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A theoretical study is performed herein on the perforation of fibre-reinforced plastic laminates subjected
to impact by flat-nosed projectiles in a wide range of velocities. Ballistic impact on FRP laminates is a very
complex problem and it can be generally classified into two categories, i.e. global deformation with local
rupture and wave-dominated local failure. Simple analytical models for both global deformation failure
as well as wave-dominated local failure are first given, and a shear failure criterion is employed to predict
the perforation of FRP laminates which fail in global deformation mode. By combining the wave-domi-
nated local failure model and the concept of Von Karman’s critical impact velocity, a condition for the
transition of the above mentioned two failure modes is obtained. It is shown that the model predictions
are in good agreement with available experimental observations in terms of ballistic limits and critical
conditions for the transition of failure modes.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Fibre-reinforced plastic (FRP) laminates have been extensively
used in various industries such as aerospace, marine, transporta-
tion and defense because of their high specific strength and stiff-
ness [1]. However, FRP laminates are vulnerable to localised
transverse loads either static or impact due to their low fracture
toughness of matrix materials [2]. Over the past several decades,
a significant body of work has been focused on experimental and
theoretical investigation on the transverse impact response of
polymer matrix composite laminates in order to gain insight into
their failure and energy absorption mechanisms.

Lee and Sun [3] and Sun and Potti [4] conducted a combined
experimental and numerical study on the response and perforation
of CFRP laminates under quasi-static and impact loading. Flat-
nosed indenters/projectiles were employed in the tests with im-
pact velocities ranging from 24 to 91 m/s. They considered that
the process of penetration is composed of three stages: pre-delam-
ination, post-delamination before plugging and post-plugging. On
the basis of these three stages, a finite element model was formu-
lated to simulate the static loading process and the load–displace-
ment curve was adopted in the dynamic perforation analysis.

Greaves [5] investigated the failure mechanisms in ballistic per-
foration of thick S2-glass/phenolic laminated plates by cylindrical
indenters and found that the failure was divided into two phases:
phase I included compression, shear, indentation and expulsion of
debris; phase II involved formation of a cone of delaminations,
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fibre stretching/fracture and the projectile exit from the distal side.
It was noted that the phase I indentation mechanism, said to be
dominated by the through-thickness compressive resistance of
the material, absorbed most of the impact energy and was there-
fore worthy of more detailed study. To this end, an investigation
into the impact force-indentation characteristics of laminates at
velocities of up to 200 m/s has been carried out by Reid et al. [6].

Zhu et al. [7,8] conducted tests on the penetration of Kevlar-29/
polyester laminates struck by conical-ended missiles and pre-
sented a series of models for various energy-absorbing mecha-
nisms such as the indentation of projectile tip, the bulging of the
back surface of the laminates, fibre failure, delamination and fric-
tion to estimate the target resistance to the projectile motion.

Xiao et al. [9] performed a comprehensive experimental and
numerical research into the failure modes of GFRP laminates sub-
jected to quasi-static punch shear. For thin FRP laminates, mem-
brane stretching before local punch shear was observed and it was
found that the dominant damage mechanisms were delamination
and fibre breakage due to shear and tension. Gama and Gillespie
[10] extended the work reported in [9] by conducting a full-fledged
3D FE simulations to investigate impact, damage evolution and pen-
etration of thick-section composites under a wide range of impact
velocities. Detailed damage and penetration mechanisms during
two major phases of ballistic penetration (shock compression and
penetration) were presented. Some other numerical simulations
[11–13] were also carried out to study the damage and energy
absorption of composite plates under impact by projectiles.

