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a b s t r a c t

A progressive damage model is proposed herein to predict the response and failure of fiber reinforced
plastic laminates subjected to impact loadings. The present model is mainly composed of three parts:
First, quadratic stress based failure criteria are presented to predict the onset of various damage modes.
Second, the post-damage softening response is controlled by a linear form damage evolution law
combined with the fracture energy approach. Stiffness progressive reduction is characterized by a var-
iable determined by equivalent displacement for each failure mode and in doing so the mesh de-
pendency can be reduced appreciably. Third, strain rate dependency of the strength and the modulus of
FRP laminated materials are also considered. Comparisons are made between the present numerical
results and some available test data. It transpires that the present model predictions are in good
agreement with the experimental observations in terms of force-displacement curve, deformation
profile, ballistic limit and residual velocity.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Fiber reinforced plastic laminates have been increasingly used in
aerospace, automobile and other industries due to their high spe-
cific strength, high specific stiffness, design tailorability and high
durability. A great body of work on experimental study, theoretical
analysis and numerical simulation has been conducted to study the
damage and energy dissipation mechanisms of the FRP laminates
during transverse impact process [1].

Olsson [2] conducted a theoretical investigation into the
response of an infinite orthotropic plate struck normally by a mass
with a semispherical tip at low velocities. An approximate analyt-
ical solution for the plate response was obtained and found to be in
good agreement with the experimental observations in terms
contact force, central displacement and flexural strains. Olsson [3]
also conducted an analytical study on the impact response of
composite laminates and suggested a mass criterion for selecting
analytical response models (i.e., quasi-static or dynamic).

Wen et al. [4e8] carried out an extensive investigation into the
penetration and perforation of FRP laminates and sandwich panels
with such laminates as skins and foam cores. It was observed
experimentally that ballistic impact on FRP laminates can be
x: þ86 55163606459.
classed into two categories: global response with local rupture and
wave-dominated localized failure. Wu et al. [9] performed a theo-
retical study on the perforation of fiber reinforced plastic laminates
subjected to impact by flat-nosed projectiles in a wide range of
velocities. By combining the wave-dominated local failure model
and the concept of Von Karmen's critical impact velocity, they were
able to obtain a condition for the transition of the above mentioned
two failure modes. It was found that the model predictions were in
good agreement with available experimental results [10e13].

Analytical solutions were presented by Hoo Fatt et al. [14,15] to
predict the static indentation and low velocity impact response of
rigidly supported, two-sided clamped, simply supported and four-
sided clamped composite sandwich panels. Several damage initi-
ation modes were considered, including tensile and shear fracture
of the top skin laminates, core shear failure, and tensile failure of
bottom skin laminates. It was demonstrated that the analytical
solutions were in reasonable agreement with the experimental
data reported by Herup and Palazotto [16], Wen et al. [4] and
Williamson and Lagace [17]. Lin et al. [18] also examined the
perforation of composite plates and sandwich panels under quasi-
static and projectile loading.

The recent rapid developments of computing science and
computer technology together with more understanding of the
damage mechanisms of composite laminates subjected to impact
loadings offer the prospect of numerical simulations to replace
some unnecessary experiments.
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Nomenclature

D projectile diameter
E11 in-plane longitude Young's modulus
E22 in-plane transverse Young's modulus
E33 out of plane Young's modulus
G12 in-plane shearing modulus
G23 shearing modulus in 2e3 plane
G31 shearing modulus in 1e3 plane
H target thickness
G1eG7 fracture energy for each failure mode
n12 Poison's ratio in 1e2 plane
n23 Poison's ratio in 2e3 plane
Xt in-plane longitude tensile strength
Yt in-plane transverse tensile strength
Zt out of plane tensile strength
Xc in-plane longitude compressive strength
Yc in-plane transverse compressive strength
Zc out of plane compressive strength
di damage variable for each failure mode i

ui damage variable for stiffness reduction
S12 shear failure strength in 1e2 plane
S23 shear failure strength in 2e3 plane
S31 shear failure strength in 1e3 plane
S0 modified factor for delamination
Vi impact velocity of a projectile
Vr residual velocity
Vb ballistic limit
n13 poison ratio in 1e3 plane
m projectile mass
s11 in-plane longitude stress
s22 in-plane transverse stress
s33 out of plane normal stress
t12 in-plane shearing stress
t23 out of plane shearing stress in YeZ plane
t13 out of plane shearing stress in XeZ plane
ε11 in-plane longitude strain
ε22 in-plane transverse strain
ε33 out of plane strain
ε12 in-plane shearing strain
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For fiber reinforced plastic laminates, one of the key problems in
numerical simulation is to choose a constitutive model which
should be able to describe major failuremechanisms such asmatrix
cracking, fiber tensile breakage, fiber crush, interface delamination.
Furthermore, the strain rate effects on thematerial response should
also be considered in the constitutive model. Two failure models
such as brittle failure model and continuum damage mechanics
(CDM) model are often employed in the numerical simulations. In
the brittle failure model it is assumed that the values of material
property parameters are set to zero once a prescribed failure cri-
terion is satisfied [19e22] whilst in the CDM model the values of
material property parameters are reduced gradually according to
particular criteria specified by authors [26e36].

