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Abstract  

A numerical model for ballistic impact of 
GFRP laminated panels has been presented where 
the panels may consist of one or multiple laminates. 
For the multiple laminated panel, identical 
laminates were placed parallel to each other with  
some gap in between and the impactor velocity was 
sufficient to penetrate all the laminates. The 
commercially available code ABAQUS 6.6 (explicit) 
has been used in the present study where the 
impactor has been modelled as a rigid body and the 
laminates have been modelled with a simple shell 
element. A material model based on a continuum 
damage mechanics concept for failure mechanism of 
laminated composites has been implemented through 
a user subroutine. The numerical model is found to 
predict the energy absorption reasonably well when 
compared with the experimental results. Most 
interestingly, it has clearly demonstrated a feasible 
phenomenon behind counterintuitive experiment  
results for the multiple laminated panels. 
 
 
1 Introduction  

The understanding of the behaviour of 
laminated composite structures subjected to 
localized impact is an important as well as complex 
problem, and the degree of complexity increases 
with the increase of the velocity of the impact [1]. 
This is primarily due to the dependency of a number 
of aspects such as material behaviours, failure 
mechanisms, load transfer mechanisms and others, 
which are in general complex and associated with 
numerous uncertainties. As a result of this, the 
prediction of the impact process leads to an “open 
problem”, where investigations have been carried 
out in different ways ranging from simple empirical 
models to extremely sophisticated numerical 
techniques depending on the importance and 

severity of the impact. In this context, nonlinear 
finite element simulation with progressive damage 
mechanics model is found to be one of the most 
successful techniques, but it requires considerable 
computational efforts.  

Commercially available finite element codes, 
having the required capabilities, are commonly used 
for the simulation of impact problems in order to 
avoid the major efforts required in implementing the 
different well-established features including the 
severe geometric and material nonlinearities found 
in this problem. Moreover, the impact problem 
includes a very complex nonlinearity associated with 
the contact mechanism between the impactor and the 
structure. In this context, the explicit time 
integration scheme for solving the nonlinear 
dynamic equations has been demonstrated to be 
quite successful. In addition to this, the code should 
have a proper material model, which can predict the 
initiation of failure and its propagation in a realistic 
manner through progressive degradation of material 
properties. Unfortunately, the problem of 
progressive damage and failure modelling of 
laminated composites subjected to ballistic impact is 
not adequately well established. The significant 
developments and standardisations of the problem 
are quite recent and as a result of that, an appropriate 
material model may not be readily available with a 
commercially available code. In this context, there is 
a general trend amongst the researchers to 
implement a material model in a commercial code.  

By this time, a number of studies have been 
carried out in this direction, but most of them are 
concerned with low velocity impact [2-11]. For high 
velocity impact, specifically for the range of impact 
considered in the present problem where the 
impactor penetrates the panel completely and exits 
with a residual velocity, the number of reported 
study is very few. To the best of author's knowledge, 
only two papers [12,13] are available on modelling 
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of a fully penetrated impact process of a laminated 
composite panel where AUTODYN, a commercially 
available code based on smooth particle 
hydrodynamics method, is used in both the studies. 
The present investigation has also addressed impact 
of multiple laminates where there is no study so far 
on the modelling of its impact process to the best of 
authors' knowledge.   

 In the present investigation, an attempt has 
been made to implement a material model for 
laminated composites in the commercially available 
finite element code ABAQUS Explicit [14] through 
a user subroutine. The laminates are modelled with 
shell elements in order to have a simple and 
computationally efficient technique. The above 
material model is based on continuum damage 
mechanics where the in-plane failure criteria 
proposed by Hashin [5] along with the damage 
propagation law proposed by Matzenmiller, Lubliner 
and Taylor [6] have been adopted to predict the 
initiation and evolution of the failure. Attempts have 
been made to make the model as simple as possible 
so as to minimise the number of input data for the 
material. The methodology has been applied to 
impact simulation of single and multiple laminate 
configurations (detail is given in Section 3). The 
number of laminates considered for the multiple 
laminated panel is two for the purpose of simulation 
in the present study. The results obtained in the form 
of energy absorption or impactor residual velocity is 
found to be encouraging when compared with those 
measured in the laboratory experimentally.   