In a similar study, Jenq et al. [14] used the quasi-static punch
curve to predict the ballistic limits of woven glass/epoxy laminates
struck transversely by a hemispherical-tipped penetrator. Hoo Fatt
tes under impact by flat-nosed projectiles. Composites: Part B (2011),
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Nomenclature

Ad (m2) delamination area in the mid-plane
Ap (m2) cross-sectional area of projectile
B empirical constant
C (m/s) sound speed in laminates along the fibre direction
Cij (Pa) elastic constants
et (J/m3) energy density for tensile tearing failure
E1 (Pa) in-plane Young’s moduli
E3 (Pa) through-thickness Young’s moduli
Eav (Pa) average modulus Eav = E1

Ebm (J) energy absorbed by the global deformation
Ect (J) contact energy
Edef (J) total energy dissipation due to deformation
Edel (J) energy due to delamination
Efrac (J) energy dissipated by local failure
Ek (J) initial kinetic energy of projectile
Ep (J) impact perforation energy
ET (J) quasi-static perforation energy
F (N) resistive force
G (kg) projectile mass
G13 (J) shear modulus
GIIc (J/m2) inter-laminar fracture toughness in Mode II
Hc (m) critical thickness of plate
H/D ratio of plate thickness to punch diameter
(H/D)c critical ratio of FRP laminate plate thickness to projectile

diameter
K constraint factor
Kb (N/m) bending stiffness
Kbs (N/m) effective stiffness due to bending and shear
Kc (N/m) contact stiffness

Km (N/m3) membrane stiffness
Ks (N/m) shear stiffness
L (m) length of flat-faced projectile
P (N) quasi-static contact force
Pd (N) critical indenter load of delamination
r (m) radius of delamination area
R (m) radius of indenter/projectile
S (m) diameter or span of laminate plate
Vb (m/s) ballistic limit
Vc (m/s) Von Karman critical impact velocity
Vi (m/s) impact velocity of projectile
Vr (m/s) residual velocity of projectile
W0 (m) transverse deflection of laminate plate
W0f (m) critical transverse deflection of plate failure
Wt (m) total displacement of punch
a (m) local indentation
B empirical constant
ef static tensile failure strain
mij Poisson’s ratios
qp (kg/m3) density of flat-faced projectile
qt (kg/m3) density of laminate
re (Pa) the linear elastic limit of FRP laminates in through-

thickness compression
s13 (Pa) transverse shear strength of plate
smax (Pa) maximum shear stress of mid-plane
sIRSS (Pa) inter-laminar shear stress
s0 (Pa) average shear stress
u empirical constant
U dynamic enhancement factor
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and Lin [2] proposed an analytical model based on classical mem-
brane, bending and first order shear theories to analyse the defor-
mation and damage of fully clamped panels.

Mines et al. [15] studied experimentally the high velocity perfo-
ration behaviours of fully clamped 200 mm � 200 mm polymeric
composite laminates struck by flat, hemispherical and conical pro-
jectiles at impact velocities up to 571 m/s. Woven roving, z-stitched
and through-thickness z-stitched glass polyester laminates for a
number of laminate thickness (6, 12, 24 ply) were used in the tests.
The results were presented in terms of static and impact perforation
energies and energy absorption mechanisms during high velocity
perforation were also discussed with a view to identifying improved
combinations of materials.

Wen et al. [16–20] 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 ob-
served experimentally that ballistic impact on FRP laminates can
be classed into two categories: global response with local rupture
and wave-dominated localised failure. Global response with local
rupture is often associated with the behaviour of thin FRP lami-
nates whilst wave-dominated localised failure with that of thick
FRP laminates. Based on the assumption that the deformations
are localised and the average resistance provided by target materi-
als can be divided into two parts: quasi-static resistive pressure
due to elastic–plastic deformations and dynamic resistive pressure
arising from velocity effects. The dynamic resistive pressure is sim-
ply expressed as a velocity-dependent enhancement factor and re-
lated to the initial impact velocity. Subsequently, He et al. [21–23]
modified the models proposed in [19,20] by assuming that the
pressure provide by FRP laminates to resist the motion of a projec-
tile is no longer a constant rather a function of penetration velocity.
Various equations were obtained for the depth of penetration,
residual velocity, and ballistic limit. Transient response was solved
Please cite this article in press as: Wu QG et al. Perforation of FRP lamina
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numerically in terms of time-histories of displacement/penetra-
tion, velocity and deceleration. It is found that the model predic-
tions are in good agreement with available experimental data.