The ChangeChang failure criterion [19] which was originally
incorporated in LS-DYNA is representative of a brittle (instanta-
neous) failure model. It is two-dimensional and takes account of
fiber and matrix failure solely due to in-plane stresses. The influ-
ence of though-thickness shear and normal stresses are neglected.
Furthermore, the strain rate effects are also neglected. Hence, the
ChangeChang failure criterionmay not be able to predict the failure
of composite structures subjected to impact loading with sufficient
accuracy as both the effects of rate sensitivity and out of plane
stresses are of importance on damage development.

The Hashin failure criterion [20], which considers the tensile
and compressive failures of fiber as well as matrix, is applicable
only for plane stress elements without the stress components in the
through-thickness direction being taken into consideration.

The ChangeChang failure criterionwas extended by Hou [21,22]
on the basis of the assumption that the delamination is related to
the normal and shear stress in the though-thickness direction and
that if the shear stress is high enough delamination could occur
even the normal stress is compressive.

An analytical approach was proposed by Olsson [23] to predict
the delamination initiation and growth of composite laminates
struck transversely by large mass impactors at low velocities. The
dynamic delamination in GFRP composite was examined by Espi-
nosa [24] using a 3D finite deformation anisotropic viscoplastic
model in conjunction with contact/cohesive laws.

The response of a woven GFRP composite structure under a
dynamic load was studied by Johnson [25] utilizing a simple 2D
damage model in conjunction with cohesive elements.
Matzenmiller et al. [26] proposed a continuumdamagemodel to
characterize the properties of unidirectional fiber reinforced lami-
nates. Williams et al. [27] suggested a three-dimensional damage
model for FRP laminates by assuming that material response can be
divided into three stages: the elastic stage without damage, the
initial damage stage including incipient matrix cracking and
delamination, the subsequent damage stage containing fiber
breakage, matrix cracking as well as delamination.

Several other continuum damage mechanics (CDM) models for
fiber reinforced materials were proposed by Ladeveze et al. [28],
Johnson [29], Hochard et al. [30], Iannucci [31,32], Donadon et al.
[33] and Lapczyk and Hurtado [34]. The progression of damage in
these models was controlled by a damage evolution law combined
with a fracture energy method during each failure process. The
increase in damage was controlled by an thermodynamic force
[28e30], an equivalent strain [31e33], and an equivalent
displacement [34] appropriately defined for each failure mode.
Mesh sensitivity in the softening regime was also considered in
Refs. [28e34] and it was found that the fracture energy based
approach can be used to reduce the mesh dependency of the nu-
merical solution. However, all these models only catered for the in-
plane stress effects on the matrix and fiber failure modes with the
out of plane stresses being ignored. Above all, the rate dependency
of material is not described in many constitutive models.

More recently, Xin andWen [36] suggested a constitutive model
for fiber reinforced plastic laminates based on the concept of con-
tinuum damage mechanics (CDM). The failure criteria for different
failure modes take the quadratic form of various stress parameters.
Damage evolution law in exponential formwas used and the effects
of strain rate on the strength as well as the modulus of FRP lami-
nated materials were considered in the model. It was shown that
the model predictions were in good agreement with available test
results for the perforation of FRP laminates. Nevertheless, mesh
dependency was not investigated in Ref. [36]. As it is well known
that numerical predictions are mesh sensitive and it is, therefore,
very important to conduct mesh sensitivity study so that stable and
credible numerical results can be obtained.

The objective of this paper is to develop a 3D progressive
damage model for fiber reinforced plastic composites subjected to
impact loadings. Quadratic stress based failure criteria are given to
predict the onset of various damages such as fiber breakage, matrix
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crack and delamination; The strain softening behavior is controlled
by a linear form damage evolution law combined with the fracture
energy approach which is useful for reducing mesh dependency;
Furthermore, strain rate dependency of the strength as well as the
modulus of FRP laminated materials are also taken into consider-
ation by introducing the dynamic increase factor (DIF) into the
model within a unified framework. This new constitutive model is
incorporated in ABAQUS/Explicit as a user subroutine VUMAT.
Comparisons are made between the present numerical results and
some available experimental data and discussed.

2. Formulation of a progressive damage model

In the following a progressive damage model is formulated in
terms of damage initiation, damage evolution and strain rate ef-
fects. Equations for describing various failure mechanisms are ob-
tained which are listed in the following sections.

2.1. Damage initiation

Various damage initiation or failure criteria similar to those in
Ref. [36] are given as follows:

2.1.1. Tensile/shear failure in X and Y directions
The tensile/shear failure in X and Y directions can be determined

by the following equations.

ðf1Þ2 ¼
�
s11
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�2
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�
t12
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�2
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�2

(1)
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where 1, 2, 3 denote the in-plane longitudinal, in-plane transverse
and out of plane directions, respectively. Xt, Yt are the tensile
strengths in the longitudinal and transverse directions, respec-
tively. S12, S23 and S31 are the shear strengths of FRP laminates,
respectively. f1, f2 are damage threshold parameters.

