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Modeling approaches for ballistic simulations of composite materials: 
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A B S T R A C T   

Development of predictive models for woven composite materials under ballistic impact is of great importance 
for their further applications as protective structures in aerospace and related fields. There are mainly two nu-
merical methodologies widely used in the community: analytical models and finite element methods. As a 
popular method, finite element modeling has been widely investigated and applied in ballistic simulations, which 
can provide accurate results. However, high time consumption and complex calculation process cannot be 
avoided due to the complicated fiber architecture of woven composites. Alternatively analytical modelling ap-
proaches can provide a reliable prediction for ballistic simulation through a relatively portable modeling process 
with a high computational efficiency. However, limited attention has been paid to replicating the ballistic 
behavior of deformed projectiles versus woven composites, especially with a full metal jacket projectile. 
Therefore, in the current work the capability of different numerical modeling methods to simulate ballistic be-
haviors of woven composites impacted by a full metal jacket projectile is investigated. For analytical models, an 
innovative approach named ghost projectile method has been proposed with the focus on the effect of the 
deformable jacket of the projectile during impact loading. Regarding the finite element method, damage 
assessment by MAT_162 in Ls-dyna was used with optimized parameters. Experimental data on a Kevlar tile 
impacted by a full metal jacket projectile (0.357 Magnum) was used as a reference for comparison with nu-
merical models. The capability of the two different numerical modeling methodologies in the current work was 
compared with respects to the ballistic curves, load history and projectile deformation.   

1. Introduction 

With the high demand of light weight materials, more and more 
composites have been applied in aerospace and related fields. Woven 
composites have been paid great attention for the potential applications 
as protective structures, due to excellent mechanical properties exploi-
ted during ballistic impact. Several experimental activities on ballistic 
tests have been conducted to reveal the mechanical responses of woven 
composites under ballistic impact. As reported in Cavallaro’s work [1], 
the fiber architecture has significant effect on the impact resistance of 
composites. Complex fiber architecture inside woven composites pro-
vides high impact resistance under ballistic loading but also challenges 
the predictions on their mechanical properties and damage behaviors 
which involves different damage mechanisms like fiber bending and 
delamination [2,3]. On the other hand, damage detection of woven 
composites requires specific technologies, such as X-ray [4] and Ultra-
sonic imaging [5], and/or sample cutting for cross-sectional inspection 

[6] to characterize different failure mechanisms. Considering experi-
mental costs and safety issues during the ballistic impact, the develop-
ment of numerical methods is helpful to improve investigation about 
woven composites. 

The most popular numerical methods widely applied in the com-
munity to replicate the mechanical response under ballistic impact are 
the finite element method and analytical modeling. For woven com-
posites, the application of finite element method allows the introduction 
of full detailed fiber architecture at different scales [6,7], the results of 
which advances the ballistic simulation [8,9]. Apart from the recon-
struction of geometry, another key point for the modeling of woven 
composites is the determination of damage assessment models [10,11], 
which enables to distinguish different failure modes [8,12], and pro-
vides a smooth failure envelope [13,14]. Among these damage models, 
an excellent performance of MAT_162 in Ls-dyna, has been reported in 
terms of high predictive accuracy [15,16]. However, the determination 
of parameters in MAT_162 is complicated due to the large number of 
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input parameters that have relevant effects on the modeling results for 
composites under impact loading condition [17–19]. 