In this paper, a theoretical study is performed on the perfora-
tion of fibre-reinforced plastic laminates subjected to impact by
flat-nosed projectiles in a wide range of velocities. Simple analyti-
cal equations for both global deformation failure as well as wave-
dominated local failure are first given, and a shear failure criterion
is used to predict the perforation of FRP laminates which fail in glo-
bal deformation mode. By combining the wave-dominated local
failure model and the concept of Von Karmen’s critical impact
velocity, a condition for the transition of the above mentioned
two failure modes is obtained. The model predictions are com-
pared with available experimental results and discussed.
2. Formulation of the problem

As noted previously, ballistic impact on FRP laminates can be di-
vided into two categories, i.e. global deformation with local rup-
ture and wave-dominated local failure. In the following sections,
global deformation model is first presented, together with a shear
failure criterion which can be used to predict the perforation of
thin FRP laminates struck by a flat-nosed missile. By combining
the wave-dominated local failure model suggested previously in
[19,20] and the concept of Von Karman’s critical impact velocity,
a condition for the transition of the above mentioned two failure
modes is then obtained.
2.1. Global deformation with local rupture

The perforation of thin FRP laminates stuck by a flat-ended
projectile is a very complex problem which is impossible to be
tes under impact by flat-nosed projectiles. Composites: Part B (2011),
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Fig. 1. Schematic diagram of an FRP laminate plate loaded by a flat punch.

Fig. 2. The spring model.
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described theoretically by taking all the mechanisms into consider-
ation. Therefore, the model described in the following is based on
the assumption that local indentation, global bending and stretch-
ing, local shear/tensile tearing at the projectile–target interface,
delaminations are the major energy absorbing mechanisms which
are taken into account in the model development whilst other en-
ergy dissipating mechanisms such as friction are neglected.

2.1.1. Quasi-static load–displacement relationship
An FRP laminate plate loaded quasi-statically by a flat indenter

at the centre (as shown schematically in Fig. 1) can be represented
by the spring model shown in Fig. 2 [16,24]. As can be seen from
Figs. 1 and 2 that the deformations of the laminate plate are as-
sumed to consist of two parts: local indentation and global bending
and stretching. Kc is a spring representing the contact stiffness and
Kb, Ks and Km are springs representing the bending, shear and mem-
brane stiffness, respectively.

The quasi-static contact force, P, is related to the local indenta-
tion of the laminate plate, a, by an equation of the following form
[16,25]

P ¼ Kca ð1Þ

where Kc = 2R/(pH0) is the contact stiffness and R is the radius of the
indenter. H0 is defined by the following equations [16,25]:

H0 ¼
ðc1 þ c2ÞC11

2pðC11C33 � C2
13Þ

; c2
1;2 ¼ Q �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q 2 � C33=C11

q

Q ¼ ðC11C33 � C2
13 � 2C13C44Þ=2C11C44

in which the coefficients Cij are the elastic constants for a trans-
versely isotropic elastic body. They are determined by elasticity the-
ory and are given by

C11 ¼ E1=ð1� m31m12Þ; C33 ¼ E3=ð1� m31m12Þ; C44 ¼ G13;

C13 ¼ m12E1=ð1� m31m12Þ

where E1 and E3 are the in-plane and through-thickness Young’s
moduli, respectively; G13 is the shear modulus and m12, m31 are the
corresponding Poisson’s ratios satisfying v31 ¼ E3

E1
v12 .

