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a b s t r a c t
In this paper, based on LS-Dyna code, a new ﬁnite element (FE) simulation of the ballistic perforation of
the ceramic/composite targets, which impacted by cylindrical tungsten projectiles, has been presented.
Research on this method has been conducted by a few research groups in recent years. The ceramic material, which is the front plate, has been made of Alumina 99.5% and composite back-up plate composed of
Twaron ﬁbers. The 2-dimensional (2D), axi-symmetric, dynamic-explicit, Lagrangian model has been
considered in this simulation. The Johnson–Cook, Johnson–Holmquist and Composite-Damage materials
behaviors have been used for projectile, ceramic and composite materials respectively. The brittle fracture and fragmentation of ceramic conoid, the failure criteria based on fracture of ﬁbers or matrixes of
composite materials and erosion or ﬂattening of projectile during perforation have been considered.
The residual velocity and perforation time has been obtained and compared with the available analytical
models. The results show that when the ceramic is impacted by a projectile, a fragmented ceramic conoid
breaks from ceramic tile and the semi-angle of ceramic conoid with increasing initial velocity decreases.
Furthermore, the dishing of composite layers at high impact velocities and the delamination of layers
near the ballistic limit velocity decrease.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
The non-metallic materials, such as ceramics and composites,
have been increasingly incorporated into more efﬁcient lightweight
armor. Mixed armors made of ceramic tiles and a composite laminated plate, seem to form a very efﬁcient shield against low and high
velocity impact, since they combine low density, high hardness, high
rigidity and strength in compression of ceramic with the lightweight
and ductility of composite laminated. The two-layer ceramic/composite armor has been used widely in light weight vehicles, personal
armors, helicopter and airplane and in airplane protection. When a
projectile impact onto ceramic/composite, the projectile is ﬁrst
eroded or ﬂatted by the hard ceramic and the reﬂected tensile wave
breaks the ceramic in tension. The backing composite layer deforms
to absorb the remaining kinetic energy of the projectile.
There are many studies on the ballistic impact behavior of composite materials. The earliest efforts were those of Roylance [1] on
biaxial fabrics. They implemented a dynamic form of FE analysis
and obtained many behavioral features seen in experiments.
Zhu et al. [2] investigated the penetration resistance of Kevlar
laminates under impact of projectile by analytical and experimental methods.
Wen [3] presented simple relationships for predicting the perforation of monolithic fabric-reinforced plastic (FRP) laminates,
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struck normally by projectiles, with different nose shapes over a
wide range of impact velocities.
Gu [4] presented an analytical model to calculate decrease of
the kinetic energy and residual velocity of projectile penetrating
targets composed of multi-layered planar woven fabrics. The
strain-rate effect and the rate-dependent properties of ﬁbers have
been considered in this model.
Cottrell et al. [5] purposed a method based on, erosive techniques, of adaptive remeshing and meshless particle methods for
long-rod penetration in ceramics. These methods are pursued in
order to provide additional tools for the numerical model to
enhance the understanding of penetration processes that occur at
various impact velocities, such as those of radial ﬂow of the
projectile and of intermittent and asymmetrical penetration.
Fawaz et al. [6] investigated the oblique ballistic impact on
composite armor. They have shown that the projectile erosion during oblique impact is slightly greater than that of normal impact.
Gu and Xu [7] investigated the ballistic perforation of 4-step
3-dimensional (3D) braided Twaron/epoxy composites, which