Compared to the finite element method, the use of analytical 
modeling approaches for ballistic simulation requires less efforts of 
model generation and calculational costs. However, analytical modeling 
approaches potentially lack generality (generally they are fitted to 
specific and simple cases) and need careful selection of the appropriate 
physics to be reproduced. The deformation of composites [20], as well as 
damage evolution in the manner of delamination [21], matrix cracking 
[22] and fiber breakage [23], even the interaction among them [24], can 
be replicated by means of analytical models with limited calculation 
costs [25,26]. The deformation of the impacted target was modelled in a 
cone or V-tent shape, which can be formulated according to the spread 
of stress waves, thus resulting in the deformation during impact loading 
[6]. Considering the modeling of damage, generally energy-based 
methods are applied to calculate energy dissipated by damage accu-
mulation of different mechanisms, which can be later combined with the 
deformation of the impactor to obtain the overall energy dissipation [26, 
27]. For woven composites, the primary and secondary yarns can be 
defined according to whether the projectile directly contacts related 
regions at each time step, which can better model the mechanical 
degradation of impacted panels due to the deformation/energy ab-
sorption as the strain wave propagates [6,27]. However, several pa-
rameters are involved in an analytical model for an accurate replication 
of the ballistic behavior of woven composites and some assumptions are 
introduced to simplify the analytical modelling; generally, most of the 
simplifications regard the projectile as the primary focus is usually put 
on the modeling of targets. The projectile was mostly modelled as a rigid 
body [28], or a partially rigid body [27]. In reality, a soft-core projectile 
is often used which provides different damage behaviors compared with 
cases of rigid projectiles. A full metal jacket projectile (FMJ) [8,29], is 
one of the typical bullets, which includes two materials: one acts as the 
jacket, and the other is used as the core, presenting various mechanical 
behaviors during the impact process. In order to simulate the loss of 
projectile’s mass during impact, a fragment-based projectile method was 
proposed to account for the failure of the projectile [26]. In Ref. [30] the 
equivalent projectile method was created to combine the mechanical 
properties of the jacket and core for the replication of the projectile’s 
deformation during the impact. However, neither of these methods can 
consider the different behaviors of the jacket and core of projectiles. As 
indicated according to the deformation filmed in experiments [29] and 
numerical results from finite element methods [8], the jacket presents 
high stiffness for small deformation at the beginning of loading, and the 
core starts to be exposed to quick and large deformation after the failure 
of the jacket. As a result, an accurate modeling of both components of 
the FMJ projectile is of great importance for the modeling of ballistic 
tests. While analytical modeling requires some extra efforts, the separate 
modeling of each component of the projectile is directly achievable by 
finite element methods. 

In the present work, a ghost projectile method was proposed, based 
on a comprehensive review [30–32] of the analytical modeling on the 
ballistic behavior of woven composite, which can improve the existing 
models and consider the separate mechanical mechanisms for the jacket 
and core of FMJ projectiles during the impact loading. Besides, a finite 
element model was also built in the current work with optimized 
MAT_162 in Ls-dyna as a damage assessment model of woven compos-
ites. In order to validate both modelling approaches, ballistic tests on 
plain woven composites of Kevlar fiber with 0.357 magnum projectile 
were carried out. The experimental and numerical results were 
compared and analyzed with respects to the ballistic curve, the loading 
history and the deformation of the projectile, and capability of analytical 
model and finite element method investigated. 

2. Numerical methodologies 

2.1. Analytical model 

2.1.1. Analytical model on woven composites 
An energy-based method is regarded as an efficient way for the 

simulation of the ballistic behavior of woven composites. In an energy- 
based analytical model, the formulation of the ballistic behavior was 
established through the balance of the total energy (Ek,tot), which can be 
contributed to the kinetic energy of the deformed tip of the composite 
target (Ek,t), energy absorbed by the deformation of target (Edef ), energy 
absorbed by shear plugging of the composite (Esp), energy dissipated by 
delamination and matrix cracking (Edel & Emc), as well as the remaining 
kinetic energy of the projectile (Ek,p) [31], as listed in Equation (1), 
where i represents ith time step. 

Ek,tot,i =Ek,t,i + Edef ,i + Esp,i + Edel,i + Emc,i + Ek,p,i (1) 

As the projectile is rigid during the impact, the velocity of the target 
tip can be treated as the same as the projectile considering their direct 
contact, which can determine the kinetic energy of the deformed tip of 
the composite target (Ek,t). 

Regarding the deformation of the target, the first concern is the 
deformed area, which can be defined by the wave theory according to 
the analysis based on the experimental observation [33,34]. The prop-
agated velocity, c, of the stress wave inside the material can be defined 
by the material’s modulus (E) and density (ρ) based on Equation (2). In 
the case of ballistic impact, the input loading starts from one contact 
point in the target, thus the stress wave can be propagated in both 
longitudinal and transverse directions. The longitudinal stress wave 
speed can be determined by Equation (2), while the transverse one can 
be calculated based on the stress and strain field according to Equation 
(3). The travel of the stress wave can be used to determine the deformed 
area based on Equation for the radii of the composite conoid deforma-
tion (rcon) and longitudinal wave covered area (rl) in each time interval 
Δt during the calculation as presented in Equation (4). As the area of the 
deformed conoid area can be calculated, the mass of deformed conoid 
can be obtained with deformed area and the thickness (h) of the target 
based on Equation (5), which can be used for its kinetic energy. 