From the experimental observations, it 
appeared that the specific energy absorption (energy 
absorption/glass fibre mass per unit area) capacity of 
thin laminates is more that that of thick laminates. 
This has inspired to use multiple laminated panels 
consisting of thin laminates placed parallel to each 
other with some gap in between instead of a single 
thick laminated panel. Surprisingly, the energy 
absorption capacity of the multiple laminate 
configuration has been found to be quite less than 
the expected value when it was actually tested. It is 
most interesting that the actual phenomenon behind 
getting such unexpected results has been clearly 
demonstrated by the numerical model where the 
option of retaining the mass for the elements failed 
in impact process played a major role.    
2 Material Model  

ABAQUS is a well regarded finite element 
commercial code and it has a number of material 
models but all of them are not supported with an 

appropriate failure model for its progressive damage, 
which is extremely important in a fully penetrating 
impact process considered in the present study. The 
progressive failure model for laminate composites 
has been recently implemented in its latest version 
but it is only supported by some specific elements of 
ABAQUS Standard/Implicit. Unfortunately, the 
capability has not been extended to ABAQUS 
Explicit, which is suitable for solving the present 
problem having severe nonlinearities as mentioned 
earlier. In this situation, an attempt has been made to 
implement a user material model for laminate 
composites where the failure criteria proposed by 
Hashin [15] are adopted to predict the initiation and 
subsequent propagation of damage. For this purpose, 
a user subroutine VUMAT has been written in 
FORTRAN and it has been attached with ABAQUS 
Explicit externally. According to the failure criteria 
proposed by Hashin [15], the failure functions may 
be expressed as follows.  
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In the above equations, the damage threshold 

(ri) for any failure mode is taken as unity before the 
initiation of damage, and it is subsequently upgraded 
with the propagation of damage in that mode. The 
damage growth is represented by the continuum 
damage mechanics model, where the concept of 
Matzenmiller, Lubliner and Taylor [16] has been 
used to evaluate the damage variables (di) for 
defining the degradation of the material properties as 
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( ) mr
i
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where m is a material parameter. With the 

damage variables, the stress-strain relationship may 
be expressed as  
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where ( ) ( ) 211221 111 ννddD −−−=  and  =12d  
. The effective stress components used 

in equations (1-4) can be simply obtained as 
( 21,max dd )

( iii d−= 1/ )σσ . A Gauss point is declared dead 
when the damage variables for all the modes at 
that point attains a maximum value, which is 
taken as 0.999. An element is declared dead and 
removed from the mesh when all the Gauss 
points of the element become dead. Such an 
element can not regain its strength in future.  

A typical variation of stress with respect to 
strain has been shown in Fig. 1 for different values 
of material parameter m as reported by Xiao, Gama 
and Gillespie [17]. In the present study, the value of 
m is always taken as 2.0 for all the modes.  
 

 
 

Fig. 1.  Stress-strain relationship for different 
material parameters  

Sometimes a strain based failure criteria is 
preferred for convenience in its implementation 
compared to stress based failure criterion as mention 
above. Such an attempt has also been made in the 

present study where the failure functions may be 
expressed as follows. 
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3 Experimental Setup  

