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Modelling of carbon/epoxy sandwich panels with agglomerated cork core 
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A B S T R A C T

This work studies the behaviour of sandwich panels made of woven carbon/epoxy face-sheets and agglomerated 
cork as core material subjected to impacts at intermediate velocities, below the perforation velocity of the panel. 
Agglomerated cork was selected as an eco-friendly alternative to traditional synthetic polymeric foams. A 
nonlinear/explicit finite element model was implemented to study the problem. Continuous damage models were 
used to predict the intra-laminar and inter-laminar damage evolution in the face-sheets. The core behaviour was 
modelled through a hyperelastic elastomeric foam model with multiaxial failure criteria. The numerical model 
was validated in two phases. First, the numerical models of face-sheet and core were validated with experimental 
data from the open literature. Second, the precision of the model of the complete sandwich is assessed with 
experimental tests carried out in this work. 

Two cases were studied one when the projectile does not perforate the front face-sheet and another when the 
projectile does not perforate the back face-sheet. Results show that the numerical model accurately predicts 
transverse displacements when compared to DIC measurements. Additionally, the model can predict the panel’s 
penetration when comparing with real specimens. Finally, the model provides the damage evolution and the 
evolution of the different energy absorption mechanisms during the perforation process, something that is not 
possible to obtain experimentally and provides a valuable tool to understand the phenomenon.   

1. Introduction

Sandwich composite panels are made of two strong and stiff face- 
sheets separated by a lightweight core material. These panels are 
widely used in diverse applications such as the aerospace, marine, car, 
and wind industries due to their high bending and buckling resistance 
while maintaining a low weight [1]. Sandwich panels can be subjected 
to different types of impact during their lifetime, generating damage 
that can compromise the residual strength and service life of the struc-
ture [2,3]. 

The impact response is usually categorized into low and high- 
velocity regimes [4]. In a high-velocity impact, the response is 
controlled by the stress wave propagation inside of the material, and 
thus by the material properties in the area close to the impact. The 
duration of the event is lower than the time required for the wavefront to 
reach the contour conditions, leading to localized damage and thus the 
effect of boundary conditions can be ignored [5]. In a low-velocity 
impact, the response of the structure is global and it is controlled by 
the boundary condition and structure stiffness [4]. 

Although no clear separation between high and low regimes can be 
found in the literature [5–9], there is consensus that the panel geometry, 
mechanical properties of the material (Young Modulus, failure strain, 
etc), impact velocity and projectile properties can define the transition 
impact velocity [10]. Between both regimes, there is an intermediate 
impact regime where the phenomenon is characterized by short dura-
tion and a response dominated by flexural and shear waves [11]. This 
phenomenon occurs in events such as road debris or hail impacts [4]. 

During an impact event, the energy absorbed by the sandwich can be 
divided into two components: energy absorbed in creating damage and 
energy absorbed by the structure through vibration, heat, and elastic 
response. Damage in a sandwich panel is a more complex phenomenon 
than in monolithic laminates. In the latter materials, failure is domi-
nated by the interaction between fibre fracture, matrix cracking, fibre 
kinking and delamination. In a sandwich these mechanisms are present 
in the face-sheets but also additional mechanisms such as core failure 
and face-sheet debonding play an important role. 

Additionally, the structural response of sandwich structures is very 
complex partly due to nonlinear response due to high out-of-plane 
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deflection [2]. Abrate [4] pointed out that the impact response of a 
sandwich panel is mainly controlled by the core. Particularly the contact 
phenomenon between projectile and target in sandwich structures are 
drastically different than for monolithic laminates, showing that the 
indentation of the sandwich is dominated by the deformation of the 
core. It is also necessary to account for the non-linear stress-strain 
behaviour of the cellular material in the core to predict the deflections of 
sandwich structures. 

The analysis of the behaviour of sandwich composite structures 
under impact loading is an ongoing subject of research due to its 
intrinsic complexity. Multiple approaches have been taken to study the 
behaviour of sandwich panels under localized impact. However, at the 
experimental level, relevant studies over sandwich panels with CFRP 
face-sheets are less common and are mainly focused on polymeric foam 
cores (e.g. Kepler [12,13] at intermediate velocities and Fan Xia Wu 
[14] at low velocity). Few studies on sandwich panels with agglomer-
ated cork are available in the literature (Ivañez et al. [15] at
high-velocity impact, Silva et al. [16] at low-velocity impact and
Sanchez-Saez et al. [17] on sandwich panels with aluminium face-sheets
and agglomerated cork core). Most experimental studies rely on mea-
surements of deformation and force history of the panel as well as the
post-mortem damage morphology. Some contemporary works also
included the use of techniques such as X-ray tomography for detail
damage visualization and high-speed high-speed photogrammetry [18,
19]. Digital Image Correlation (DIC) is a non-destructive technique that
together with high-speed video recording is gaining acceptance
[20–22]. With this technique, the evolution of the displacement and
strain fields are obtained allowing studying the transient nature of the
phenomena, providing information to validate numerical and analytical
models.