The load–deflection relation for the laminate plate ignoring the
local indentation above may be written as [16,24]

P ¼ KbsW0 þ KmW3
0 ð2Þ

where W0 is the transverse deflection of the mid-plane of the plate,
Kbs and Km are the effective stiffness due to bending and shear and
the membrane stiffness, respectively. The expressions for bending
stiffness Kb and membrane stiffness Km were derived using the
Babunov-Galerkin methodology. For the fully clamped plate Kb

and Km are given by the following equations [24,26]:

Kb ¼
86:2E1H3

12ð1� t2
12ÞS

2 for a square laminate plate ð3Þ

Kb ¼
16pE1H3

3ð1� m2
12ÞS

2 for a circular laminate plate ð4Þ

Km ¼
191pE1H

162S2 ð5Þ

Kbs is given by

Kbs ¼
KbKs

Kb þ Ks
ð6Þ

The effective shear stiffness is given by [24]
Please cite this article in press as: Wu QG et al. Perforation of FRP lamina
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Ks ¼
4p
3

G13H
E1

E1 � 4m12G13

� �
4
3
þ Log

S
2R

� ��1

ð7Þ

where S is the diameter or span of the laminate plate. The total dis-
placement of the punch is Wt = W0 + a. Hence, combining Eqs. (1)
and (2) with Wt = W0 + a gives the quasi-static load–displacement
relationship, viz.

P ¼ f ðWtÞ ð8Þ
2.1.2. Energy absorption
It is constructive to calculate and compare the energies dissi-

pated by each mechanism during laminate plate perforation. Mines
et al. [15] also carried out energy calculations of the clamped GRP
laminates, three modes of energy absorption were identified,
namely, local perforation, delamination and friction between the
projectile and the laminates. In their energy calculation, however,
global deformation was ignored, which was observed experimen-
tally for relatively thin GRP laminates. In the following, various en-
ergy terms are derived which are dissipated by local indentation,
global deformation, shearing plugging or localised tensile fracture
and delaminations.The contact energy (Ect) is given by the follow-
ing equation, viz.

Ect ¼
Z a

0
Pda ¼ 1

2
Kca2 ¼ P2

2Kc
¼

KbsW0 þ KmW3
0

� �2

2Kc
ð9Þ

The energy absorbed by the global deformation is

Ebm ¼
Z W0

0
PdW0 ¼

1
2

KbsW
2
0 þ

1
4

KmW4
0 ð10Þ

The total energy dissipation due to deformations can therefore be
written as

Edef ¼
KbsW0 þ KmW3

0

� �2

2Kc
þ 1

2
KbsW

2
0 þ

1
4

KmW4
0 ð11aÞ
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Fig. 3. Schematic diagram of inter-laminar shear stress distribution.
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or

Edef ¼
KbsW0f þ KmW3

0f

� �2

2Kc
þ 1

2
KbsW

2
0f þ

1
4

KmW4
0f ð11bÞ

where W0f is the critical transverse deflection at which plate failure
occurs and, to a first approximation, it can be determined by the fol-
lowing equation [16]:

P ¼ KbsWof þ KmW3
of ¼ 2pRHKs13 ð12Þ

where s13 is the transverse shear strength of the laminate plate and
K is a constraint factor. During indentation, the deformation of the
material in the neighbourhood will lead to the average transverse
shear strength greater than the real material property. For simplic-
ity K is taken as 2 in this paper [16].

It has been observed experimentally that an FRP laminate plate
loaded by a flat-faced punch will fail either by local shear plugging
or by mixed mode of local shear and tensile tearing (upper part of
the laminate plate fails by shear and its lower part by tensile tear-
ing) depending on the ratio of plate thickness to punch diameter
(H/D). When H/D is greater than a critical value (u) the plate will
fail by mixed mode, otherwise it will fail by local shear plugging.
Hence, the energy dissipated by local failure can be written as

Efrac ¼ pR2ðH �uDÞet þ pRðuDÞ2Ks13 ðfor H=D > uÞ ð13aÞ

or

Efrac ¼ pRH2Ks13 ðforH=D � uÞ ð13bÞ

where et is the energy density for tensile tearing failure and u is an
empirical constant which can be taken to be 0.21 approximately
[27].