A dedicated test chamber has been set up at the 
basement of a laboratories of the department to have 
a common experimental facility for ballistic impact 
test of different structural panels [18]. One of its 
major equipment is the compressed air gun as shown 
in Fig. 2. The gun can accommodate different 
barrels for different impactor size and its velocity. 
For the present purpose, a 2m long barrel having 
20mm caliber has been used. A compressor is used  
to build-up the air pressure, which can go up to 250 
Bars producing an initial velocity of the order of 
500m/sec for the impactor used in the present study.  
A recoil damper is used at the gun muzzle in order to 
reduce the effect of recoil as well as restrict the 
pressurised air moving with the impactor. As an 
additional protection, a blast shield is placed in front 
of the test specimen (laminated panel) to minimize 
the effect of the pressurised air blast on the panel. 
The incidental/initial velocity of the impactor is 
measured by a speed trap placed between the gun 
muzzle and the blast shield. A kinetic pendulum, 
kept behind the test specimen, catches the impactor 
when it penetrates the specimen completely and 
exits with an residual velocity. A linear voltage 
displacement transducer (LVDT) is used to measure 
the displacement of the pendulum, which is used to 
estimate the residual velocity of the impactor.  
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A hemispherical tip cylindrical impactor as 
shown in Fig. 3 has been used in the present study. 
The material used is a superior quality aluminium 
(EN-AW 6082) to have minimum distortion as well 
as light enough to attain a higher velocity. Some 
material has been removed from its rear end (Fig. 3) 
to increase the directional stability. The approximate 
weight of the impactor is 18.8 g.  

 

 
 
Fig. 2.  The compressed air gun in the test chamber 

 

 
 

Fig. 3.  Cross-sectional view of the impactor  
 

In the present study, the test specimen is 
always a square panel of 300 mm with a clear square 
span of 250 mm after fixing it in the testing rig as 
shown in Fig. 4. Fiber reinforced laminated 
composite plates have been used for the test panel, 
which may have one laminate or a number of 
equispaced identical laminates as shown in Fig. 5. 
The laminates are made with 650 g/m² non crimp 
fabric (NCF) glass fiber mat [0/90] and Pro Set 
117/229 epoxy having a stacking sequence of 
[0/90]n, where n may have different values. The 
vacuum infusion technique has been used for the 
manufacturing of the laminates, which are post 
cured at a temperature 500C for 24 hours. The resign 
has been subjected to vacuum of about 99.9% for 30 

minutes before the initiation of infusion in order to 
remove the dissolved air as much as possible. The 
laminates used in this study are 10 layer [0/90]5 and 
20 layer [0/90]10 configuration where the 20 layer 
laminate has an approximate thickness of 4.8 mm 
and it is 2.4 mm for the 10 layer laminate. 

 

 
 

Fig 4. Impacted laminated panel in test rig 
 

 
 

Fig 5. Multiple laminated panel  
 

4 Simulation  
As it is not easy to get the force exerted by the 

impactor on the panel during the impact, the 
impactor has also been modelled like the laminated 
panel and the two separate bodies have been 
connected through contact mechanism. In the 
simulation, the impactor has been idealised as a rigid 
body, as the deformation of the impactor is always 
found to be insignificant in the experiment. The 
impactor has been modelled as 3D rigid surface 
using the 4-node 3D quadrilateral element R3D4. 
The movement of the impactor has been restrained 
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in all the directions except translation along its axis. 
The initial velocity of the impactor has been 
specified as field at a reference point defined at the 
centroid of the impactor where its mass has also 
been assigned. In order to have a simple and 
computationally efficient model, the fibre reinforced 
composite laminates have been modelled with the 4-
node quadrilateral shell element S4R having the 
options of reduced integration, hourglass control and 
finite membrane strains. As the structure has 
symmetry in both the directions, a quarter part of the 
panel as well as the impactor have been used in the 
model. At the beginning, the analysis for a test cases 
has been carried out with a number of mesh densities 
in order to assess the adequate mesh density for 
getting a converged solution. A mesh size of 50x50 
for the quarter plate having higher mesh density near 
the plate centre as shown in Fig. 6 has been found to 
be sufficient for the present study. For the definition 
of contact between the impactor and the laminated 
panel, the general contact algorithm with the option 
of all exterior surface inclusion has been used. The 
mass of the free flying dead elements can be retained 
or removed with a proper option of the nodal erosion 
facility available with ABAQUS. This has been 
found to be quite useful for the demonstration of the 
impact process of multiple laminate panels.  