Some analytical models have been proposed to study the behaviour 
of sandwich structures against impact. Some models are based on a 
quasi-static response of the panel using spring-mass models and an 
empirical contact law between the sandwich panel and the indenter 
[23–25]. Others use the classical plate theory for a symmetrical laminate 
on an elastic foundation [26]. While some others use an energy balance 
approach in which different energy dissipation mechanisms such as local 
indentation, global deformation, shear plunging, tensile fracture, 
delamination and core crushing are considered [27–29]. Although these 
models are valid in certain specific problems, their governing equations 
of motion are mathematically involving and usually, they have to be 
solved numerically. 

Multiple numerical FEA models have also been proposed in the 
literature to study the behaviour of sandwich panels under different 
kinds of impact, most of them relying on industrial packages such as 
ABAQUS, RADIOSS or LS-DYNA [9,30–33]. In their majority, they use 
non-linear explicit/dynamic procedures and continuum damage models 
(CDM) to simulate the initiation, growth and interaction of different 
failure modes in the composite face-sheets. 

As important as the model is its validation. Validation is the process 
of determining if a model accurately represents the real physical phe-
nomena by comparing simulation results with experimental results. This 
is usually done applying a building block approach in which different 
levels of a complexity pyramid (coupons, elements, details, sub-
components, components) are assessed level by level to ensure that the 
phenomena under investigation are well addressed and understood 
[34]. The use of this validation approach is extensive in composite 
structures ranging from studies on impact vulnerability over CFRP 
laminates [35–38] to studies of crashworthiness over aircraft fuselage 
components [39,40]. It has also been applied to the validation of FEA 
models for sandwich structures under impact loading. For example [30] 
used the impact force history and the damaged area to validate their 
model of a low-velocity impact whilst [32,28,33] used the residual ve-
locity to validate their high-velocity impact model. Some other authors 
have also used the damaged area and failure morphology as a validation 
variable [30,33]. 

From the scientific literature, it can be concluded that there has been 
a substantial advance in the understanding of the impact phenomena of 
sandwich structures particularly with composite face-sheets such as 
CFRP, GFRP, or Kevlar/epoxy with semi-rigid core such as PVC foam 
[31,32]. It is also clear that the impact response of the sandwich panel is 
highly influenced by the face-sheet and core properties. 

Nowadays, there is a lot of interest in the use of naturally derived 
materials in structural applications to reduce the environmental impact 
of industrial processes. One of the alternatives to polymeric foam cores is 
agglomerated cork. This material is a mixture of randomly oriented cork 
granules with a low percentage of an organic binder. Compared to 
natural cork, agglomerated cork presents a nearly isotropic behaviour, 
which allows the reuse of leftover from cork manufacturing processes. 
Agglomerated cork has some good specific properties suitable for 
sandwich construction such as low density, high-energy absorption ca-
pacity, and high shear strength [41–44]. 

In the authors’ knowledge, there is little research that analyses the 
impact behaviour of sandwich structures with highly elastic cellular 
materials such as agglomerated cork. Most of the works focuses on 
experimental studies, especially at low impact velocities [15,31,30], and 
high velocity impact [15,28,32,44]. 

As previously stated, the impact response of a sandwich panel is 
highly dependent on core properties, thus a numerical model of 
agglomerated cork has to include the nonlinear and high elastic longi-
tudinal and lateral behaviour, its strain rate sensitivity, and its failure 
under multiaxial loading. On the other hand, the inter-laminar damage 
of the face-sheet has been excluded from some previous works. In other 
works, even when this type of damage is included, the cohesive law 
parameters are not reported or their values are not directly related to 
experimental fracture testing. 

Some of these models also provide little insight into the damage 
evolution and the coupling of the damage mechanisms with the impact 
history. 

The purpose of this work is to study the behaviour of a sandwich 
panel of carbon/epoxy face-sheets and agglomerated cork subjected to 
impacts at velocities that do not perforate completely the sandwich 
panel. This is a representative case of an impact with small fragments at 
intermediate impact energy. An explicit/dynamic FEA model is pro-
posed that includes intra-laminar and inter-laminar, damage in the face- 
sheet using continuous damage models. Additionally, the dynamic non- 
linear response of the agglomerated cork is also implemented through a 
hyperelastic elastomeric foam model with strain rate hardening and 
multiaxial failure criteria. Models used in face-sheets, core and interface 
were validated independently using experimental data from the litera-
ture while the whole sandwich panel is validated by performing multiple 
impact tests at different velocities to estimate the perforation velocity 
and validate the complete model of the sandwich panel. The damage 
evolution is described for two cases: one when the projectile does not 
perforate the front face-sheet and another when the projectile does not 
perforate the back face-sheet. 

2. Experimental procedure

The sandwich panel (120 × 120mm) is made of two rectangular
laminate face-sheets located in the top and bottom bonded to a 5 mm 
thickness core, Fig. 1. Each face-sheet laminate is made from plain- 
woven plies of carbon/epoxy AS4/8552 with a [90/0/±45]s layup. 
Agglomerated cork from Amorim Cork Composite with a density of 215 
Kg/m3 (NL20 CORECORK) was used as the core of the sandwich. 