Delamination initiates below the contact loading area by coa-
lescence of matrix cracks at interfaces with high inter-laminar
shear stresses. It can propagate under Mode I (tensile) and Mode
II (shear) loading and the relative importance of each mode is
dependent on the structural configuration as well as the material
properties. Frost [28] and Zee and Hsieh [29] suggested that, for
projectile impact on FRP laminates, propagation is dominated by
GIIC. The energy due to delamination can be expressed as

Edel ¼ Ad � GIIC ð14Þ

where Ad is the delamination area in the mid-plane and GIIC is the
inter-laminar fracture toughness in Mode II. Davies and Zhang
[30] proposed that a single central delamination in the plate’s
mid-plane will propagate in Mode II at a critical force given by

P2
d ¼

8p2EevH3GIIC

9 1� v2
12

� � ð15Þ

where Eav is the average modulus. For transversely isotropic FRP
laminates, Eav can be taken as E1.

When the indenter load reaches the critical load of the delami-
nation, the critical inter-laminar shear stress can be estimated. The
through-thickness shear stress varies from zero at the surfaces to a
maximum at the mid-plane parabolically, as shown schematically
in Fig. 3, so the actual shear stress through the thickness can be re-
lated to the maximum shear stress smax as srz ¼ smax 1� 2z

H

� �2
h i

.
Equilibrium of the applied load with the resultant force from uni-
formly distributed or average shear stress s0 yields s0 ¼ P

2prH with r
beings the radius of the delamination area. We can easily get the
average shear stress, i.e. s0 ¼ 2

3 smax and the maximum shear stress
of the mid-plane is smax ¼ 3P

4prH .
When the inter-laminar shear stress is greater than the critical

value of sIRSS, the delamination radius is determined by the follow-
ing equation:
Please cite this article in press as: Wu QG et al. Perforation of FRP lamina
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r ¼ 3Pd

4pHsIRSS
ð16Þ

Thus, the total delamination area is calculated by

Ad ¼ pr2 ¼ 9
16pH2

Pd

sIRSS

� �2

ð17Þ

Hence, the energy due to delamination is given by

Edel ¼
9

16pH2

Pd

sIRSS

� �2

GIIC ð18Þ

The total energy dissipated in the perforation of an FRP lami-
nate plate loaded quasi-statically by a flat indenter at the centre
can therefore be written as

ET ¼ Edef þ Efrac þ Edel ð19Þ
2.1.3. Dynamic enhancement factor and ballistic limit
It is assumed that the energy absorbing mechanisms in an im-

pact problem are the same as those in corresponding quasi-static
one. Hence, the impact perforation energy (EP) may be written as
[16]

EP ¼ UET ð20aÞ

in which ET is the quasi-static perforation energy estimated by Eq.
(19) and U is the dynamic enhancement factor which may be ex-
pressed as [16]

U ¼ 1þ BðVi
Vc
Þ ðVi < VcÞ

1þ B ðVi > VcÞ

(
ð20bÞ

where B is an empirical constant and Vc is the Von Karman critical
impact velocity which is given by [16]

Vc ¼ Cef ¼
ffiffiffiffiffi
E1

qt

s
ef ð21Þ

in which C is the sound speed in the laminates along the fibre direc-
tion, qt and E1 are the density and the in-plane Young’s modulus of
the laminates, respectively. From Eqs. (20a) and (19) one obtains an
approximate value for the ballistic limit (Vb), viz.

Vb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2UðEdef þ Efrac þ EdelÞ

G

r
ð22Þ

after using EP ¼ 1
2 GV2

b where G is the projectile mass. Edef, Efrac and
Edel are evaluated by Eqs. (11b), (13) and (18), respectively. To a first
approximation, the residual velocity of the projectile (Vr) can be
estimated by

Vr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

i � V2
b

q
ð23Þ

where Vi is the impact velocity of the projectile.
tes under impact by flat-nosed projectiles. Composites: Part B (2011),
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2.2. Wave-dominated local response

Wave-dominated local response of FRP laminates subjected to
impact by projectiles with different nose shapes has been exam-
ined by Wen et al. [19–23]. For the sake of completeness some of
the main results are quoted as follows.