cL =
̅̅̅̅̅̅̅̅
E/ρ

√
(2)  

cT =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 + ε)σ/ρ

√
−

∫ε

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
dε/ρdσ

√
dε (3)  

rcon,i =
∑i

i=0
cT • Δt

rl,i =
∑i

i=0
cL • Δt

(4)  

mcon,i = πr2
con,ihρ (5)  

ε(x)i =

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
r2

con,i + z2
i

√
− rcon,i

bL/a − 1

⎞

⎠ ln(b)
a

• bx/a (6) 

For woven composites, the yarns are surrounded by matrix, and this 
provokes a different mechanical response under impact loading 
compared to homogenous materials. As a result, accurate modeling of 
the location of the yarns can improve the accuracy of the analytical 
model, leading to the different formulation on primary and secondary 
yarns, while the mechanical response of the matrix was regarded, 
focusing on the yarns, till its cracking. Besides, considering the fiber 
architecture of the woven composites is quite complex, interlacing both 
warp and weft yarns, introducing primary and secondary yarns into 
calculation can simplify the modeling process. As mentioned in Section 
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1, the primary yarns are the ones in direct contact with the projectile, 
while it is the opposite for the secondary ones, as visible in Fig. 1. For 
primary yarns, the deformation can be modelled according to the dis-
tribution of strain in the conoid deformed region of the target consid-
ering the distance from the impact center, x, as listed in Equation (6). 
Here, L is the total length of the yarns; a is the width of yarn; b is a 
constant to represent the transmission factor of the stress wave in the 
related materials, which is only related to the geometry of woven model 
in this case. Besides, z here is the depth of the conoid region of the target, 
which is equal to the distance travelled by projectile. 

Considering the secondary yarns, the equation for the deformation is 
similar as the primary yarns, but the degradation of the input impulse 
due to the impact is considered. Thus, rcon should be replaced by rsec,i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
r2
con,i − x2

√
, leading to the strain on the secondary yarns which can be 

described as Equation (7) 

ε’(x)i =

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
r2

sec,i + z2
i

√
− rsec,i

bL/a − 1

⎞

⎠ ln(b)
a

• bx/a (7) 

Shear plugging is always regarded as one of the main failure mech-
anisms during the impact of composite materials [6]. The shear stress (τ) 
near the impact point on the target can be obtained through Equation 
(8), where F is the force exerted by projectile, calculated by mass of 
projectile multiplying the acceleration in each time step, Rp is the radius 
of the projectile, and hsp is the thickness of composite involved in failure 
due to shear plugging. The failure thickness due to shear plugging can be 
defined when the shear stress meets the shear plugging strength (τsp). 
The shear plugging occurs as the threshold strength (Ssp) is met, which 
can determine hsp. The absorbed energy by shear plugging can then be 
expressed as Equation (9). 

τ = F
2πRphsp

(8)  

Esp = 2πRpSsph2
sp (9) 

Considering the similar mechanism for the interface between layers 
and the matrix cracking, Edel and Emc are discussed here together. 
Generally, a time-based equation was used to describe the absorbed 
energy due to these damage mechanisms [6,31] considering the prop-
agation of the delaminated area in each time interval defined by its 
radius, rd, as expressed below: 

ΔEdel,i = πKdel

(
r2

d,i+1 − r2
d,i

)
GII (10)  

ΔEmc,i = πKmc

(
r2

d,i+1 − r2
d,i

)
EmhVm (11)  

where GII is the critical energy release rate for the delamination (model- 
II fracture, as the typical failure mode of delamination), Em is the 
threshold energy for the matrix cracking, Vm is the volume fraction of 
the matrix in composite, and h is the thickness of the target. Besides, K in 
equations is the parameter for the calibration of the delamination and 
matrix cracking. 

As summarized here, the formulation of Equation (1) with respects to 
different energy dissipated can be regarded as the base layer of the 
analytical model for the ballistic behavior of woven composites in the 
present work, which has been validated by experimental data related to 
different composite materials [25,31]. Based on the understanding of 
the mechanical and damage behaviors of woven composites under bal-
listic impact, the analytical model has been adapted with more dissi-
pated energy decompositions considered on the right side of Equation 
(1) [32]. 