The panels were impacted at the centre with a spherical steel pro-
jectile of 7.5 mm in diameter and 7.98 g of mass. The tests were carried 
out using a gas gun Sabre Ballistic, using Stargon at high pressure as 
propellant gas at impact velocities between 62 m/s to 170 m/s. The 
projectile velocity was measured using a high-speed camera Photron 
Ultima located perpendicular to the impact direction recording at 70000 
fps. 3D stereo Digital Image Correlation (DIC) is also used to measure the 
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displacements and plane strain distribution of the front face-sheet of the 
test specimens during the impact event. For these two additional high- 
speed cameras PHOTRON FASTCAM SA-Z in stereo configuration 
recorder the impact at the same frequency. The panel’s front face-sheet 
was painted with a speckle pattern of black dots over a white back-
ground and multiple video frames were captured during the impact 
event. The time step between frames was 14.2 μs (for 70000 fps). The 
average speckle size was 1 mm and the region of interest (ROI) for each 
frame is 512 × 496 pixels with a subset size of 21 pixels and a step size of 
8 pixels. The software used for the analysis was Digital Correlation En-
gine V.2. developed by Sandia National Laboratory in the U.S. This 
method provides accurate identification of changes among the video 
frames correlating them at the pixel and the subset level to find the 
displacement and strain field. 

3. Numerical model 

In this section, a brief description of the constitutive and damage 
models of face-sheets and core are presented. The projectile behaviour is 
assumed isotropic linear-elastic behaviour without permanent defor-
mation. The projectile material is steel with a density ρ=7850 Kg/m3, 
Young Modulus E=200 GPa and Poisson ratio ν=0.25. 

3.1. Face-sheet model 

The intra-laminar damage in the face-sheets was modelled using a 
continuum damage model (CDM) approach for fabric reinforced com-
posites implemented in Abaqus/explicit through the built-in VUMAT 
subroutine ABQ_PLY developed by Jhonson [45] based on the Ladeveze 
et Le-Dantec damage continuum model [46]. The ply is modelled as an 
orthotropic elastic material that can sustain progressive damage due to 
fibre/matrix cracking and plastic deformation under shear load. 

The elastic stress-strain relations are given by: 
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Where d1 and d2 are the damage variables related to fibre fracture in 
direction 1 and 2, respectively, whereas de damage variable d12 is 
related to matrix micro-cracking due to shear deformation. 

The elastic domain is given by the activation function where γ̂ is the 
damage threshold that is initially set to one, ̃σα is the effective stress and 
Xα is the strength in each direction (α = 1+,1− ,2+,2− , 12). 

gα =
σ̃α

Xα
− γ̂α ≤ 0 (2) 

The evolution of the damage variables is a function of the fracture 
energy (per unit area) Gα

f and the damage threshold. 
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Here, Lc is the characteristic length of the element in the mesh, Gα
f is the 

fracture energy (per unit area) under uniaxial loading. The shear 
behaviour is non-linear and includes both plasticity and stiffness 
degradation due to matrix micro-cracking. Plasticity is defined through 
the yield function. 
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And the hardening function: 

σ̃0
ʀ
εpl) = σ̃y0 + C

ʀ
εpl)p (6) 

The basic mechanical material properties are taken from the mate-
rials qualification data report [47] and summarized below in Table 1. 

Experimental determination of the fracture energy release rate for 
tensile failure (Gf+) and compressive kinking (Gf-) is vital for modelling 
the damage evolution of composite laminates however there are no 
standards to determine these properties [48]. Besides the widespread 

Fig. 1. Specimen and projectile’s geometry.  

Table 1 
Mechanical properties AS/8552 carbon/epoxy 
plain-woven [47].  

ρ (Kg/m3) 1570 

E1+ (MPa) 66052 
E2+ (MPa) 66603 
v12+ 0.046 
G12 (MPa) 5957 
E1- (MPa) 76118 
E2- (MPa) 74546 
v12- 0.0552 
X1+ (MPa) 769 
X1- (MPa) 1012 
X2+ (MPa) 753 
X2- (MPa) 937 
S (MPa) 67  
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use of this material, reported values of its inter-laminar energy release 
are scarce and previous numerical models can vary substantially from 
one another. The present work uses the values shown in Table 2 based on 
fracture compact tension (CT) tests carried out by Haldar et al [49] 
following the methodology proposed by Pinho et al [48]. In their work 
only the Gf1+ is evaluated (Gf1+=50 N/mm) and this value is taken as a 
reference to scale the remaining energy terms based on the strain energy 
at damage onset. 

Delamination occurs by the separation of one or more plies in a 
laminate and can be analysed with a mixed-mode cohesive zone model. 
This model has been widely reported in the literature [50–53] therefore 
details about its mathematical foundations are not included. Instead, a 
brief description of some key concepts used in the model definition is 
given. 

A cohesive model works under the assumption that the interface 
between plies follows a linear elastic behaviour given by the stiffness 
parameters (K̃i) until a critical level of stress (σ0

i ) or separation. After 
that, the damage is initiated with a progressive degradation of the 
stiffness in the interface that is controlled by the damage variable Dm. At 
this point, adjacent nodes can open or slide depending on the mode of 
fracture (i=I: Opening, i=II: Sliding, i=III: Tearing). 