The pressure offered by an FRP laminate plate to resist the mo-
tion of a projectile can be expressed as [19,20]

r ¼ re þ b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qt � re

p
� Vi ð24Þ

where re is the linear elastic limit of the FRP laminates in through-
thickness compression and Vi is the initial impact velocity of the
projectile. b is an empirical constant (for flat-nosed missiles b = 2).

The resistive force of a flat-ended projectile exerted by an FRP
laminate target can be written as

F ¼ rAp ¼
1
4
pD2r ð25Þ

where F is the resistive force and Ap is the cross-sectional area of the
projectile. Substituting Eq. (24) into Eq. (25) gives

F ¼ pD2

4
re þ b

ffiffiffiffiffiffiffiffiffiffi
qtre

p
Vi

� �
ð26Þ

From energy balance, one obtains

Ek ¼ F � H ¼ pD2H
4

re þ b
ffiffiffiffiffiffiffiffiffiffi
qtre

p
Vi

� �
ð27Þ

Substituting Ek ¼ 1
2 GV2

b and Vi = Vb into the above equation and rear-
ranging yields an approximate value for the ballistic limit, i.e.

Vb ¼
p ffiffiffiffiffiffiffiffiffiffiqtre
p

D2H
2G

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2G

pqtD
2H

s" #
ð28Þ
Table 1
Properties of FRP laminate plates.

E-glass/epoxy
[15]

E-glass/vinylester
[31]

Graphite/
epoxy [3]

Carbon/epoxy
[33]

S 200 mm 100 mm 43.5 mm 101.6 mm
qt 1650 kg/m3 1850 kg/m3 1550 kg/m3 1550 kg/m3

E1 23.1 GPa 24.9 GPa 53.7 GPa 53.7 GPa
E3 6.87 GPa 7.4 GPa 11.7 GPa 11.7 GPa
G13 1.8 GPa 1.9 GPa 4 GPa 4 GPa
t12 0.15 0.15 0.31 0.31
s13 45 MPa 49 MPa 79 MPa 79 MPa
ef 0.021 0.021 0.0138 0.0138
sIRSS 13 MPa 13 MPa 50 MPa 50 MPa
et 4.23 MJ/m3 4.98 MJ/m3 5.1 MJ/m3 5.1 MJ/m3

GIIC 2.8 kJ/m2 2.8 kJ/m2 0.8 kJ/m2 0.8 kJ/m2

B 1.64 1.64 0 0
u 0.21 0.21 0.21 0.21
re 225 MPa 250 MPa 85 MPa 85 MPa
2.3. Critical condition for the transition from global deformation to
local response

As noted previously, the perforation of FRP laminates subjected
to impact by flat-nosed missiles can be divided into two categories,
i.e. global deformation with local rupture and wave-dominated
local failure. It has to be mentioned here that ballistic impact on
FRP laminates is a very complex problem and the failure mode in
which the laminates fail can be affected by many factors such as
projectile diameter, projectile mass, target thickness, target span
and the projectile’s impact velocity. In the following a critical con-
dition for the transition of the above mentioned two failure modes
is derived in a pragmatic way by combining the wave-dominated
local response model given in Section 2.2 and the concept of Von
Karman’s critical impact velocity.

It is assumed here that if an FRP laminate plate under impact by
a flat-nosed projectile fails in wave-dominated local response
mode then its ballistic limit should not be less than Von Karman’s
critical impact velocity, namely, Vb P Vc . Substituting
Vb ¼ Vc ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
E1=qt

p
ef into Eq. (28) and rearranging gives the critical

ratio of FRP laminate plate thickness to projectile diameter (H/D)c,
viz.