In order to achieve a precise description of the deformation of 
composites in each layer, the first one added was the energy absorbed by 
the target under compression [32]. As the projectile starts touching the 
target, the compression along the thickness occurs in the region affected 
by the impact impulse, which can transfer part of the kinetic energy 
towards compressive deformation of the target. For the region in direct 
contact, the compressive strain is constant, while a linear degradation of 
the strain can be applied to describe the remaining region in compres-
sion, leading to Equation (12). Compared with the original equation on 
compressive strain, a geometry factor, α, was introduced here consid-
ering the variation on the contact area due to the different shapes of the 
projectile, which can be determined by the obliquity of the tip on the 
projectile [35]. The energy dissipated by the compressive deformation 
of the composite can be obtained according to Equation (13) knowing 
the modulus of the target. 

εcom,i(x)=

⎧
⎪⎪⎨

⎪⎪⎩

zi

h
, x ≤ αRp

zix
hrcon,i

, x > αRp

(12)  

Ecom,i = πα2R2
ph

∫αRp

0

E(x)εcom,i(x)dx + 2πh
∫rcon,i

0

∫rcon,i

αRp

E(x)εcom,i(x)rdrdx (13) 

Besides, the significant contribution of bending deformation from 
the impact simulation of composite materials has been reported with 
numerical method [36]. Energy dissipated by bending deformation can 
improve the accuracy of the analytical model on the ballistic prediction 
[32]. The bending deformation can be calculated according to Equation 
(14) based on thin plate theory in the plane-stress state, where the 
bending deformation can be regarded as a chord system [32]. Here, M is 
the bending moment for the bending region of target and ν is the Poisson 
ratio of the target. 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Mi =
4π(2 + ν)D

rcon,i
zi

Ebending,i = Mi
2zi

rcon,i

(14) 

As a result, the energy absorbed by the deformation of the target can 
be regarded as a summary of energy due to deformation of primary yarns 
(Edef ,pri), deformation of secondary yarns (Edef ,sec), deformation of conoid 
area (Econ), bending deformation (Ebending) and compressive deformation 
(Ecom), as presented in Equation (15). Accurate results can be provided 
after the optimization of energy absorbed by deformation considered in 
Equation (1). 

Edef ,i =Edef ,pri,i + Edef ,sec,i + Econ,i + Ebending,i + Ecom,i (15)  

2.1.2. Analytical model on projectile 
Based on the assumption of the rigid projectile, the role of the pro-

Fig. 1. Schematic for different yarns in analytical model.  
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jectile in the analytical model is to provide the initial total kinetic en-
ergy, causing the deformed shape of the target at its tip, and eventually 
detaching the target with the remaining kinetic energy at the end of the 
calculation, or set as a flag for the termination of the analytical model in 
case of zero remaining kinetic energy. The (remaining) kinetic energy 
can be easily calculated based on Equation (16), where vi is the velocity 
of the projectile, and mp is the mass of the projectile, which is a constant 
for a rigid body. 

Ek,p,i =
1
2
mpv2

i (16) 

However, modeling a soft core projectile in a rigid fashion can hardly 
replicate the behavior of the impact with woven composites, which leads 
to the importance of the consideration of an analytical model with a 
deformed projectile [37]. Compared to the rigid body method, an 
updated area of cross-section (Ap) and length (Lp) of the projectile must 
be considered in the analytical model as listed with Equation (17)(18). 
Here ρp and Yp are the density and the yield strength of the projectile, 
while KI is named as impedance matching factor, used to describe the 
motion of the interface between the projectile and target [35]. Kim can be 
determined with the density and stress wave speed of both the projectile 
(ρp, Cp) and target (ρ, Ct) based on Equation (19). The value of Kim can 
represent the softness of the projectile compared to the target: a larger 
Kim indicates a softer projectile compared to the same target, while Kim =

1 means the rigid projectile. Moreover, for the overall analytical model, 
attention should be paid on the previous equations related to the length 
and/or area of the projectile, which should be adapted with various 
values in each time step for a deformed projectile. 