In a mixed-mode cohesive model separation in each mode occur 
simultaneously, but they are assumed uncoupled. However, a quadratic 
damage initiation criterion is used to account for the contribution of 
each mode. 

Additionally the separation at fracture (Dm = 1) is governed by the 
critical energy release rate Gic in all modes. As result, a mixed-mode 
cohesive model requires the estimation of nine material parameters 
Gic, σ0

i , K̃i (three for each crack propagation mode). Gic can be measured 
experimentally from fracture tests while σ0

i , K̃i are difficult to measure 
and are commonly obtained indirectly from sensitivity analysis of an 
FEA model. 

The inter-laminar parameters for the cohesive law used in this work 
are presented in Table 3. The energy release rate values (Gic) for fracture 
in mode I and II were extracted from previous ENF and DCB experiments 
in [54,49]. The stress and stiffness parameters for the cohesive law (σi,

K̃i) are established through a sensitivity analysis from the same exper-
iments ([49]) using a mixed mode power law with an exponent of 2. 

3.2. Core model 

Agglomerated cork is a cellular material with a quasi-isotropic non- 
linear mechanical behaviour. It is strain rate dependent and has a var-
iable Poisson ratio [55,56]. This material can experience large de-
formations without significant plastic deformation and it has been 
modelled in previous works with a hyperelastic elastomeric foam model 
[55]. This model is designed for cellular materials whose porosity allows 
very large elastic deformations (up to 90%) and can capture the 
compression stages of the material behaviour (linear-elastic, plateau, 
and densification). The strain energy is modelled as a polynomic func-
tion of the principal stretches λ̂1, λ̂2, λ̂3. 
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where N is the order of the polynomial, Jel is the elastic volume ratio, μi 

is shear moduli, and αi, βi are the curve-fitting non-integral exponents 
[56]. 

Mullins effect is used to model the stress-strain softening associated 
with damage when the material is stretch beyond its prior maximum 
value. The Mullins Effect uses the following modified energy function 
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Where ηUdev(λi) is the deviatoric part of the strain energy of the initial 
(primary) material response multiplied by the scaling factor η. Addi-
tionally Φ(η) is a damage function and Uvol(Jel) is the volumetric part of 
the strain energy. The evolution of the damage variable is given by: 
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Where Um
dev is the deviatoric strain energy when maximum stretches are 

reached, and r,m, β are material functions 
The damage dissipation can be obtained from the following expres-

sion: 
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The material is modelled using uniaxial stress-strain data taken from 
quasi-static tensile testing and dynamic compression testing previously 
carried out by the authors [57]. Lateral strains are also included to ac-
count for the variable Poisson ratio [57]. Fig. 2 shows the stress-strain 
values and the Poisson ratio used as input. A fourth-order polynomial 
was used to represent the strain energy potential. The Mullins damage 
parameters (r, m, β) are obtained from a previous sensitivity analysis 
based on dynamic compression experiments over the same material 
[57]. Element deletion was implemented through a VUSDFLD user 

Table 2 
Intra-laminar energy release rate AS/8552 
carbon/epoxy plain-woven [49].  

Gf1+ (N/mm) 50 

Gf1- (N/mm) 72 
Gf2+ (N/mm) 47 
Gf2- (N/mm) 67  

Table 3 
Inter-laminar cohesive law parameters [49, 
54].  

KI (N/mm3) 2 

KII (N/mm3) 800 
KIII (N/mm3) 800 
σI (MPa) 1.56 
σII (MPa) 23 
σII (MPa) 23 
GI (N/mm) 0.62 
GII (N/mm) 2.61 
GIII (N/mm) 2.61  

Fig. 2. NL-20 dynamic stress-strain curve and Poisson ratio [57].  
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subroutine using the Tsai-Wu fracture criteria [58]. Uniaxial fracture 
tensile, compressive and shear stresses (X, X’, and S) were obtained from 
the aforementioned experiments and are presented together with the 
damage parameters in Table 4. 

3.3. Mesh, interactions and boundary conditions 

The face-sheets and core are modelled as 3D deformable bodies. The 
front and back face-sheet laminates are modelled as a series of inde-
pendent plies to create an independent mesh for each ply and allow the 
definition of the cohesive interaction. All body parts are partitioned as 
shown in Fig. 3 to assign a proper mesh control and create mesh 
refinement regions. Each ply is modelled individually using continuum 
shell elements with reduced integration (SC8R) with five integration 
points across the thickness. The mesh is dominated by hexahedral ele-
ments and it is partitioned into five transition regions around the impact 
zone to improve computational efficiency. The smallest element size at 
the impact region is 0.5mm while the largest element size is 4mm at the 
free edges. Second-order accuracy, enhanced hourglass control and 
element deletion are active to avoid excessive deformations. The core is 
modelled in a single part using 3D hexahedral elements with reduced 
integration (C3DR8). The same transition regions used were used on the 
core plane with a 0.5 mm seed across the thickness. The smallest element 
size (0.5mm) is located in the impact region while the largest element 
size (4mm) is at the free edges. Enhanced hourglass control and element 
deletion are also used for the core elements. Finally, the projectile is also 
modelled with 3D hexahedral elements with reduced integration 
(C3DR8) with an element size of 0.5mm. 