H
D

� �
c
¼

e2
f

2 1þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
E1=re

p
ef

h i E1

re

� � qp

qt

� �
L
D

� �
ð29Þ

after using G ¼ 1
4 pD2Lqp with qp and L being the density and the

length of the flat-faced projectile, respectively. The physical mean-
ing of Eq. (29) is this: if H=D P ðH=DÞc then the FRP laminate plate
will fail in wave-dominated local response mode, otherwise it will
fail in a mode characterised by global deformation with local
rupture.
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3. Comparisons with available test results and discussion

In this section, the model predictions are compared with the
test data reported in Refs. [3,5,31,33]. In the theoretical calcula-
tions the values of various parameters for the FRP laminate plates
examined are listed in Table 1. The values of the majority of param-
eters are obtained from the literatures [2,3,15,16,31–33] and the
value of a parameter unavailable in the literature is obtained by
the rule of mixture.

Fig. 4 shows comparisons of the model predictions with the
experimental data obtained by Mines et al. [15]. The critical ratio
(H/D)c is calculated using Eq. (29) to be 0.168 for GFRP laminates
struck by a 6 g, 7.6 mm diameter flat-nosed projectile.

It is clear from Fig. 4 that the global deformation failure model
underpredicts the ballistic limits and that the discrepancy between
the predicted results (Eq. (22)) and the experimental data increases
with increasing ratio (H/D) of plate thickness to projectile diame-
ter. It is also clear from Fig. 4 that the wave-dominated local failure
model (Eq. (28)) agrees reasonably well with the experimental
data. This is not surprising since the thicknesses of the GFRP lam-
inates tested are greater than the critical thickness (Hc) predicted
by the present model (Eq. (29)). In other words, wave-dominated
local response plays a dominant role in the failure of all the GFRP
laminates examined in [15]. It should be mentioned here that the
average fibre volume fraction of the GRP laminates examined in
[15] is slightly higher than that of the GRP laminates investigated
in [16]. If the real value of re for the laminates is used better agree-
ment should be obtained between the model predictions and the
experimental data.

Fig. 5 shows comparisons of the model predictions with the
experimental data reported in Ref. [31]. The critical ratio (H/D)c

is calculated using Eq. (29) to be 0.160 for GFRP laminates struck
by a 3.84 g, 6.35 mm diameter flat-ended projectile.

It is evident from Fig. 5 that the predictions from the wave-
dominated local failure model are in good agreement with the
experimental results whilst the global deformation failure model
underpredicts the ballistic limits. It is also evident from Fig. 5 that
the differences between the test data and the predicted values by
the global deformation failure model increases with increasing
plate thickness. This trend observed in Fig. 5 for the GFRP lami-
nates investigated in [31] is similar to that in Fig. 4 for the GFRP
laminates studied in [15].

Fig. 6 shows comparisons of the model predictions with the
experimental data obtained by Lee and Sun [3]. The critical ratio
(H/D)c is calculated using Eq. (29) to be 0.287 for CFRP laminates
struck by 30 g, 14.5 mm diameter flat-ended projectiles. This
implies that all the CFRP laminates with thicknesses less than the
critical thickness (Hc = 4.16 mm) should fail by global deformation
tes under impact by flat-nosed projectiles. Composites: Part B (2011),
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Fig. 4. Comparison between the model predictions and the experimental results for
the ballistic limits of GFRP laminates struck transversely by a 6 g, 7.6 mm diameter
flat-nosed projectile [15].

Fig. 5. Comparison between the model predictions and the experimental results for
the ballistic limits of GFRP laminates struck transversely by a 3.84 g, 6.35 mm
diameter flat-nosed projectile [31].

Fig. 6. Comparison between the model predictions and the experimental results for
the ballistic limits of CFRP laminates struck normally by a 30 g, 14.5 mm diameter
flat-nosed projectile [3].