2.1.2. In-plane compression failure in X and Y directions
The in-plane compression failure in X and Y directions can be

described by.
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where the E, ε, Xc, Yc represent modulus, strain, compressive
strengths along the in-plane longitudinal and transverse directions,
respectively. f3, f4 are damage threshold parameters. <> is calcu-
lated as

< ε33 > ¼ ε33 þ j�ε33j
2

(5)
2.1.3. Though-thickness compression failure
The compression failure in the though-thickness direction can

be described by

ðf5Þ2 ¼
�
E33 � ε

0
33

Zc

�2

(6a)

ε
0
33 ¼ �ε33 þ

〈� ε11〉� E11 þ 〈� ε22〉� E22
E33

(6b)

where Zc denotes the compressive strength in the through-
thickness direction and f5 is damage threshold parameter.
2.1.4. In-plane shear failure
The in-plane shear failure can be described by the following

equation

ðf6Þ2 ¼
�
G12 � ε12

S12

�2

(7)

where G is shear modulus and f6 is damage threshold parameter.
2.1.5. Through-thickness tensile failure (delamination)
The delamination criterion is given by the following equations

[22]
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where S0 represents the modifying factor for delaminationwhich is
usually taken to be S0 � 1, and Zt is the tensile strength in the
through-thickness direction. f7 is damage threshold parameter.
2.2. Damage evolution

The previous section dealt with the damage initiation in fiber
reinforced composites. This section will be focused on the post-
damage behavior. Once a damage initiation criterion is satisfied,
further loading will cause the reduction of stiffness coefficients. In
this paper, damage evolution in linear form is adopted as shown
schematically in Fig. 1. If a constitutive model is expressed in terms
of stress-strain relations as done in continuum mechanics, then
strain softening behavior leading to strain localization will result in
mesh dependency of the finite element results in that the energy
dissipated decreases upon mesh refinement. To alleviate this
problem, the fracture energy approach in terms of
stressedisplacement relation is adopted herein by introducing a
characteristic length Lc for each element.

The stress can be computed from the following expression, viz.

fsg ¼ ½Cd�fεg (9)

where {s}, {ε} are respective stress and strainmatrices which can be
written as

fsg ¼ fs11;s22;s33; s12; s23; s31gT (10)

fεg ¼ fε11; ε22; ε33; ε12; ε23; ε31gT (11)



Fig. 1. (a) Equivalent stress-equivalent displacement for each failure mode, (b) equivalent stress-equivalent strain for each failure mode.
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[Cd] in equation (9) is the stiffness matrix which is obtained by
inverting the compliance matrix [Sd], i.e.

½Cd� ¼ ½Sd��1 (12)

where [Sd] is given as:
½Sd� ¼

2
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where ui (i ¼ 1 … 6) are damage variables which are introduced to
control stiffness reduction and the values of ui suggested to be
between zero (undamaged state) and one (fully damaged state).
The damage variables ui (i ¼ 1 … 6) are estimated by the following
equations

ui ¼
Xn

qijdi i ¼ 1…6 j ¼ 1…7
o

(14)

½q� ¼

0
BBBBBB@

1 0 1 0 1 0 0
0 1 0 1 1 0 0
0 0 0 0 1 0 0
1 1 1 1 1 1 0
0 1 0 1 1 0 1
1 0 1 0 1 0 1

1
CCCCCCA

(15)
di ¼
d
f
i;eq di;eq � d0i;eq� � d0 � di;eq � d

f (16)
� �
di;eq d

f
i;eq � d0i;eq

i;eq i;eq

where di is the damage variable of each failure mode [33], di,eq is the
equivalent displacement, dfi;eq is the equivalent failure displacement
when the material is fully damaged and is determined by the
following expression

d
f
i;eq � d0i;eq ¼ 2Gi

s0i;eq

(17)

in which Gi is the fracture energy as defined by the shaded area of
the stressedisplacement relation as shown in Fig. 1(a) and must be
specified.

s0i;eq and d0i;eq are initial equivalent stress and initial equivalent
displacement at which a damage initiation criterion is satisfied.
These two parameters can be obtained from the following
equations.

s0i;eq ¼ si;eq
�
fi; d0i;eq ¼ di;eq

�
fi (18)



Table 1
Equivalent displacement di,eq and equivalent stress si,eq for each failure mode.

Failure mode (i ¼ 1 … 7) di,eq si,eq

i ¼ 1 Tensile/shear failure in X direction (s11 � 0)
Lc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðε11Þ2 þ ðε12Þ2 þ ðε31Þ2

q
Lcðs11ε11 þ s12ε12 þ s31ε31Þ=d1;eq

i ¼ 2 Tensile/shear failure in Y direction (s22 � 0)
Lc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðε22Þ2 þ ðε12Þ2 þ ðε23Þ2

q
Lcðs22ε22 þ s12ε12 þ s23ε23Þ=d2;eq

i ¼ 3 In-plane compression failure in X direction Lc
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðε011Þ2

q
LcE11ε011=d3;eq

i ¼ 4 In-plane compression failure in Y direction Lc
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðε022Þ2

q
LcE22ε022=d4;eq

i ¼ 5 Through-thickness compression failure
Lc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðε11Þ2 þ ðε22Þ2 þ ðε33Þ2

q
Lcðs11ε11 þ s22ε22 þ s33ε33Þ=d5;eq

i ¼ 6 In-plane shear failure
Lc

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðε12Þ2

q
Lcðs12ε12Þ=d6;eq

i ¼ 7 Through-thickness tensile failure
Lc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðε33Þ2 þ ðε13Þ2 þ ðε23Þ2

q
Lcðs33ε33 þ s13ε13 þ s23ε23Þ=d7;eq
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where si,eq and di,eq are equivalent stress and equivalent displace-
ment for each failure mode and obtained from Table 1.
2.3. Strain rate effect