General (explicit) contact with surface pairs is used for all in-
teractions in the model allowing assignation of the individual interac-
tion properties in the model. The following interactions are considered:  

a Projectile interactions: contact interaction of the projectile surface to 
the ply/laminate surfaces and core external surfaces. A normal 
“Hard” contact property and a tangential penalty with a friction 
coefficient of 0.55 [59].  

b Internal post-element deletion interactions: Contact interaction of 
the projectile or any ply/laminate surface to the internal mesh of the 
core or other ply/laminate after element deletion in a previous time 
step. To assign this interaction it is necessary to define a node-based 
surface to include the internal nodes of the part. A normal “Hard” 
contact property and a tangential penalty with a friction coefficient 
of 0.75 are used [60]. 

c Cohesive interactions: Adhesive interaction between plies or be-
tween the core top/bottom surface to the face-sheet internal surface. 
Cohesive behaviour with damage evolution is applied as defined by 
Table 3. 

The sandwich panels were retained in place by two supports (top and 
bottom) that restrain the displacement of the sandwich panel along the 
impact direction. These supports were modelled as rigid shell geome-
tries. An initial velocity field is applied over all projectile nodes. 

4. Model validation 

The validation of the model was carried out in two phases. First, the 
constitutive material models for the face-sheet and core were validated 
separately by modelling previous experiments available in the literature. 
Second, the complete sandwich panel model described in Section 3 was 
validated using the impact test presented in Section 2. A similar 
approach has been previously used in [35] to assess aerospace-grade 
composites under high-velocity impact. 

4.1. Validation of face-sheet and core models 

The ability of the face-sheet material model to capture with accuracy 
the damage in the laminate was verified by modelling three different 
experimental fracture tests found in the literature over a CFRP AS4/ 
8552 woven laminate [49]. The first test presents a compact tension 
(CT) test for intra-laminar fracture. The second and third test corre-
sponds to an End Notch Flexure test (ENF) for inter-laminar fracture in 
mode I, and a Double Cantilever test (DBC) for inter-laminar fracture in 
mode II. Each test was modelled with an explicit quasi-static procedure 
with the same material properties, mesh size and element type used for 
the complete sandwich model. Additionally, these fracture test models 
were also used as part of an iterative sensitivity analysis to calibrate the 
stress and stiffness parameters of the cohesive law (σi, K̃i). 

Fig. 4 shows the comparison of the experimental results reported by 
Haldar et al. [49] and those obtained by the FEA models. In all three 
cases, the model can predict accurately the force-displacement curves. 

To verify the precision of the face-sheet model to predict the perfo-
ration of the laminate, the ballistic impact experiments carried out by 
Buitrago et al. [61,62] were modelled. In their study, a spherical steel 
projectile impacts a 2 mm thick laminate (120 × 120 mm2) of the same 
Carbon/epoxy material at impact velocities ranging from 45 to 560 m/s. 
Fig. 5 presents the residual velocity of the projectile, showing a good 
correlation with experimental results. In addition, a good estimation of 
the perforation velocity was achieved, being the experimental perfora-
tion velocity 100 m/s and the numerical one 105 m/s. 

In a previous work [57], the authors experimentally studied the 
dynamic compressive behaviour of the NL-20 agglomerated cork. A 
simplified FEA model of these experiments was carried out to validate 
the constitutive model of agglomerate cork under dynamic compression 
impacts. The geometry of the specimens was 40 × 40 × 35mm and they 
were impacted by a flat impactor at velocities from 1.4 m/s and 4.3 m/s 
(impact energies between 20 and 50 J). The comparison of FEA simu-
lations and experimental testing (Fig. 6) shows that the implemented 
hyperelastic elastomeric foam model can predict with accuracy the 
non-linear behaviour of agglomerated cork subjected to dynamic 
compression. 

4.2. Validation of sandwich panel model 

After the individual validation of the constitutive material models of 
face-sheet and core, the sandwich panel model was validated with 
experimental data carried out in this work. 

To define a proper range of impact velocities for the current study, it 
was necessary first to determine the perforation velocity of the whole 
sandwich panel. The perforation velocity was estimated from experi-
mental tests carried out at impact velocities between 100 and 256 m/s. 
The least-squares method was used to fit the Lambert-Jonas formula 
[63] to the experimental data, estimating a perforation velocity of 
181.1±1.4 m/s. 

The whole sandwich panel model was used to predict whether or not 
there is perforation of the front face-sheet and core at five impact ve-
locities below 181.1 m/s. Table 5 shows a comparison between the FEA 
predictions and the observations made in the experiments. It is clear that 
the model was able to predict whether the projectile perforates the front 

Table 4 
Agglomerated cork damage parameters and 
fracture stresses.  

r 1.08 

m 0.09 
B 0.09 
X+ (MPa) 1.1 
X- (MPa) 13.1 
S (MPa) 0.63  
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face-sheet. 
In addition, at the qualitative level, the model is able to predict the 

superficial damage in the front face-sheet for two different impact ve-
locities (Fig. 7). In impacts where the front face-sheet is not penetrated 
(Vi = 91 m/s) an indentation appears with a size similar to the diameter 
of the projectile. When the front face-sheet is perforated (Vi =151 m/s), 
the indentation retains its size but becomes deeper penetrating the core. 
If the impact velocity is close to the perforation velocity, the projectile 
penetrates the core and a large cruciform crack pattern appear in the 
back face-sheet. Depending on the impact velocity this crack pattern can 
be larger than the projectile diameter. 