were subjected to impact by conically cylindrical steel projectile.
The residual velocities of projectile perforated composites target
at various strike velocities were measured and compared with that
from FE code of LS-Dyna.
Mamivand and Liaghat [8] developed an analytical model
for the ballistic behavior of 2-dimensional (2D) woven fabric
composites. The penetration process of cylindrical projectile based
on the conservation of momentum and wave theory was simulated
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and the effect of target dimensions on its ballistic performance was
also been studied.
Sabouri and Liaghat [9] developed some modiﬁcation formulas
for strain energy and static and dynamic response of ﬁber-metal
laminates.
The analysis of two-layer ceramic–composite armor which is
investigated in this paper is complex and hence has not been treated numerically by previous researchers. Chocron–Galvez [10] analytical and numerical models, Shokrieh and Javadpour [11]
numerical model and Feli et al. [12] analytical model, have been
developed to describe this system so far.
Chocron–Galvez [10] analytical model has been developed to describe projectile impacting a ceramic backed by a composite plate.
The perforation process has been divided into three phases. In this
model the residual velocity and length of the projectile and projectile
time-history has been compared with the numerical simulation. The
numerical simulation has not been explained clearly in this paper.
Shokrieh and Javadpour [11], used Ansys/LS-Dyna software, to
determined the ballistic limit velocity of boron carbide ceramic
backed by Kevlar 49 ﬁber composite material. In this simulation
the equivalent mechanical properties of the laminate composite
and ceramic has been used. The Heterington [12] equation (optimum thickness of layers) has been veriﬁed for constant thickness
of the armor.
Feli et al. [13] developed the Chocron–Galvez [10] analytical
model. In this model for describing the fragmented ceramic conoid,
the Zaera–Galvez [14] analytical model has been used. For modeling the back-up woven-fabric material and deformation of yarns
during perforation, the kinetic and strain energy of yarns has been
determined.
In the previous numerical methods mentioned above, for simulation of the ceramic and composite materials, the equivalent
mechanical properties or material behavior has been used. Neither
the brittle fracture or erosion of ceramic under high pressure and
strain rate, fragmentation and large deformation of ceramic during
perforation has been considered nor the failure criteria based on
fracture of ﬁbers or matrixes of composite material. Furthermore,
the effects of strain rate and work hardening on material behavior
of projectile and erosion or ﬂattening of projectile during perforation has also been neglected.
The purpose of this paper is to demonstrate a new technique for
FE simulation, based on LS-Dyna FE code, for normal penetration of
cylindrical projectiles onto the ceramic–composite targets. In this
model the above mention assumes is modiﬁed. For describing
the fragmentation of ceramic front plate the Johnson–Holmquist
continuum based plasticity model is used. In this model the brittle
failure, effects of high pressure and strain rate and large deformation of ceramic material under high velocity impact is considered.
For modeling the composite material the Composite-Damage model in LS-Dyna FE code is chosen, which contains three failure criteria including ﬁber fracture, matrix cracking or compressive failure.
Also the effects of work hardening, strain rate, erosion, and temperature is considered in the tungsten projectile material. Furthermore, the erosion model including failure in material models and
deletes the elements from calculations is used. The values of residual velocity and perforation time are compared with the results of
other researchers. In addition, the performance of ceramic/composite armor subjected to ballistic impact is investigated.