The rate dependency of strength as well as modulus can be
described within a unified framework by introducing dynamic in-
crease factor (DIF) which has been validated in Refs. [36], viz.

fSRTg ¼ fS0g � DIF (19a)

fERTg ¼ fE0g � DIF (19b)

where {SRT}, {ERT} are the dynamic strength and modulus,{S0}, {E0}
are the corresponding static values of {SRT}, {ERT}.DIF can be
determined by the following equation [36]

DIF ¼
��

tanh
��

log
�

_ε

_ε0

�
� A

�
� B

�	
�
�

C
ðC þ 1Þ=2� 1

	
þ 1




� C þ 1
2

(20)

in which A, B and C are empirical constants to describe the rate
sensitive behavior of FRP laminates.

Fig. 2 shows comparison of Equation (20) with the test results
for the strength and modulus of FRP laminates at different rates of
Fig. 2. Comparison of Equation (20) with the experiment
strain and reasonable agreement is obtained. It can be seen from
the figure that the hyperbolic curve consists of three stages,
namely, the first flat stage for low strain rates, the second ascending
stage for intermediate (transition) strain rates and the final stage
for high strain rates. It can also be shown that A is the horizontal
coordinate value of the inflection point of the curve in the second
ascending stage which controls the scale of the first stage; that B
represents the tangent slope of the inflection point of the curve in
the second ascending stage which characterizes the rate of increase
of the second stage and that C denotes the limit value of DIF when
the horizontal coordinate or strain rate goes to infinity [36].

It has been summarized in Ref. [36] that the Carbon Fiber
Reinforced Plastic (CFRP) laminates were considered to be rate
insensitive and the rate dependency of Glass Fiber Reinforced
Plastic (GFRP) and Kevlar Fiber Reinforced Plastic (KFRP) laminates
under dynamic loading follows the same trend which was
controlled by A, B, C. The details for how A, B, and C for strength as
well as modulus were obtained through fitting the existing testing
data are given in Ref. [36] and the A,B,C were determined to be 2.5,
0.9,3.7 for strength and 1.85, 0.5,1.3 for modulus respectively.
3. Mesh sensitivity study

The present progressive damage model developed in the pre-
vious section has been incorporated into ABAQUS/Explicit as a user
subroutine. In the following, two different fracture energy ap-
proaches are used: the first is to keep the fracture energy Gi (shaded
al data for FRP laminates. (a) Strength, (b) modulus.



Fig. 3. Schematic diagram showing the constitutive model with a constant fracture
energy.

S.H. Xin, H.M. Wen / International Journal of Impact Engineering 75 (2015) 40e52 45
area in Fig. 1(a)) constant during the damage evolution process; the
second is to keep the failure displacement d

f
i;eq (also shown in

Fig. 1(a)) constant during the damage evolution process. In order to
make an assessment about mesh dependency, numerical simula-
tions using these two approaches are performed on 4.07 mm thick
GFRP laminates (6 ply) perforated by a 7.6 mm diameter, 6 g flat-
faced projectile at 250 m/s. The GFRP laminates are fully clamped
with an aperture of 200 mm � 200 mm. The projectile is assumed
to remain rigid during the perforation process.
3.1. Keep the fracture energy constant

To keep the fracture energy Gi constant means that the failure
displacement d

f
i;eq will not remain unchanged. Instead, it will

decrease with increasing initial equivalent stress due to strain rate
effects as shown schematically in Fig. 3.

Fig. 4 shows comparison of the results predicted numerically by
the constant fracture energy approach with those predicted from
the stress-strain method for the residual velocities of the projectile
using elements with different sizes which range from 0.5 mm to
1.5 mm.
Fig. 4. Variation of residual velocities with element size.
It is seen from Fig. 4 that the numerically predicted residual
velocity using stress-strain method decreases monotonically with
increasing element size (green bar), which agrees with the general
knowledge that energy absorption of FRP laminates decrease with
the mesh refinement due to strain softening behavior of the ma-
terial. On the other hand, the residual velocities predicted by the
constant fracture energy approach change much less compared to
the stress-strain method as element size increases. For example,
the value of ðVr�max � Vr�minÞ=Vr�max for the constant fracture
energy approach is 30%whilst its value for the stress-strainmethod
is 51%, here Vr�max,Vr�min are the highest and lowest numerically
predicted residual velocities. In other words, the fracture energy
approach is effective in reducing mesh dependency.
3.2. Keep the failure displacement constant

To keep the failure displacement dfi;eq constant means that the
fracture energy Gi will not remain unchanged. Instead, it will in-
crease with increasing initial equivalent stress due to strain rate
effects as shown schematically in Fig. 5.

Fig. 6 shows comparison of the results predicted numerically by
the constant failure displacement approach with those predicted
from the stress-strain method for the residual velocities of the
projectile using elements with different sizes which range from
0.5 mm to 1.5 mm.