Finally, the precision of the model to predict the deformation of the 
structure during the impact was studied. In the experimental tests, the 
deflection of the front face-sheet along the sandwich mid-plane was 
measured using 3D DIC. These results were compared with the results 
obtained by the FEA model. Fig. 8, shows the panel deformation for an 
impact velocity of 113 m/s. It can be noticed that the model can predict 
with high accuracy the initial response of the sandwich and capture the 
shape of the disturbance created by the projectile as well as its propa-
gation. In Fig. 8, there are no data in the impact region for both the DIC 
and FEA because of the difficulty to measure displacements in the vi-
cinity of the impact location. In the case of the DIC analysis, the dis-
placements can not be measured due to the shadow created by the 
projectile in its path. In the FEA analysis, they are no data due to the 
erosion of the elements near the impact point. 

5. Results 

The dynamic response of the sandwich panel under intermediate 
velocity impacts varies substantially depending on whether or not there 
is a penetration of the front face-sheet. 

To analyse in detail this phenomenon, two cases have been analysed. 
Both of them in which the whole panel is not perforated.  

a Case I. The projectile does not perforate the front face-sheet. Selected 
impact velocity: 91 m/s  

b Case II. The projectile does not perforate the back face-sheet. 
Selected impact velocity: 151 m/s 

Three phases can be identified during the perforation of the sand-
wich panels shown in Fig. 9. 

5.1. Phase 1 

This phase corresponds to the time between the initial contact until 
the time in which there is a reflection of the travelling waves. For the 
sandwich analysed in this study, this phase appears between 0 and 30 μs 
in Fig. 9. 

After impact, the perturbation created by the projectile propagates 
across the thickness and in the radial direction. The wavefront travels 
across the thickness in the first 30 μs while it takes 120 μs to reach the 
lateral edges of the panel. In this phase, the deformation is highly 
localized around the impact region without deformation in the back 
face-sheet. 

In the front face-sheet, the contact force induces a very high level of 
axial stresses around the contact region. Under this level of stress, the 
plies in the laminate begin to fail under tension along the fibre direction 
creating a cruciform pattern that propagates radially as the impact 
continues (Fig. 10). This pattern is also observed in plies with a ±45◦

orientation in which the cross-shape pattern is rotated giving an X-shape 
pattern. The intra-laminar failure is accompanied by the onset of 
delamination in the vicinity of the cracks that propagate at almost the 
same extent as the tip of the intra-laminar cracks. The delamination area 
is different for different plies across the thickness getting larger for those 
plies located closer to the core (Fig. 10). This agrees with the previous 
observation since plies closer to the core show larger intra-laminar 
cracks (Fig. 10). A similar observation was found in [12] for ballistic 

Fig. 3. Model partitioning and mesh.  
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impact over GFRP sandwich panels with PVC foam core. In the case of 
the first ply directly in contact with the projectile, the cruciform damage 
pattern is not visible, instead, the damage is better approximated by a 
circular region with the size of projectile diameter. In this ply, fibre 
failure and delamination are similarly distributed what creates 

premature element deletion due to the critical stress concentration. 
At this stage, the projectile has already deflected the impact region 

by 2.3 mm and has progressively indented all plies of the front face- 
sheet. Similar crack patterns have been reported in previous research 
for monolithic woven carbon/epoxy laminates and sandwich panels of 

Fig. 4. Comparison of the force vs displacement curve obtained by FEA model and experimental test (Sandip et al. [49]). (a) CT test, (b) DCB test, (c) ENF test.  
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graphite and Kevlar face-sheets with PVC foam core [31,64]. 
The indentation produced by the projectile in both the face-sheet and 

core creates in the core a complex multiaxial 3D strain state that is 
dominated by compression and shear in the impact direction, Fig, 11. 
The strain level increases dramatically in the vicinity of the impact re-
gion propagating radially and across the thickness. Initially, the 
response of the core is mainly elastic with large displacements and little 
failure. As the impact progresses the core stars failing in the vicinity of 
the impact region creating a cruciform crack pattern that propagates 

radially and through the thickness. This can be clearly appreciated in 
Fig, 14 together with the projectile travel. 

The evolution of the model energies during impact is depicted in Fig, 
12. During phase-I part of the initial kinetic energy of the projectile is 
rapidly transformed into internal energy in the panel (elastic strain en-
ergy, plastic dissipation and damage). This is because of the projectile’s 
deceleration and local deformation and damage of the panel. 

Fig. 5. Projectile residual velocity vs impact velocity. Monolithic Laminate 2 mm thick. Comparison FEA model and experimental testing (Buitrago et al. [61]).  