2. Finite element modeling description
2.1. Projectile speciﬁcations
The cylindrical tungsten projectile of 10 mm in diameter,
30 mm length and 41.7 g in mass has been used in FE simulation.

The Johnson–Cook material behavior equation [15], which considers the effects of work hardening, strain rate and temperature in
mechanical behavior of projectile, has been chosen:

rðep ; e_ p ; TÞ ¼ ðA þ Benp Þð1 þ C ln e_ p Þð1  T m Þ

ð1Þ

In the above equation, A, B, C, n, m are the Johnson–Cook material
behavior coefﬁcients and:

e_
T  T0
e_ p ¼ _ p T  ¼
ep0
Tm  T0

ð2Þ

where ep is the plastic strain, e_ p the equivalent strain rate, e_ 0 reference strain rate, T current temperature, T0 room temperature and Tm
is the melting temperature.
To characterize the plastic material behavior at high pressures,
typical for highly dynamic processes, the relation between the
hydrostatic pressure, the local density (or speciﬁc volume), and local speciﬁc energy has been used. This relation is known as equation of state (EOS). The most commonly used reference curve to
establish the Mie–Gruneisen EOS for solid materials is the shock
Hugoniot and is deﬁned in the LS-Dyna code as [16]:

P¼

q0 c20 l½1 þ ð1  c20 Þl  2a l2 
þ ðc0 þ alÞE
2
3
½1  ðS1  1Þl  S2 llþ1  S3 ðllþ1Þ2 2

ð3Þ

In the Eq. (3), P is Hydrostatic pressure, E internal energy, c0 Elastic
wave speed, S1, S2, S3 Slope in Us versus Up diagram, co and a Gruneisen coefﬁcients, and l is deﬁne as:

l¼

q
V0
1¼
1
q0
V

ð4Þ

where q0, V0 the initial speciﬁc volume and density and q, V is the
speciﬁc volume and density at the region that stress wave propagated. Material parameters for tungsten alloy used in the Johnson–Cook’s model and the Mie–Gruneisen EOS have been
presented in Table 1.
2.2. Ceramic and composite material speciﬁcations
The ceramic/composite target material has the total constant
thickness 40 mm and radius 50 mm. The 2D, axi-symmetric model
of projectile and ceramic–composite target has been shown in
Fig. 1. A two-layer target has been made of alumina 99.5% with
the density of 3700 kg/m3 and thickness 20 mm as front plate
backed with the Twaron composite (CT1000, 1680 dtex/1000f)
with the total thickness of 20 mm. The composite back-up plate
consists of 50 layers of Twaron ﬁbers with the 0.4 mm of thickness
as shown in Fig. 1.

Table 1
Material parameters for tungsten alloy used in Johnson–Cook’s model and the Mie–
Gruneisen equation of state [5].
Parameter
3

Density (kg/m )
Young’s Modulus (GPa)
Shear modulus (GPa)
Poison ratio
Static yield stress (MPa)
Strain hardening modulus (MPa)
Strain hardening exponent
Strain rate coefﬁcient
Thermal softening exponent
Initial reference temperature (°K)
Melting temperature (°K)
Slope in Us versus Up diagram
Gruneisen coefﬁcient
Elastic wave speed (m/s)

Notation

Value

q

17,600
314
122
0.29
1506
177
0.12
0.016
1
300
1723
S1 = 1.23 S2 = S3 = 0
1.54
4029

E
G

t
A
B
n
C
m
T0
Tm
S

c0
C0
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Fig. 1. The 2D axi-symmetric model of projectile and ceramic/composite target material.

2.2.1. Ceramic material speciﬁcations
The brittle failure model proposed by the Johnson–Holmquist
[17] is well suited to the numerical constitutive modeling of brittle
failure in ceramic material. The ceramic material is subjected to
loading conditions that include high pressures, high strain rates
and large deformations. The model is based upon a polynomial
equation, which evaluates the current state of pressure as a
function of the volumetric change [5]. The model includes a representation of the intact and fractured strength, a pressure–volume
relationship that can include bulking and a damage model that
transition from an intact state to a fractured state. The constitutive
model comprises of three parts – strength, pressure and damage.
The intact and fractured ceramic material strengths are
evaluated as nonlinear functions of normalized pressure (P), tensile strength (T) and the normalized total incremental strain rate
[17]:

ri ¼ rHEL AðP þ T  ÞN ð1 þ C ln e_  Þ

ð5Þ

rf ¼ rHEL BðP ÞM ð1 þ C ln e_  Þ

ð6Þ

where ri and rf are intact and fractured ceramic strengths. rHEL is
equivalent stress at the Hugoniot elastic limit and A, B, C are the
Johnson–Holmquist parameters.
The initial hydrostatic pressure P is formed from the polynomial
EOS:

P ¼ K 1 l þ K 2 l2 þ K 3 l3

ð7Þ

where l is given form Eq. (4).
For the transition stage, when the material is neither intact nor
fully fractured the damaged material equivalent strength is formed
as a combination of these two material strengths as [17]:

Table 2
Material parameters for Alumina 99.5% used in Johnson–Holmquist’s model [17].
Parameter
3

Notation

Value

q0

Density (kg/m )
Shear modulus (GPa)
Intact strength coefﬁcient
Fractured strength coefﬁcient
Strain rate coefﬁcient (s1)
Fractured strength exponent
Intact strength exponent
Normalized maximum fractured strength