It can be seen from Fig. 6 that the behavior of the stress-strain
method is the same as that presented in Fig. 4 whilst the residual
velocities predicted by the constant displacement approach first
decrease with increasing element size and then increase with
increasing element size. The value of (Vr�max�Vr�min)/Vr�max for
the constant displacement approach is 20% whilst its value for the
stress-strain method remains 51%. Again, it shows that the fracture
energy approach is effective in reducing mesh dependency.

As discussed above and, also, as can be seen from Figs. 4 and 6
that the fracture energy approach is effective in reducing mesh
dependency compared to the stress-strain method. Furthermore,
the values of (Vr�max�Vr�min)/Vr�max are 30% and 20% for the two
fracture energy approaches (i.e. constant fracture energy and con-
stant displacement approaches), respectively. In other words, the
constant displacement approach is more effective than the con-
stant fracture energy method in alleviating the mesh dependency.
In the following the fracture energy approach with a constant
Fig. 5. Schematic diagram showing the constitutive model with a constant failure
displacement.



Fig. 6. Variation of residual velocity with element size. Fig. 7. Finite element model used in the numerical simulations.

Fig. 8. Comparison between the numerically predicted and experimentally observed
damage patterns for the 16 ply GFRP laminates struck by a 1 kg mass at 3.5 m/s which
had a 30 mm steel long cylinder with a 10 mm diameter hemispherical head [38].
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failure displacement is adopted and compared in the numerical
study on the perforation of FRP laminates impacted by projectiles.
The element size in the impact zone is set to be about 1 mm.

4. Comparison with available test data and discussion

4.1. Low velocity impact

Many tests have been conducted by researchers on fiber rein-
forced polymer composites subjected to impact by projectiles at
low velocities [37e41]. Cantwell [37] and Fan et al. [38] performed
experimental investigations into the response and perforation of
square and circular woven glass fiber reinforced polyester [37] and
glass fiber reinforced epoxy [38] laminates using drop-weight test
rigs. The effects of various parameters such as projectile geometry,
target thickness and impact location on the perforation energy
were studied [38]. Menna et al. [39], Caprino and Lopresto [40]
carried out low velocity impact tests on E-glass/Epoxy panels and
Carbon fiber/Epoxy laminates at different energy levels bymeans of
an instrumented drop-weight apparatus. The influences of pro-
jectile size, projectile nose shape, target size and striking location
on the impact response of the composites were investigated.
Penetration tests were also performed by Reid et al. [41] on 25 mm
thick circular S-glass/Phenolic laminates impacted by projectiles
with 45� and 90� conical ends at velocities of up to 150ms�1 using a
modified Hopkinson bar equipment. Time-histories of force
(deceleration), velocity and penetration (displacement) were
obtained.

The numerical simulations using the progressive damage model
developed in section 2 are compared with some typical test results
obtained by Fan et al. [38] for the GFRP laminates struck by a mass
at the center. The mass weighed 1 kg and had a 30 mm steel long
cylinder with a 10 mm diameter hemispherical head which is
assumed to be rigid in the present numerical simulation. The tests
were conducted on 100mm square plates clamped in a square steel
frame with a 72 mm � 72 mm aperture and, hence, in the present
numerical simulation a square plate of 72 mm � 72 mmwhich was
fully clamped around its boundaries is adopted. The finite element
model is shown in Fig. 7. Due to symmetry boundary conditions in
the XeZ plane and YeZ plane only a quarter of the plates are
modeled to save computing time. Both the indenter and the lami-
nate plate are modeled using C3D8R elements. The mesh size of
1 mm � 1 mm is selected for the plate elements. A general contact
algorithm is adopted for modeling contact and interaction in all the
simulations in this paper.

Fig. 8 shows comparison between the numerically predicted
damage patterns and the experimentally observed ones of the
impact surface and rear surface of the 1.6 mm thick GFRP laminates
subjected to low velocity impact by the mass at 3.5 m/s as reported
by Fan et al. [38]. The values of various parameters used in the
present numerical simulations are listed in Table 2. It can be seen
from Fig. 8 that local indentation on the impact surface and the
damage/failure profile on the rear surface are predicted reasonably
well in terms of damage shape and size.



Table 2
Values of various parameters for the GFRP laminates [38,39] used in the present
model and the CDM model [36].

Parameter Data Parameter Data Parameter Data

E11 23.1 GPa [12] Yc 337 MPa [45] As 2.5 [36]
E22 23.1 GPa [12] Zt 75 MPa [45] Bs 0.9 [36]
E33 6.87 GPa [45] Zc 400 MPa Cs 3.7 [36]
G12 4.0 GPa [45] S12 40 MPa [45] G1, G2 12.5 N/mm
G23 1.8 GPa [45] S23 45 MPa [45] G3, G4 12.5 N/mm [33]
G31 1.8 GPa [45] S31 45 MPa [45] G5, G6, G7 1.0 N/mm [33]
Xt 442 MPa [45] n12 0.15 d

f
1; d

f
2 5.7 � 10�2 mm

Yt 442 MPa [45] n31 0.25 d
f
3; d

f
4 7.65 � 10�2 mm

Xc 337 MPa [45] n23 0.25 d
f
5 0.5 � 10�2 mm

Am 1.85 [36] Cm 1.3 [36] d
f
6 5 � 10�2 mm

Bm 0.5 [36] S0 1.2 [35] d
f
7 2.7 � 10�2 mm

S.H. Xin, H.M. Wen / International Journal of Impact Engineering 75 (2015) 40e52 47
Fig. 9 shows comparison between the numerically predicted
force-displacement curves and the experimentally obtained ones
for the perforation of the 4 and 8 ply GFRP laminates struck
transversely by the mass at velocities of 1.8 m/s and 3.0 m/s,
respectively [38]. It is clear from Fig. 8 that both the numerically
predicted force-displacement traces and the experimentally
observed ones are similar in shape except for the numerically
Fig. 9. Comparison between the numerically predicted and the experimentally observed fo
had a 30 mm steel long cylinder with a 10 mm diameter hemispherical head [38]: (a) 0.4

