
avoid distortion problems, the corresponding pivot in the mass matrix
becomes null. Therefore, there is a continuum loss of laminate mass
during the process, since it is impossible to reproduce the moment
transfers assumed in the theoretical model. Since this effect is not
accounted for in the FE model, the decrease in the ballistic limit as more
plies are added to the front face is smoother than in the theoretical
model. Fig. 5(b) shows that if the loss of velocity in the inelastic shocks
were added to the numerical model, the prediction of residual velocities
would be almost identical in the two models for the 1-9 configuration.
Furthermore, it must be kept in mind that the two models are subject
to different hypotheses. For instance, the analytical model uses failure

criteria based on maximum strain, while the deletion of elements is
decided by means of a continuum damage model in the FE model.
Even though the failure criteria are formulated with equivalences, it
is unavoidable that certain differences arise. Fig. 5(b) illustrates this
idea for the 9-1 configuration. In the analytical model, the laminate
absorbs energy only until the criterion of maximum deformation is
met before the projectile has travelled through all the laminate in the
first stage. In contrast, the FE model allows the elements to absorb
energy through the entire projectile path, which explains why the loss
of energy is higher than in the analytical model in early stages and thus
explains the differences in Fig. 5(b) for the 9-1 configuration. This set of
results indicates that the ballistic limit and hence the projectile contact
time depend not only on the density of the core [57] or sandwich
thickness [58] but also on the configuration of the plies when the rest
of the parameters remain constant.

Another important feature that helps to better understand the trend
of the ballistic limit shown in Fig. 5(a) is the energy absorbed by
the front and rear faces. The non-dimensional energy absorbed by
the front and rear faces predicted by the two models are compared
for the different configurations of laminae in Fig. 6. Fig. 6(a) shows
this comparison for an 8-2 configuration of the laminae and Fig. 6(b)
presents the comparison for all analysed configurations for a projectile
impact velocity of 400 m/s.

The first aspect to highlight in Fig. 6(b) is the near-total lack of
energy absorption by the front face in the 1-9 configuration in the
theoretical model prediction. After this first configuration, the energy
absorbed by the front face skin increases as more laminae are added to
this face while the energy absorbed by the rear face skin decreases. This
trend is followed in both models and it is consistent with expectations.
Both models predict that the front face absorbs almost all the energy in
the 9-1 configuration. At a certain intermediate configuration, there is
a point where the energy absorbed by the front and rear face skins is
equal. Note that for the 4-6 configuration the FE model predicts greater
energy absorption by the front face skin although the rear face skin has
two more plies. Symmetrically, for the 6-4 configuration, the theoreti-
cal model predicts greater energy absorption by the rear face skin even
though the front face skin has two more plies. Therefore, more plies
do not necessarily produce greater energy absorption. Although the
energy absorbed by the front and rear skins cannot be experimentally
determined, by comparing the energy values provided by the models,
Fig. 5(a) can suggest which model predicts this result more accurately.
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Fig. 6. Comparison of the non-dimensional energy fraction predictions of the front and rear faces between the theoretical and finite element models for: (a) an 8-2 configuration

of the laminae; (b) all configurations of laminae at a 400 m/s projectile impact velocity.

Since the ballistic limit grows with the number of plies on the rear
sandwich skin, it is reasonable to think that the rear sandwich skin
absorbs more energy. Therefore, the theoretical model predicts that
the energy absorbed by the rear skin is larger for more configurations
than the FEM as shown in Fig. 6(b) (from 1-9 to 6-4 even though there
are more plies on the front skin in the latter configuration). Thus it
is reasonable to conclude that the predictions given by the theoretical
model are more accurate in this regard.

Lastly, the distribution of the energy absorbed in in-plane (I-P) and
out-of-plane (O-O-P) energy-absorption mechanisms for the different
configurations can give some insights about the failure modes and
thus the ballistic responses of these sandwich structures. The in-plane
energy-absorption mechanisms considered in the theoretical model are
elastic deformation of fibres (Egs. (2), (3) in the FE model), tensile
failure of fibres (Egs. (2), (3) in the FE model), and delamination and
matrix cracking (Eq. (4) in the FE model). The out-of-plane mechanisms
are compression (Eq. (6) in the FE model), shear plugging (Eq. (5) in
the FE model) and laminate acceleration (kinetic energy of the elements
in the FE model) throughout the impact direction. Fig. 7(a) shows this
comparison for an 8-2 configuration of laminae and Fig. 7(b) presents
the comparison for all the possible configurations analysed, again for a
projectile impact velocity of 400 m/s.

Fig. 7 shows the dominant role of the O-O-P energy-absorption
mechanisms that govern the penetration process in all the configu-
rations studied. Note that the relative importance of O-O-P and I-P
mechanisms remains practically constant in the theoretical model pre-
dictions and tends to stabilise in the FE model, the results being close
to constant within most of the range studied (from 2-8 to 9-1). Overall,
it can be stated that both models’ predictions are in agreement in
terms of the relative importance and constant trend of the I-P/O-O-P
mechanisms for all the laminae configurations.

4.3. Experimental and numerical damaged area

As the FE model is formulated to take into account the different
failure modes, it is essential to assess whether it can qualitatively
and quantitatively predict the morphology of the damaged area. To
this end, the experimental damaged areas in the front and rear faces
of the sandwich structure are compared to the numerically obtained
damaged surfaces for the impact velocities analysed in this paper.