G
A
B
C
M
N

rfmax

3700
90.16
0.93
0.31
0
0.6
0.6
0.2

Hugoniot elastic limit (MPa)
Pressure at Hugoniot elastic limit (MPa)
Bulking factor
Elastic bulk modulus (MPa)
Coeff. For 2nd degree term in EOS (MPa)
Coeff. For 3rd degree term in EOS (MPa)
Damage coefﬁcient
Damage exponent

HEL
PHEL
b
K = K1
K2
K3
D1
D2

19,000
1460
1
130,950
0
0
0.005
1

Table 3
Mechanical properties of one of layer in ﬁber in Composite-Damage model [7].
Young’s modulus (GPa)

Density
(g/cm3)q

Type

8.9

1.23

Twaron
(CT1000, 1680
dtex/1000f)

G23

m12

m13

m23

1.64
1.64
Bulk modulus Shear
Ebulk (GPa) Strength
S12(GPa)

3.03
Longitudinal
tensile
strength
S1(GPa)

0.31
Transverse
tensile
strength S2
(GPa)

0.31
Transverse
compressive
strength C2
(GPa)

0.49
Non-linear
parameters
of shear
stress a

20.4

1.145

0.13

0.65

0

E1

E2

E3

20.44

8.9

Shear modulus (GPa)
G12

G13

0.34

Poison ratio

774

S. Feli, M.R. Asgari / Composites: Part B 42 (2011) 771–780

Table 4
Material erosion parameters for Alumina 99.5%, tungsten alloy and Twaron used for
erosive simulations.
Parameter

Notation

Tungsten
projectile

Alumina
99.5%

Twaron
ﬁbers

Inelastic deactivation strain for
erosive simulations (%)

EPSP1

80

6

3.4

r ¼ ri  Dðri  rf Þ

ð8Þ

The damage term D is formed as the incrementally increasing
function [17]:

D¼

X

Dep
f
p

e þ

1
Gð
3

ð9Þ

ri  rf Þ

The term efp is the originally proposed deﬁnition of the inelastic
strain required to cause fracture of the material at a constant
pressure:

efp ¼ D1ðP þ T  ÞD2

ð10Þ

which is evaluated as a function of the normalized pressure, the
tensile strength and the two user prescribed damage constants D1
and D2.
The associated material parameters for the Johnson–Holmquist
[17] material behavior used in LS-Dyna FE code are given in Table 2
[18].
2.2.2. Composite material speciﬁcations
The Composite material used as back-up plate is Twaron aramid
ﬁlaments (type: Twaron CT1000, 3360 dtex/2000 f). The ﬁber volume content of the composite is 27%. Twaron is a kind of poly aramid ﬁber (poly paraphenylene terephthalamide, PPTA) similar to
Kevlar. The speciﬁcations of Twaron aramid ﬁlaments are as: volume density: 1.44 g/cm3Young’s modulus: 65 GPa, failure stress:
2.8 GPa, failure strain: 3.4%.
The Material Type 22 (i.e. Composite-Damage Model) in LSDyna code has been chosen and the model is based on the
Chang–Chang criterion, which contains three failure criteria [7].
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-20
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Fig. 2. Velocity and acceleration of projectile during perforation Projectile initial velocity: 1250 m/s.

775

S. Feli, M.R. Asgari / Composites: Part B 42 (2011) 771–780

2000
LS-Dyna FE simulation

Projectile residual velocity (m/s)

Chocron-Galvez numerical model [10]
Chocron-Galvez analytical model [10]
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0
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1200

1400

1600

1800
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Projectile initial velocity (m/s)
Fig. 3. Residual velocity versus initial velocity of projectile for tungsten projectile against ceramic/composite armor 20 mm/20 mm.

Failure of composite is deemed to occur when the combined stresses reach a critical value. It may result from ﬁber fracture, matrix
cracking or compressive failure in accordance with the following
rules:
2.2.2.1. Fiber fracture.