Fig. 10. Comparison between the numerically predicted and the experimentally observed f
with 16 mm diameter hemispherical end [39]. (a) 0.8 J, (b) 8.3 J.
predicted peak load of 4 ply laminates which is about 15% higher
than that obtained in the test.

Fig. 10 shows comparison of the numerically predicted
loadedisplacement curves with the experimentally obtained ones
for the 1.92 mm thick GFRP laminates struck by a 3.6 kg mass with
16 mm diameter hemispherical end at velocities of 0.67 m/s (0.8 J)
and 2.15 m/s (8.3 J), respectively as reported by Menna et al. [39].
The fully clamped GFRP laminates have an open circular window
which has a diameter of 50 mm. In both cases the laminates were
not perforated. It can be seen from the figure that reasonable
agreement is obtained except that for the lower impact energy the
predicted maximum load is lower than the experimentally ob-
tained value whereas for the higher impact energy the predicted
peak force is greater than the values observed in the experiment.

It should be mentioned here that in the numerical simulations
the values of various parameters as given in Table 2 are simply
taken from similar material systems. If the real values of the pa-
rameters are employed the accuracy of the present numerical
simulations should be further improved as compared to the
experimental observations. Nevertheless, the results in Figs. 8e11
have demonstrated the usefulness of the present progressive
damage model developed in section 2.
rce-displacement curves for different thickness laminates struck by a 1 kg mass which
mm, 1.8 m/s, (b) 0.8 mm, 3.0 m/s.

orce-displacement curves for the 1.92 mm thick laminates impacted by a 3.6 kg mass



Fig. 11. Finite element model employed in the numerical simulations.

Table 3
Values of various parameters for CFRP laminates [10] used in the present model and
the CDM model [36].

Parameter Data Parameter Data Parameter Data

E11 53.7 GPa [10] Yc 420 MPa [42] S0 1.2 [35]
E22 53.7 GPa [10] Zt 49.5 MPa [42] G1 11 N/mm
E33 11.7 GPa [10] Zc 220 MPa [42] G2 11 N/mm
G12 20.7 GPa [10] S12 200 MPa G3 11 N/mm
G23 4.0 GPa [10] S23 200 MPa G4 11 N/mm
G31 4.0 GPa [10] S31 200 MPa G5 4.0 N/mm
Xt 565 MPa [42] n12 0.31 [10] G6 1.0 N/mm [33]
Yt 565 MPa [42] n13 0.33 [10] G7 4.0 N/mm
Xc 420 MPa [42] n23 0.33 [10]
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4.2. Ballistic impact

Numerical results using the present model with the fracture
energy approach are presented for CFRP, GFRP and KFRP laminates
struck normally by flat-ended projectiles and compared with those
predicted by the othermodels such as the ChangeChangmodel, the
MAT162 model and the model proposed in Ref. [36]. In the
following sections, the projectiles are assumed to be rigid and due
to symmetry boundary conditions in the XeZ plane and YeZ plane
only a quarter of the plates are modeled to save computing time.
The elastic modulus and Poisson ratio of the projectiles are taken to
be 210 GPa and 0.3, respectively. The number of elements through
the thickness of plates is the same as their plies. Both the projectiles
and the plates are modeled using C3D8R elements. A fine mesh
around the projectile is adopted and the element size of which is
about 1 mm. The finite element model is shown in Fig. 11. The
general contact algorithm is adopted to describe the contact and
interaction behavior between the projectiles and the laminates.
4.3. CFRP laminates

Fig. 12(a and b) show comparisons between the residual veloc-
ities predicted numerically by the present model with the fracture
energy approach and the test results for the perforation of the
Fig. 12. Comparison between the numerically predicted residual velocities and the experime
[10]. (a) H ¼ 2 mm, (b) H ¼ 4 mm.
2 mm and 4 mm thick CFRP laminates struck by the 30 g flat-nosed
projectile as reported by Lee and Sun [10]. The CFRP laminates were
fully clamped with an open circular aperture with 43.5 mm
diameter. The values of various parameters used in the present
model and the CDM model [16] are given in Table 3 and the CFRP
laminates are supposed to be not rate sensitive material. The values
of parameters are mainly obtained from Lee and Sun [10] and Naik
[42]. Predictions from the ChangeChangmodel and the CDMmodel
are also shown in the figure.

It is evident from Fig. 12 that the numerical results predicted by
the present model with the fracture energy approach are in good
agreement with the test data [10]. It is also evident from the figure
that the numerical predictions by the present model are more
consistent with the experimental data than those predicted by the
CDM model suggested in Ref. [36] and the ChangeChang failure
model.