Fig. 7. Comparison between the model predictions and the experimental results for
the ballistic limits of CFRP laminates struck normally by a 14 g, 12.7 mm diameter
flat-ended projectile [33].
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failure mode. Indeed, as can be seen from Fig. 6 that the global
deformation failure model (Eq. (22)) is in good agreement with
the test data whilst the wave-dominated local failure model (Eq.
(28)) overpredicts the ballistic limits.

Fig. 7 shows comparisons of the model predictions with the
experimental data obtained by Ulven et al. [33]. The critical ratio
Please cite this article in press as: Wu QG et al. Perforation of FRP lamina
doi:10.1016/j.compositesb.2011.08.045
(H/D)c is calculated using Eq. (29) to be 0.199 for CFRP laminates
struck by 14 g, 12.7 mm diameter flat-ended projectiles.

The CFRP laminates tested with the flat-nosed projectile have
thicknesses of 3.2 mm and 6.5 mm which are greater than the crit-
ical thickness (Hc = 2.53 mm) predicted by Eq. (29). In other words,
these two laminates should fail by wave-dominated local failure
mode according to the present model suggested in the previous
section. Indeed, as can be seen from Fig. 7 that the wave-domi-
nated local failure model (Eq. (28)) is in good agreement with
the experimental results. It should be mentioned here that in Ref.
[33] Ulven et al. used the compressive strength of the CFRP lami-
nates in through-thickness direction rather than the linear elastic
limit as defined by Wen in his original work [19,20] to calculate
the ballistic limits. That is why in their paper Wen’s model using
re = 211 MPa overpredicts the ballistic limits by a large margin
compared to the test results. In the present theoretical calculations
the linear elastic limit of the CFRP laminates in the through-thick-
ness compression, i.e. re = 85 MPa is employed instead. This value
is obtained from the stress–strain curve in through-thickness com-
pression of a similar CFRP laminates reported in Ref. [32].

Generally speaking, there are two failure modes, i.e. the global
deformation failure mode and the wave-dominated local failure
mode compete each other in the perforation of an FRP laminate
plate struck normally by a flat-ended projectile and which mode
predominates depending upon the combinations of various param-
eters as dictated by Eq. (29). For the combination of a given flat-
faced missile and an FRP laminate plate Eq. (29) can tell us in what
mode the FRP laminate plate will fail, namely, if H=D P ðH=DÞc
then the FRP laminate plate will fail in wave-dominated local re-
sponse mode, otherwise it will fail in a mode characterised by glo-
bal deformation with local rupture. Furthermore, the ballistic limit
can be computed from the corresponding equation (i.e. Eq. (28) if it
fails in wave-dominated local failure mode or Eq. (22) if it fails in
global deformation mode).

As for non-flat-nosed projectiles the methodology described
above should also apply and the results will be published in a sub-
sequent paper.

4. Conclusions

A theoretical study has been conducted on the perforation of fi-
bre-reinforced plastic laminates subjected to impact by flat-nosed
projectiles in a wide range of velocities. Ballistic impact on FRP
laminates can be categorised into either the global deformation
with local rupture or wave-dominated local failure. In the global
deformation model, a quasi-static approach was used to predict
tes under impact by flat-nosed projectiles. Composites: Part B (2011),
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the energy absorption, which includes global deformation energy,
local fracture energy and delamination energy. Furthermore, it is
assumed that the energy absorbing mechanisms in an impact
problem are similar to those in a corresponding quasi-static one,
hence, the impact perforation energy can be predicted by the qua-
si-static energy multiplied by a dynamic enhancement factor. By
combining the wave-dominated local failure model suggested pre-
viously and the concept of Von Karman’s critical impact velocity, a
condition for the transition of the above mentioned two failure
modes is obtained.

It is shown that the model predictions are in good agreement
with available experimental observations in terms of ballistic lim-
its and critical conditions for the transition of failure modes.
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