F fiber ¼ ð

r1
S1

P1
Þ2 þ s

ð11Þ

When ﬁbers are fracture, the mechanical constants of composite E1, E2, G12, m1, m2 are all set to zero.

and shear modulus, m1 and m2 are Poisson’s ratio in 1 and 2 direction; a is non-linear parameter of shear stress.
Fibers such as Kevlar and Twaron have anisotropic behavior;
their thermo elastic properties along and transverse to the ﬁber
axis are different. These ﬁbers are considered to be transversely
isotropic, and thus ﬁve independent constants are needed to describe their properties, namely E1f, E2f, G12f, m12f and G23f [7]. The
following expressions, due to Chamis [19], describe the elastic
properties of a unidirectional lamina composed of anisotropic ﬁbers in an isotropic matrix.

E1 ¼ Ef 1 V f þ Em V m ;
2.2.2.2. Matrix cracking.

r2

F matrix ¼ ð

S2

P1
Þ2 þ s

ð12Þ

G12 ¼ G13 ¼

E2 ¼ E3 ¼

Em
1  V f ð1  Em =Ef 2 Þ

ð16Þ

Gm
Gm
; G23 ¼
1  V f ð1  Gm =Gf 12 Þ
1  V f ð1  Gm =Gf 23 Þ
ð17Þ

When matrixes are failure, E2, G12, m1, m2 are set to zero.
mf 23

2.2.2.3. Compressive failure.

F comp



C2 2
r2 
¼ð
Þ þ ð
Þ 1
þsP1
2S12
2S12
C2

r2

2

m12 ¼ m13 ¼ mf 12 V f þ mm V m ; m23 ¼
ð13Þ

When compressive failure occurs, E2, m1, m2 are set to zero.
In the above equations:

Ef 2

þ mEmm

Vf
Ef 2

þ VEmm

ð18Þ

2000

s ¼

þ 34 as412
2G12
S212
2G12

3
4

ð14Þ

S412

þ a

S1, S2, S12 and C2 are longitudinal tensile strength, transverse
tensile strength, in-plane shear strength and transverse compressive strength, respectively.
The stress–strain relationship of the Composite-Damage model
is as follows [7]:

1
ðr1  m1 r2 Þ
E1
1
¼
s12 þ as312
G12

e1 ¼

e2 ¼

1
ðr2  m2 r1 Þ2
E2

e12
ð15Þ

Where e1, e2 are normal strain parallel to and perpendicular to ﬁber
direction, respectively; e12 is in-plane shear strain; r1, r2 and s12
are stress corresponding to e1, e2 and e12, E1, E2 and G12 are Young’s

Projectile residual velocity (m/s)

LS-Dyna FE simulation

s212

Chocron-Galvez numerical model [10]
Feli et al analytical model [13]
1500

1000

500
800

1000

1200
1400
1600
Projectile initial velocity (m/s)

1800

2000

Fig. 4. Residual velocity versus initial velocity of projectile for tungsten projectile
against ceramic/composite armor 20 mm/20 mm.
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Projectile residual velocity (m/s)
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400
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-200
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1200
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1600
Projectile impact velocity (m/s)

1800

2000

Fig. 5. Residual velocity versus initial velocity of projectile.

Table 5
Comparison of residual velocity computed by LS-Dyna FE code with Chocron–Galvez [10] and Shokrieh and Javadpour [11] numerical models.
Initial impact velocity (m/s)
Residual velocity (m/s) LS-Dyna
FE simulation
Residual velocity (m/s) Chocron–Galvez
[10] numerical model
Residual velocity (m/s) Shokrieh and
Javadpour numerical model [11]