Fig. 13(a and b) show comparison between the deformed pro-
files reported in Ref. [10] for the 2 mm thick CFRP (AS4/3501-6
graphite/epoxy) laminates struck normally by a 14.5 mm diameter
flat-ended projectile at an impact velocity of 45 m/s and the
numerically predicted ones by the present model with the fracture
energy approach at different times after impact. It can be seen from
Fig. 13 that good agreement is obtained.
4.3.1. GFRP laminates
Fig. 14 shows comparison of the ballistic limits predicted

numerically by the present progressive damagemodel with the test
results for the perforation of GFRP laminates struck by flat-faced
projectiles as reported in Ref. [11]. The fully clamped GFRP
ntal data for the CFRP laminates struck by a 14.5 mm diameter 30 g flat-nosed projectile



Fig. 13. Comparison between the numerical deformation profiles and the ones for the 2 mm thick. CFRP laminates struck by a 14.5 mm diameter flat-nosed projectile at 22 ms and
71 ms after impact. (a) Numerically predicted deformation profiles reported in Refs. [10], (b) numerically predicted deformation profiles in the present study.
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laminates had an open aperture of 100 mm � 100 mm. The values
of various parameters used in the present model and the CDM
model [36] are given in Table 4. It can be seen that the present
model predictions are in good agreement with the experimental
results for the 4.76 mm diameter flat-nosed projectile (Fig. 14(a))
whilst for the 6.35 mm diameter flat-faced missile the model
Fig. 14. Comparison between the numerically predicted ballistic limits and the experimen
D ¼ 4.76 mm, m ¼ 3.33 g, (b) D ¼ 6.35 mm, m ¼ 3.84 g.
slightly under-predicts the ballistic limits as compared to the test
data (Fig. 14(b)), which were reported in Ref. [11].

Fig. 15(aed) show the sectional views of the deformation pro-
files predicted by the present model at different times for the
9.0 mm thick GFRP laminates struck normally by the 4.76 mm
diameter flat-ended projectiles at an impact velocity of 319m/s. It is
tally obtained ones for the GFRP laminates struck by flat-nosed projectiles [11]: (a)



Table 4
Values of various parameters for the GFRP laminates [11] used in the present model
and the CDM model [36].

Parameter Data Parameter Data Parameter Data

E11 21.7 GPa [42] Yc 291 MPa [35] As 2.5 [36]
E22 21.7 GPa [42] Zt 58 MPa [35] Bs 0.9 [36]
E33 8.5 GPa [42] Zc 400 MPa Cs 3.7 [36]
G12 3.91 GPa [42] S12 75 MPa [35] G1, G2 12.5 N/mm [33]
G23 4.1 GPa [42] S23 58 MPa [35] G3, G4 12.5 N/mm [33]
G31 4.1 GPa [42] S31 58 MPa [35] G5, G6, G7 1.0 N/mm [33]
Xt 604 MPa [35] n12 0.169 [11] d

f
1; d

f
2 4.12 � 10�2 mm

Yt 604 MPa [35] n31 0.28 [42] d
f
3; d

f
4 8.6 � 10�2 mm

Xc 291 MPa [35] n23 0.28 [42] d
f
5 0.5 � 10�2 mm

S0 1.2 [35] Bm 0.5 [36] d
f
6 2.7 � 10�2 mm

Am 1.85 [36] Cm 1.3 [36] d
f
7 3.45 � 10�2 mm
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evident from the figures that at t ¼ 25 ms the main failures of the
laminates are indentation/shear of top layers combined with ma-
trix cracking, local bending and possible delamination of the bot-
tom layers; at t ¼ 50 ms the main failures of the laminates are
delamination and tensile fracture of the bottom layers and at
t ¼ 125 ms a plug is completely detached from the laminates.

Fig. 16 shows comparison between the numerically predicted
ballistic limits of the present model with the fracture energy
approach and the test data for the perforation of GFRP laminates
struck by flat-faced projectiles as reported in Ref. [34]. The values of
various parameters used in the present model and the CDM model
[36] are given in Table 5 andmost of values are as same as Table 2. It
can be seen from Fig. 16 that the present model predictions are in
good agreement with the experimental results except for the
thickest (24 plies) GFRP laminates where the present model slightly
under-predicts the ballistic limit as compared to the experimental
value.
Fig. 15. Numerically predicted sectional views of 9.0 mm thick GFRP laminates plate impacte
approach: (a) t ¼ 25 ms, (b) t ¼ 50 ms, (c) t ¼ 75 ms and (d) t ¼ 125 ms.
Also shown in Figs. 14 and 16 are the numerically predicted
ballistic limits from the CDM model proposed in Ref. [36] and the
MAT162 model for the GFRP laminates struck normally by flat-
nosed projectiles examined in Refs. [11,12]. The values of various
parameters used in the MAT162 model are listed in Tables 5 and 6.
As can be clearly seen from Figs. 14 and 16 that the present model
and the CDM model suggested in Ref. [36] produce similar results
which are more consistent than the results predicted numerically
from the MAT162 model as compared to the experimental data
reported in Refs. [11,12].