The comparison is carried out for the neutral configuration, for which
experimental data is available. The results are presented as a function
of the radius instead of the size of the area as all the damaged surfaces
turn out to be circular. The damaged area on the front laminate is
similar in shape and size in all the specimens. The FE model accurately
predicts the damaged area both qualitatively and quantitatively, as can
be seen in Fig. 9. As already stated, the affected areas are circular with
a size similar to the diameter of the projectile. From this result, it can be
inferred that local phenomena such as compression and shear plugging
are responsible for the failure of the front laminate, because these
failure modes provoke local damage [37]. In Fig. 8, the Cauchy stress
(65,) on both laminates is shown for a sandwich structure impacted
at 310 m/s. The small size of the affected area on the front laminate
compared to the rear laminate supports the hypothesis that the front
laminate fails due to the local failure modes mentioned above.

As already noted, the damaged area on the rear laminate is clearly
larger than that on the front laminate. This agrees with the findings
reported by [37,59,60]. Due to the boundary conditions of the ex-
periments, the rear laminate has a membrane-like behaviour allowing
the fibres to withstand large deformations before breaking. The out-of-
plane acceleration of the laminate contributes to reducing the projectile
velocity mainly by means of fibre failure and elastic deformation of
fibres [38]. This out-of-plane movement leads to larger delaminations
compared to the front laminate. Illustrating the failure modes, Fig. 8(b)
shows the fibre failure in a sandwich structure impacted at 310 m/s,
in which breakage of the four main fibres can be noticed. This shows
that o,, responsible for this failure is greater on the rear laminate as
shown in the comparison between Figs. 8(a) and 8(b) for the reason
explained above. Lastly, to visually back up the results shown in Fig. 4,
the experimentally obtained and numerical predicted damaged areas
for velocities below, around and above the ballistic limit are shown
in Fig. 9, showing that the general trend of the experimental and
numerical results in terms of the size of the damaged surface is similar.
Rear laminates are shown in Fig. 9 since the damaged area is larger
and thus it can be better visualised. Overall, the predictive capability
of the FE model in terms of representing the damaged area is proven
according to the shapes and qualitative trends experimentally shown.
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5. Conclusions

In this work, a sensitivity study was carried out to determine the
most suitable configuration in composite structures subjected to high-
velocity impacts. The typology of the structure studied was a sandwich
made of two GFRP sandwich skins with a crushable foam core between
them. Two models, analytical and numerical, were used to analyse
the perforation process and they were able to accurately predict the
ballistic limit after being validated with experimental data. Different
configurations were studied in which the numbers of plies on the front
and rear faces were varied, keeping the total number constant. All the
analyses were performed for a projectile impact velocity of 400 m/s
and the energy absorbed for each configuration was assessed. Lastly,
the energy absorbed in each configuration by the different in-plane and
out-of-plane energy-absorption mechanisms was also analysed using
both theoretical and numerical approaches. The conclusions that can
be drawn from this study can be summarised as follows:

» For a sandwich structure of a given thickness, the distribution
of plies between the front and rear faces has to be taken into
account in addition to the areal density in order to determine the
ballistic limit or the energy absorbed by each energy-absorption
mechanism.

The ballistic limit predictions obtained from both models were
the same in the neutral configuration. Although the descending
trend (as the number of plies on the rear face was decreased) was
well-captured through both approaches, there were quantitative
differences between them. Whilst the theoretical approach took
into account inelastic shocks in the plug formation processes
and hence predicted a steeper descent, the FE model described
a smoother evolution for the ballistic limit. Regardless of these
differences, both models were proved to be appropriate to analyse
the behaviour of the ballistic limit. In view of the results obtained,
the configuration providing the highest ballistic limit was 1-9,
meaning that the most accurate strategy to improve the ballistic
limit consists of concentrating the composite material in the rear
face, in which bending effects are dominant.

In relative terms, the energy absorbed by the front face went from
practically zero to the whole of the energy as the sandwich skin
configuration was changed from 1-9 to 9-1. The fraction of the
energy absorbed by the rear face was almost whole when the
configuration was 1-9, decreasing to practically zero in the 9-
1 configuration. Again, there were numerical differences in the
energy absorbed by the front and rear faces, obtaining identical
qualitative behaviours from both approaches. As already noted,
there were intermediate configurations in which the sandwich
skin that absorbed larger energy fractions was the face with fewer
layers. These enlightening results allow us to state that ballistic
performance in sandwich structures depends not only on the
amount of material included but also on finding the most suitable
place for it. Lastly, the configuration in which both sides of the
laminate absorbed equal energy fractions was determined. While
this configuration is estimated to be within the 7-3 to 6-4 range
by the theoretical approach, it happened to be located in the 3-7
to 4-6 range according to the FE model.

Out-of-plane energy-absorption mechanisms play a more impor-
tant role than in-plane mechanisms. The fractions predicted by
both approaches for both groups of mechanisms tended to be
approximately constant for all laminae configurations.

The circular shaped damaged area of the specimens tested is accu-
rately predicted by the FE model. The area of the damaged surface
is larger in the rear laminates due to the out-of-plane movement.
A peak in the area of the damaged areas is experimentally and
numerically observed when the impact velocities approach the
ballistic limit, leading to the conclusion that main trends are well
captured by the FE model.
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