470
0

475
15

480
20

500
175

600
285

800
470

900
550

1100
630

1250
721

1400
995

–

–

–

–

–

–

–

650

780

980

–

–

–

–

–

–

–

–

770

960

In the above equations the index ‘‘f’’ refer to the ﬁber and ‘‘m’’ refer
to matrix of composite material. From the mechanical properties of
ﬁbers and matrix, the elastic constants in above equations have
been listed as in Table 3.
2.3. Material erosion model
The material behaviors models used in FE simulation, failed elements are not deleted from the computation. Thus the distortions
due to large deformations of elements will drastically reduce the
time step size needed to ﬁnd a stable solution of the governing
equations that will either stop computations or make them progress extremely slowly [20]. This is overcome by using the failure
model Mat-add-erosion, regarding the material in an element to
have failed with deﬁned maximum principal strain and deleting
the failed element from the calculation.
In this paper, the material erosion parameters for Alumina
99.5%, tungsten alloy and composite materials have been considered for erosive simulations. The parameters of material erosion
are presented in Table 4.
2.4. Computerized model description
In the LS-Dyna FE code, the 2D, axi-symmetric, Lagrangian, dynamic-explicit and non-linear analysis has been utilized. The mesh
scheme for the projectile, ceramic and composite layers has been
shown in Fig. 1. A 2D axi-symmetric quadratic shell element with
four nodes with y axes of symmetric has been used. The projectile
and ceramic brick elements size is 0.5 mm  0.5 mm and the every
layer of composite material has the 0.5 mm  0.2 mm element size.
The FE model considers realistic boundary conditions of the system during perforation. A zero values are imposed to the displacement in the z-direction and rotations in x and y direction for all the

Fig. 6. The deformation of projectile, ceramic and composite material at AProjectile initial velocity 470 m/s B-Projectile initial velocity = 900 m/s.

elements, also the edges of ceramic and composite layers is ﬁxed.
The initial impact velocity of projectile is considered as initial
condition.
The ‘‘Contact_2D_automatic_surface_to_surface’’ option has
been used for all contact surfaces during perforation process. The
coefﬁcient of friction between fabric layers is considered 0.3 [20],
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analytical and numerical models, Feli et al. [13] analytical model
and Shokrieh and Javadpour [11] numerical model. No reliable
experimental results for valid new FE simulation were available.
Based on the references [22] and [7], speciﬁcations of Twaron
and Kevlar 49 are approximately similar and therefore in this paper, results of FE simulation compared with the Chocron–Galvez
[10] and Shokrieh and Javadpour [11] models that used Kevlar 49
(Dyneema) as back-up plate.
The velocity and acceleration of projectile during perforation
computed by LS-Dyna FE code, at initial impact velocity 1250 m/
s, has been shown in Fig. 2. It is clear that the perforation time is
79 ls and the residual projectile of projectile is 721 m/s. In the
Chocron–Galvez [10] and Shokrieh and Javadpour [11] numerical
models the perforation times have been computed as 69 ls and
320 ls respectively. In the Chocron–Galvez [10] numerical model
a commercial hydrocode Autodyn-2D and in the Shokrieh and
Javadpour [11] model the Ansys/LS-Dyna software have been used
to simulate this projectile-target system, also the speciﬁcations of
projectile and targets in this two models are same as this paper.
Therefore, the perforation time predicted by new FE simulation

also based on the simple experiment of Lim et al. [21] the coefﬁcient of friction between projectile-ceramic and ceramic–composite surfaces is 0.28.
The ‘‘Constrained_tied_nodes_failure’’ option has been chosen
to connect the interface between ceramic and composite layers.
This option deﬁnes a tied node set with failure based on plastic
strain. The speciﬁed nodes of ceramic and composite are tied together until the average plastic strain exceeds the speciﬁed value.
When plastic strain of speciﬁed nodes is reached to failure plastic
strain the nodes of elements that exceed the failure value are released to simulate the formation of a crack.