 
Fig 6. Finite element mesh of the quarter plate 

5 Results and Discussion  
First of all, the simulation has been done for 

two single laminated panels ([0/90]10, [0/90]10) and a 
double laminated panel (2x[0/90]5) where the 
distance between the [0/90]5 laminates of the double 
laminated panel is 20 mm.  These panels were tested 
in the laboratory and the residual velocity of the 

impactor along with its incidental velocity were 
measured for the different cases. Based on those, the 
absorbed specific energy for the panels has been 
estimated. For the purpose of simulation, the 
material properties assumed for the laminate [19] 
are: E1 = 38.6 GPa, E2 = 8.3 GPa, ν12 = 0.25, G12 = 
4.2 GPa, XT = 1062.0 MPa, XC = 610.0 MPa, YT = 
31.0 MPa, YC = 118.0 MPa, SL = 72.0 PPa, ST = 72.0 
MPa and ρ = 1850 kg/m2. The values of impactor 
residual velocity obtained in the finite element 
simulation have been presented in Table 1 along 
with the experimental results. The percentage error 
for the impactor residual velocity has been evaluated 
for the different cases and presented in Table 1, 
which shows a very good predication capability of 
the proposed numerical model.  

 
Table 1.  Simulated residual velocity of the impactor 

for the different panels  
Panels [0/90]10  [0/90]5 2 x [0/90]5 
Incidental velocity (m/sec) 506 501 512 
Residual velocity (m/sec)  419 449 439.0 
Specific energy (J/[kg/m2]) 116.38 142.88 100.40 
Residual velocity (m/sec) - FEM 425.64 462.38 447.35 
% Error* (Residual velocity)  1.59 2.98 1.90 

* (Experimental result-FEM result)/Experimental result 
 
The specific energy absorption capacity of the 

thin laminate [0/90]5 is found to be more than that of 
the thick laminate [0/90]10. This has inspired to use 
the double laminated panel (2x[0/90]5) with an 
expectation that it may have better energy absorption 
capacity than that of a thick laminate [0/90]10. 
Moreover it was undertaken to develop some 
understanding, which might be useful in future 
studies related to impact performance of sandwich 
panels. Unfortunately, the capability of the double 
laminated panel has been found to be quite inferior. 
It appeared to be quite surprising at the time of 
actual testing in the laboratory, but it has also been 
observed in the numerical simulation, which has also 
helped to identify the actual reason behind such an 
incidence. Actually, some materials are removed 
from the first laminate in the impact process, which 
in turn hit the second laminate and reduce its 
strength significantly. This phenomenon is 
responsible for less energy release of the impactor 
and having higher residual velocity, which gives an 
impression that the double laminated panel has 
inferior capability. Fig. 7 clearly  demonstrates the 
above phenomenon. The removed materials as 
mention above are practically the dead elements in 
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the finite element simulation where the stiffness of 
these elements is practically zero but they are having 
their mass, which affects the second laminate when 
they interacts each other. However, ABAQUS has a 
capability "nodal erosion", which can be used to 
remove the mass of the dead elements in the 
simulation. With this option, the simulation of the 
double laminated panel has been carried out once 
again where the impactor residual velocity has been 
found to much lower (436.02 m/sec) as expected. In 
that case, the impact process is shown in Fig. 8 
where the dead elements of the first laminate are not 
found to cause any degradation of the second 
laminate.   

  

 
Fig 7. Impact of the double laminated panel without 
nodal erosion (retaining mass of the dead elements) - 

thrown out materials of the 1st laminate are 
rebounded by the 2nd laminate 

 

 
Fig 8. Impact of the double laminated panel with 

nodal erosion (removing mass of the dead elements)   
 
In order to have more insight of the problem, 

simulation has been done for the [0/90]5 laminate 
with incidental velocity of the impactor as 512 
m/sec, which may be considered as a representation 

of the impact process of the first laminate of the 
double laminated panel. The residual velocity 
obtained in the simulation is 473.11 m/sec. It has 
been taken as the impactor incidental velocity and 
the simulation of the [0/90]5 laminate has been 
carried out once again in order to represent this as 
the impact of the second laminate without any effect 
due to material thrown by the first laminate. The 
residual velocity obtained in this case is 436.82 
m/sec. 