Fig. 6. Force vs displacement curves at different impact energies for agglomerated cork. Comparison of experimental data (Gomez et al. [57]) and FEA model results.  
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5.2. Phase 2 

This phase spans from the travelling wave reflection in the back face- 
sheet (30 μs) to the maximum projectile’s displacement (120 μs for case I 
and 170 μs for case II). This phase is different in both analysed cases. 

Case I: 
After the initial localized deformation of the front face-sheet, the 

back face-sheet deforms and all the components of the sandwich play an 
important role in the response of the panel. The local deformation and 
indentation produced by the projectile in the upper plies of the front 
face-sheet make the contacting plies take the projectile’s shape. As a 
result, the contact area is increases and moves outwards from the initial 
contact point reaching almost the diameter of the projectile. This re-
duces the stress concentration in the contact region in both the projectile 
and the laminate. 

Intra-laminar damage and delamination continue growing but 
eventually reach an asymptotic maximum value when the projectile has 
reached the maximum penetration into the panel at around t=120 μs. 
The same occurs with other non-conservative energy dissipation 
mechanisms such as friction and plastic dissipation. This can be 
observed by following the energy history in Fig. 12a. 

The initial kinetic energy of the projectile is dissipated not only as 
internal energy in the form of strain energy, damage or plasticity 
dissipation. A considerable proportion of the initial kinetic energy is 
dissipated as a product of the momentum transfer between the projectile 
and the initially static panel, this initial impulse generates a travelling 

wave that propagates in all directions. The magnitude of the kinetic 
energy transferred into the panel can be estimated from the kinetic en-
ergy of the whole system at around t=120 μs when the projectile has 
reached maximum penetration and its velocity is zero. 

Case II: 
For case II (Vi=151 m/s), the indentation is followed by a penetra-

tion phase, from wave reflection to maximum penetration (30 μs to 260 
μs). 

In case II, the projectile penetrates the front face-sheet and produce 
further damage in the core, eventually contacting the back face-sheet. At 
t= 50 μs, the projectile penetrates with its whole diameter into the front 
face-sheet contacting the back face-sheet at around t=70 μs and reaching 
the maximum displacement into the panel at t=170 μs. 

During the penetration, the initially cross-shaped cracks in the front 
face-sheet continue growing what reduces the local stiffness of the 
laminate in the contact region. With cracks long enough the local stiff-
ness of each ply is massively reduced, and the projectile advance induces 
the creation of petal shape segments that are deflected opening space for 
the projectile penetration (Fig. 13). This phenomenon is more visible in 
plies opposite to the initial contact point (close to the core) while in plies 
next to the contact point this phenomenon is less visible due to the 
fragmentation of the material. Similar petal-shaped crack patterns have 
been observed by Lopez-Puente et al. [37] in high-velocity impacts of 
woven CFRP laminates. 

From Fig. 12.b it can be observed that the inter-laminar damage 
energy shows a steep increase until t=120 μs, the moment at which the 
projectile has almost completely penetrated the top laminate. At this 
point, the delaminated area and the intra-laminar cracks have reached 
maximum size and show almost no growth. It is important to note that 
the damage dissipation energy accounts for a large proportion of the 
maximum internal energy around 40% for both impact scenarios 
(Fig. 12). When the projectile has completely penetrated the front face- 
sheet the core becomes exposed. Due to its little multiaxial strength, 
further core failure appears, and the projectile is unable to contain the 
advance of the projectile just slightly decreasing its velocity. Once the 
projectile reaches the back face-sheet at t=70 μs its velocity is sub-
stantially decreased again as the back face-sheet is deflected and fibre 

Table 5 
Face-sheet penetration at different impact velocities. Comparison FEA Model 
and experimental test.  

Vi (m/s) Experimental FEA 
Pass? (Front) Pass? (Back) Pass? (Front) Pass? (Back) 

70.6 NO NO NO NO 
91.3 NO NO NO NO 
109.6 YES NO YES NO 
113.2 YES NO YES NO 
151.4 YES NO YES NO  

Fig. 7. Superficial damage at two different impact velocities. Front face-sheet.  
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Fig. 8. Deflection of the front face-sheet mid-plane. Comparison between FEA model results and DIC measurements (Vi=113 m/s).  
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damage occurs. 
From Fig. 14 it can be observed that the impact of the projectile on 

the back face-sheet tries to pull apart the front face-sheet from the back 
face-sheet by breaking the core that shows little resistance due to its low 
multiaxial strength. Two failure regions were identified in the core the 
first in the vicinity of the bond-line next to the back face-sheet and the 
second in the interior of the cork. Later both regions will grow around 
the impact region reaching a longitude many times larger than the 
projectile diameter and eventually entering into contact. The extend of 
the crack growth in the vicinity of the bond-line and its mechanism of 
failure can be appreciated in Fig. 15 where the Tsai-Wu failure index is 
plotted at different times. A similar phenomenon has been described by 
Kepler [12] for sandwich panels with GFRP face-sheets and PVC foam 
core subjected to ballistic impact. 