3. Results and discussion
3.1. Validation of FE model
The validity of the new FE simulation is assessed with the results available from the other references. The results of the simulation are compared with those from the Chocron–Galvez [10]

470
420

Projectile velocity (m/s)

370
320
270
220
170
120
70
20
-30
0

0.03

0.06

0.09

0.12

0.15

0.18

0.21

Time (ms)
0

0.03

0.06

0.09

0.12

0.15

0.18

0.21

Acceleration * 106 (m/s2)

0

Time (ms)

-5

-10
Fig. 7. Velocity and acceleration of projectile during perforation Projectile initial velocity: 470 m/s.
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has good consistency with the Chocron–Galvez [10] numerical
model.
In Fig. 3, the value of residual velocities computed by FE simulation has been compared with the Chocron–Galvez numerical and
analytical [10] models. At the initial impact velocities between
1000 and 1200 m/s, the residual velocities computed by FE simulation have not good agreement with the Chocron–Galvez [10] analytical model and by increasing projectile initial velocity the
agreement increases. Also at the initial velocities between 1000
and 1200 m/s, the residual velocities computed by FE simulation
have good correlation with the Chocron–Galvez [10] numerical
model.
In Fig. 4, the residual velocities computed by FE simulation has
been compared with the Feli et al. [13] analytical and Chocron–
Galvez [10] numerical models. It is clear that at the initial velocities between 1000 and 1600 m/s the residual velocities computed
by LS-Dyna simulation have good agreement with the Chocron–
Galvez [10] numerical and Feli et al. [13] analytical models, and
in initial velocities greater than 1600 m/s the agreement of the
FE simulation and Feli et al. [13] analytical model decreases.
Therefore the residual velocity computed by LS-Dyna FE code
presented in this paper at the initial impact velocity between
1000 and 1600 m/s have good correlation with the Chocron–
Galvez [10] numerical and Feli et al. [13] analytical models and
the results is better than Chocron–Galvez [10] analytical model.

In the new FE simulation presented in this paper the intact and
fragmented ceramic material strengths are evaluated from the
Johnson–Holmquist’s model [17]. Based on the Johnson–
Holmquist’s model [17] the fragmented ceramics with reduced
material strength penetrate into composite or projectile materials.
Also the Composite-Damage Model which determined the failure
of composite under ﬁber fracture, matrix cracking or compressive
failure has been used for material behavior of composite material.
But the strain-rate effect has been ignored in stress–strain relationship of yarns.
3.2. Ceramic/composite performance
In this section the performance of ceramic/composite armor under impact of tungsten projectile has been investigated. The residual velocity versus initial velocity of projectile for the projectiletarget system used in this paper has been shown in Fig. 5. From
Fig. 5 it is clear that at the initial velocity 470 m/s the residual
velocity predicted by LS-Dyna FE code is zero, therefore the ballistic limit velocity of projectile (the minimum velocity of projectile
for perforation the ceramic/composite armor) is 470 m/s.
In Table 5, the residual velocities computed by LS-Dyna simulation have been compared with the Chocron–Galvez [10] and Shokrieh and Javadpour [11] numerical models. At the initial velocities
between 1100 m/s and 1400 m/s, the good consistency between

Fig. 8. Projectile, ceramic and composite layers deformation in three projectile initial velocities (A) 900 m/s(B) 1250 m/s (C) 1800 m/s.
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results has been observed. Also from Fig. 5 and Table 5, it is clear
that near the ballistic limit velocity (between 470 m/s and
500 m/s) there is an incremental jump in the computed residual
velocity. The deformation of projectile, ceramic and composite
material at initial velocity 470 m/s and 900 m/s has been shown
in Fig. 6. As shown in Fig. 6, the perforation time and the dishing
of composite material at the initial velocity 470 m/s is greater than
900 m/s. Near the ballistic limit velocity the projectile will remained in the fragmented ceramic tile for more time and the
deﬂection of composite material will be increased. In the initial
velocity 900 m/s, the transverse waves have no time to propaga-

Fig. 9. Erosion of projectile and ceramic during perforation Projectile initial impact
velocity 470 m/s perforation time: 200 ls.