4.3.2. 4.2.3KFRP laminates
Fig. 17 shows comparison of the numerically predicted residual

velocities by the present model with the test results for 5 mm thick
KFRP laminates struck by a 7.62 mm diameter 5.2 g flat-faced
projectile at normal incidence [43]. The KFRP laminates were
fully clamped and had a rectangular window of 200mm� 180mm.
The values of various parameters used in the presentmodel and the
CDMmodel [36] are given in Table 7. It is clear from Fig. 17 that the
predicted ballistic limits are in good agreement with the experi-
mental results.

In the numerical simulations conducted above, the values of the
quasi-static fracture energy (Gi) for each failure modes for GFRP
laminates are taken directly from Ref. [33] whilst for CFRP and KFRP
laminates the values of the quasi-static fracture energy (Gi) for each
failure modes are estimated by trial and error method due to lack of
experimental data.

5. Conclusions

A progressive damage model has been developed in this pa-
per to predict the damage initiation and damage evolution
d by a 4.76 mm diameter flat-ended projectile at different times by the fracture energy



Fig. 16. Comparison between the numerically predicted ballistic limits and the experimental ones for GFRP laminates struck by flat-nosed projectiles [12]. (a) D ¼ 7.6 mm, m ¼ 6 g,
(b) D ¼ 7.6 mm, m ¼ 12 g.
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behavior of fiber reinforced plastic laminates subjected to
impact loadings within the framework of the continuum damage
mechanics (CDM). Various failure modes such as matrix fracture,
fiber breakage and inter-lamina failure (delemination) are taken
into account in this model. The damage evolution is controlled
by internal damage variables determined by equivalent
displacement on the basis of fracture energy approach where
stressedisplacement relation instead of stress-strain relation is
adopted by introducing a characteristic length Lc for each
element. Strain rate dependency of the strength and the
modulus of FRP laminated materials are also considered in the
model. Numerical results show that the present model with the
fracture energy approach can be effective in reducing mesh
dependency.
Table 5
Values of various parameters for the GFRP laminates [11] used in theMAT162model.

Parameter Data Parameter Data Parameter Data

E11 21.7 GPa [42] Yc 291 MPa [35] C1 0.024 [44]
E22 21.7 GPa [42] Zt 58 MPa [35] C2 0.0066 [44]
E33 8.5 GPa [42] Sfc 850 MPa [35] C3 �0.07 [44]
G12 3.91 GPa [42] S12 75 MPa [35] C4 0.0066 [44]
G23 4.1 GPa [42] S23 58 MPa [35] m1 0.57 [44]
G31 4.1 GPa [42] S31 58 MPa [35] m2 0.57 [44]
Xt 604 MPa [35] n12 0.169 [42] m3 0.57 [44]
Yt 604 MPa [35] n31 0.28 [42] m4 0.57 [44]
Xc 291 MPa [35] n23 0.28 [42] Sfs 300 MPa [35]

Table 6
Values of various parameters for the GFRP laminates [12] used in theMAT162model.

Parameter Data Parameter Data Parameter Data

E11 23.1 GPa [12] Yc 337 MPa [45] C1 0.024 [44]
E22 23.1 GPa [12] Zt 75 MPa [45] C2 0.0066 [44]
E33 6.87 GPa [45] Zc 850 MPa [35] C3 �0.07 [44]
G12 4.0 GPa [45] S12 40 MPa [45] C4 0.0066 [44]
G23 1.8 GPa [45] S23 45 MPa [45] m1 0.57 [44]
G31 1.8 GPa [45] S31 45 MPa [45] m2 0.57 [44]
Xt 442 MPa [45] n12 0.15 m3 0.57 [44]
Yt 442 MPa [45] n31 0.25 m4 0.57 [44]
Xc 337 MPa [45] n23 0.25 Sfs 300 MPa [35]
It transpires that the present model predictions are in good
agreement with the experimental observations for fibre reinforced
plastic laminates struck normally by projectiles in a wide range of
impact conditions in terms of damage patterns, force-displacement
curve, ballistic limit and residual velocity.
Fig. 17. Comparison between the numerically predicted residual velocities and the
experimental data for 5 mm thick KFRP laminates struck by a 7.62 mm diameter flat-
ended projectile [43].

Table 7
Values of various parameters for KFRP laminates [43] used in the present model and
CDM model [36].

Parameter Data Parameter Data Parameter Data

E11 21.0 GPa [46] Yc 200 MPa [46] As 2.5 [36]
E22 21.0 GPa [46] Zt 80 MPa [46] Bs 0.9 [36]
E33 4.6 GPa [46] Zc 225 MPa Cs 3.7 [36]
G12 1.3 GPa [46] S12 77 MPa [46] G1, G2 9.0 N/mm
G23 1.3 GPa [46] S23 100 MPa G3, G4 9.0 N/mm
G31 1.3 GPa [46] S31 100 MPa G5, G6, G7 1.0 N/mm [33]
Xt 800 MPa [46] n12 0.34 [46] d

f
1; d

f
2 2.25 � 10�2 mm

Yt 800 MPa [46] n31 0.14 [46] d
f
3; d

f
4 9.0 � 10�2 mm

Xc 200 MPa [46] n23 0.14 [46] d
f
5 0.4 � 10�2 mm

Am 1.85 [36] Cm 1.3 [36] d
f
6 2 � 10�2 mm

S0 1.2 d
f
7 2.5 � 10�2 mm
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