 

 
 
Fig 9. Time history of the impactor velocity for the 
[0/90]5 laminate impacted with incidental velocity of 
512 m/sec (residual velocity: 473.11 m/sec)  
 

 
 
Fig 10. Time history of the impactor velocity for the 
[0/90]5 laminate impacted with incidental velocity of 
473.11 m/sec (residual velocity: 436.82 m/sec)  

 
The time history of the impactor velocity 

obtained in these two cases  as well as in the 
simulation of the double laminated panel with nodal 
erosion (removing mass of the dead elements) has 
been presented in Figs. 9 - 11. The plot in Fig. 11 
appears to be simple superimposition of that in Fig. 
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9 and Fig. 10 as expected. Moreover, the residual 
velocity in Fig. 10 (436.82 m/sec) is found to be 
approximately same as that in Fig. 11 (436.02 
m/sec), which gives an additional check. For the 
double laminated panel without nodal erosion i.e.,  
retaining mass of the dead elements, the time history 
of the impactor velocity has also been presented in 
Fig. 12. It shows that the thrown out material of the 
first laminate starts affecting the second laminate 
after 0.035 msec. 

 

 
 

Fig 11. Time history of the impactor velocity for the 
double laminated panel removing mass of the dead 
elements (residual velocity: 436.02 m/sec)  

 

 
 
Fig 12. Time history of the impactor velocity for the 
double laminated panel retaining mass of the dead 
elements (residual velocity: 447.35 m/sec)  
 

In order to study the effect of the distance/gap 
between the two laminates of the double laminated 
panel, a number of simulations have been done with 
different values of this distance ranging from 5mm 
to 40mm and the values obtained for the residual 
velocity of the impactor have been presented in 
Table 2. It indicates that the thrown out material of 

the first laminate has a maximum influence on the 
second laminate when the distance between the two 
laminates is around 10 mm. So the above influence 
will be less if the gap between the two laminates 
becomes too small or too large.  

 
Table 2.  Variation of impactor residual velocity 

with distance between the two laminates  
(incidental velocity: 512 m/sec)  
Distance (mm) Residual velocity (m/sec) 

5 451.68 
7.5 453.42 
10 456.58 
15 454.26 
20 447.35 
30 443.02 
40 442.52 

 
6 Conclusions  

An efficient numerical model for the 
simulation of fully penetrating ballistic impact 
response of single and multiple laminated panel has 
been presented. The commercially available finite 
element code ABAQUS 6.6 has been used for this 
purpose where an user material model based on a 
continuum damage mechanics concept for failure 
mechanism of laminated composites has been 
implemented through an externally attached user 
subroutine written in FORTRAN. As ABAQUS 
Explicit is specifically suitable for high velocity 
wave propagation problem like the present one, it 
has been properly exploited in the present study. It 
has not only helped to avoided the convergence 
problem in the present analysis having severe 
nonlinearity but also reduce the solution time 
effectively. In order to have a simple and 
computationally efficient model, the laminated 
composite panels have been modelled with simple 
layered shell elements. As it is difficult to estimate 
the load imparted on the laminates by the impactor, 
it has also been modelled and these separate bodies 
have been connected with the general contact 
algorithm of ABAQUS Explicit. The impactor has 
been idealised as a solid object since it has been 
found to have a minimum distortion in the actual 
test. The modelling of the impactor has been done 
for its external surface to have a simple 
representation with minimum degrees of freedom. 
The numerical model has been applied to the 
simulation of glass fibre reinforced plastic laminates 
having single and double laminated configuration 
subjected to a hemispherical tip cylindrical 
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aluminium projectile. The impactor residual velocity 
predicted in the simulation has been found to be 
sufficiently close to that measured in the laboratory. 
Again, the numerical model has clearly identified 
the actual phenomenon responsible for getting an 
apparent inferior energy absorption capability of the 
multiple laminated panels.   
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