tion and case the deformation of composite layers. But for impact
velocities greater than 500 m/s the composite material layers are
broken and perforation time decreases.
The velocity and acceleration of projectile at initial impact
velocity 470 m/s has been shown in Fig. 7. The projectile velocity
decrease during perforation and perforation time is 200 ls. Near
the ballistic limit velocity the deformation of ﬁber increases and
hence the perforation time increases. Also it is clear that upon
the impact of projectile on ceramic tile the acceleration of projectile increases and during perforation decreases.
Fig. 8 shows the deformation of projectile, ceramic and composite materials at three different initial impact velocities. Based on
the FE simulation, when a ceramic is impacted by a projectile a
compressive wave travels from the front to the rear face at the
speed of sound, then reﬂects and becomes a tensile wave which
breaks the ceramic in tension, producing in the ceramic tile a conical cracking front advancing in impact direction. Then the projectile starts to penetrate into the fragmented ceramic conoid where
the compressive strength has reduced. Depending on the initial impact velocity, there would be three possible situations the tip of the
projectile will be ﬂowing or not, also the fragmented ceramic tile
may be eroded completely. Finally, the projectile or the projectile
and fragmented ceramic conoid case the deﬂection of composite
layers and the remaining kinetic energy of projectile is absorbed
by strain and kinetic energy of layers, Based on the failure criteria
of composite material the fracture of ﬁbers or matrix may be happened and the projectile perforates the back-up composite.
By considering three initial velocities shown in Fig. 8, it is clear
that in the FE simulation with increasing projectile initial velocity,
the semi-angle of fragmented ceramic conoid decreases, This result
has good agreement with the Wilson and Hetherington [23] experiments and Feli et al. [13] analytical model.
Also based on the LS-Dyna FE simulation results presented in
Fig. 8, it has been observed that with increasing projectile initial
velocity, the delamination of upper layers of composite plate decreases. At low initial velocities the delamination of layers is considerable but at high impact velocity, (at 1000 m/s or more) the
transversal wave has no time to progress before the failure of the
ﬁbers and then the energy absorbed by delamination is very smaller than the kinetic and strain energy, absorbed by ﬁbers. In the
Chocron–Galvez [10] and Feli et al. [13] analytical models, the
energy absorbed by delamination has been ignored.
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The erosion of ceramic and tungsten projectile during perforation has been shown in Fig. 9. The initial velocity of projectile is
471 m/s and perforation time is 200 ls. Based on the FE simulation
the projectile tip is eroded and the residual length of projectile is
22.5 mm, therefore 7.5 mm of projectile length is eroded during
perforation. The displacement of node 15 on the tip of eroded point
of projectile and node 61 at the end projectile (shown in Fig. 9)
during perforation has been shown in Fig. 10. It is clear that the total displacement of projectile during 200 ls of perforation is
17 mm, therefore the fragmented ceramic conoid is eroded and
the projectile is stopped by composite layers.
The FE simulation technical presented in this paper is the simple and accurate method, which has a good prediction of perforation resistance of ceramic/composite targets. This simulation can
be developed for perforation resistance of functionally graded
materials (FGM). In this simulation the effects of most important
parameters affected the perforation process have been considered.
The coefﬁcients of the material behaviors used for the ceramic,
composite and projectile have been determined from the other references, determination of those coefﬁcients for the ceramic, composite and projectile materials need the experimental procedure.
4. Conclusions
This paper presents a new technique for FE simulation, based on
LS-Dyna code, for high-velocity impact onto the ceramic/composite armor with the total thickness 40 mm. The perforation time
computed by the new FE simulation has a good agreement with
Chocron–Galvez [10] numerical model. At initial velocities between 1000 and 1600 m/s the residual velocities computed by
the FE simulation has an acceptable consistency with the Chocron–Galvez [10] numerical and Feli et al. [13] analytical models.
Also the ballistic limit velocity of projectile can be computed by
this method. Based on the FE simulation, when the projectile impacted the ceramic front plate a fragmented ceramic conoid breaks
from ceramic tile and the semi-angle of ceramic conoid with
increasing projectile initial velocity decreases. At the initial velocities between 470 and 500 m/s, an incremental jump in the computed residual velocity of projectile has been observed, near the
ballistic limit velocity the projectile will remained in the fragmented ceramic tile for more time and the dishing of composite
layers increases, also with increasing projectile initial velocity,
the delamination of upper layers of composite plate decreases.
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