5.3. Phase 3 

This last phase span from maximum displacement to projectile spring 
back. In Case I from 120 μs to the end of the impact while in Case II from 
170 μs to the end of the impact. After the projectile has reached 
maximum displacement inside the sandwich, the stress level in the front 
face-sheet starts decreasing and the recoverable strain energy stored as 
the elastic deformation of the face-sheet is released and transformed into 
kinetic energy of the laminate and work done over the projectile. A 
similar phenomenon occurs in the core where the compressive strain in 
the core decreases releasing strain energy that is converted into kinetic 
energy on the face-sheets favouring the spring back recovery of the 
projectile. This phenomenon occurs for both impact cases and can be 
seen in Fig. 12 as a decrement in strain energy (internal energy) and an 
increment in kinetic energy at the end of the impact. 

Fig. 9. Comparison in the impact evolution without perforation (case I) and with perforation (case II) of the front face-sheet.  

Fig. 10. Initial intra-laminar and interlaminar damage evolution in three different plies of the front face-sheet (Vi=91 m/s).  
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Despite the projectile has reached its maximum displacement, the 
back face-sheet shows a delay in its elastic return and continues 
deflecting until it would eventually start oscillating. This effect occurs in 
both impact cases and is associated with the delay in which the initial 
disturbance created by the projectile reaches the front and back face- 
sheet. 

From its standstill position at maximum displacement to the end of 
the contact at the projectile recovers certain kinetic energy as a product 
of the spring back of the front face-sheet and the core. At the end of the 
impact (for case I), the FEA model predicts a projectile rebound velocity 
of 25.3 m/s. This velocity was also measured experimentally from the 

recorded video frames using an image tracker software obtaining a 
rebound velocity of 19.6 m/s. Although there is a small difference, the 
FEA model can predict the rebound velocity with an error of 6% of the 
initial impact velocity. 

Once the projectile has left the panel the remaining strain energy and 
kinetic energy continue fluctuating in phase due to the oscillations 
taking place. However, the magnitude of these oscillations is unable to 
create further damage and in the case of an externally dissipative 
environment, these oscillations will die over time. 

Fig. 11. Strain distribution in the midsection of the core (V=91 m/s).  

Fig. 12. Energy history (a) 91 m/s, (b) 151 m/s impact.  

Fig. 13. Penetration petals for different plies in the front face-sheet. Vi=151 m/s, t=70μs.  
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6. Conclusions 

This work analysed the behaviour of a sandwich structure with an 
agglomerated cork core subjected to impact at velocities below the 
perforation velocity of the complete panel. A nonlinear/explicit finite 
element model was used to study the impact phenomenon. Inter-laminar 

and intra-laminar damage in the face-sheets was modelled using 
continuous damage models, while the core behaviour was modelled 
using a hyperelastic elastomeric foam model with a multiaxial failure 
criterion and strain rate hardening. 

Validation of the face-sheets and core models was carried out with 
experimental results from the literature, achieving excellent correlation. 

Fig. 14. Comparison in the impact evolution (a) without perforation of the front face-sheet and (b) with perforation of the faces-sheet.  

Fig. 15. Tsai-Wu index for core failure in the bottom surface (V=151m/s).  
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The complete sandwich model was validated with experimental results 
carried out in the present work. The model was able to predict the 
perforation of the front face-sheet and core, and also accurately the 
transverse displacements of the panel. This displacement was measured 
experimentally using a Stereo Digital Image Correlation (DIC 3D) 
system. 

The perforation velocity of the sandwich panel was estimated 
experimentally to define the impact velocities used in this work. Two 
impact velocities below perforation were selected to study the impact 
phenomenon in detail; one in which perforation of the front face-sheet is 
not achieved and another that produces perforation of the front face- 
sheet. The model can analyse the penetration process in depth, in 
terms of damage evolution and energy absorbed by different mecha-
nisms, which is not possible experimentally. 

For both impact velocities, the impact process was divided into three 
phases, and the different energy absorption mechanisms and damage 
evolution were estimated and analysed. Initially (below the time at 
which the waves reach the panel back face), only the front face-sheet 
and core were affected by the impact. At this stage, the model predicts 
tensile ply failure with a cruciform crack pattern. The energy absorbed 
by different mechanism increases as the impact progresses, with plastic 
dissipation and cohesive damage dissipation showing similar values for 
both analysed impact velocities. In this initial phase, the response of the 
core is mainly elastic, dominated by compressive and shear stresses with 
little core failure. 

In a second phase, the back face-sheet also deform. The percentage of 
energy absorbed by cohesive damage and by plastic dissipation grow 
until an asymptotic value. This indicates that the damage does not 
progress once the projectile reaches its maximum displacement. When 
complete perforation of the front face-sheet does not occur the cohesive 
damage dissipation is greater than the plastic dissipation. On the other 
hand, if perforation of the front face-sheet occurs both energy compo-
nents are of the same order. When the projectile passes through the front 
face-sheet, the model predicts the formation of a petal-shaped failure in 
the face-sheet, representative of failure in woven laminates. 

In the last phase, from projectile maximum displacement, spring 
back occurs. The elastic strain energy stored in previous phases is 
recovered and transferred as kinetic energy back into the projectile and 
the panel. In the case of the projectile, this kinetic energy is associated 
with the rebound while in the panel it is associated with the oscillations 
after impact. 
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