Lp,i+1 =Lp,i exp

{
− ρp

2Yp

[(
vi

Kim

)2

−

(
vi+1

Kim

)2
]}

(17)  

(
Ap,i+1 − Ap,i

)2

Ap,i+1Ap,i
=

3ρpvi
2

2KimYp
(18)  

Kim = 1 + ρpCp

/[
ρt

̅̅̅̅̅̅̅̅̅̅̅
Kt/ρt

√ ]
(19) 

The application of FMJ projectile introduces complexity to the 
development of analytical model. A previous work [30] about analytical 
modeling of a deformed projectile exploits a homogeneous equivalent 

projectile. Two different materials on FMJ for jacket and core cannot be 
described through Equations 17–19. As a results, the equivalent pro-
jectile method proposed for FMJ [30], uses adapted material parameters 
in Equations 17–19 to combine both the jacket and core in order to use 
homogenous material parameters. The adapted parameters are calcu-
lated to keep the density and the plastic wave speed the same as the FMJ 
projectile and to guarantee the total mass of the projectile. Nevertheless, 
due to the significant difference between the mechanical responses of 
the jacket and core of the projectile, the equivalent projectile method 
provides only limited improvement of the analytical model. 

In the current work, a ghost projectile method was proposed to 
replace the equivalent projectile method, which can separately consider 
the core and jacket of the projectile. The basic concept of the ghost 
projectile method is presented in Fig. 2. The equivalent projectile 
introduced before is used as a ghost projectile in this analytical model, 
which can provide the guideline for the deformation and erosion of the 
projectile (Dp). The deformation obtained from the ghost projectile is 
compared to the thickness of the jacket (tj). According to the state of the 
projectile, the algorithm on the deformation of projectile, i.e. Equations 
17–19, can be updated: Yp, ρp and Cp are used, as the material of the 
jacket, when the erosion of the projectile is smaller than the thickness of 
the jacket (Dp < tj); while the values of Yp, ρp and Cp , the material of 
core, if the erosion of the projectile is greater than the thickness of the 
jacket (Dp ≥ tj). Through this method, the jacket and core of the pro-
jectile can be considered separately. It is noted that the friction between 
the composite and projectile was not considered because the dissipation 
of energy due to friction can be negligible compared to the one absorbed 
by deformation of the projectile. 

All the parameters introduced before, regarded as input parameters 
applied in the analytical model, are present in Table 1 in the current 
case. More details about the materials can be found in Section 3. 

2.2. Finite element method 

2.2.1. Numerical modeling 
A numerical model is another popular method for the ballistic 

simulation, especially for complex structures. For instance, separately 
modeling the jacket and core of projectile in the finite element method 
can be achieved as presented in Fig. 3a. For the composite target, a 

Fig. 2. Schematic for ghost projectile method.  
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homogeneous model was built according to the geometry of the target as 
shown in Fig. 3b. In each layer, one element is built along the thickness, 
while the size of the mesh was 1.0 mm as validated in Ref. [16]. 
Considering the boundary conditions of the finite element method, a 
symmetric boundary was used for a quarter model to reduce the calcu-
lation cost as visible in Fig. 3c, while the fixed boundary condition was 
applied on the other edges to replicate the clamping of the fixture in 
ballistic tests as mentioned in Ref. [38]. Regarding the contact behavior 
between the projectile and the target, the eroding contact (ERO-
DING_SURFACE_TO_SURFAC) was applied [39]. 

2.2.2. Damage assessment models 
A transverse isotropic homogeneous material model was used to 

describe the elastic mechanical behaviors of woven composites in the 
current case. Considering the homogeneous approach to the modeling of 
the woven composites, the damage assessment is of great importance. 
Plenty of works have been carried out to evaluate the capability of 

different damage models during impact loading [10,19,36]. Among 
them, MAT_162 in Ls-Dyna provides accurate predictions [19], leading 
to its wide application [18,40]. In MAT_162, the tensile-shear failure 
mode of the fiber is defined by Equation (20), where Ea is the elastic 
modulus along a direction (one of the in-plane direction), Gca is shear 
modulus, and SaT and SaFS are the tensile and shear strength in the 
related directions. Herein, the two in-plane directions share the same 
mechanical behavior, indicating that the equations on failure modes are 
the same for the a and b direction. 

fst =

(
Eaε1

SaT

)2

+

(
Gcaε13

SaFS

)2

(20) 

The compressive failure mode of the fiber is expressed by the 
compressive strength of fiber (SaC) according to Equation (21). On the 
other hand, the crush failure of the fiber can be determined by Equation 
(22), where SFC is the strength of the crush failure. 

fc =

⎡

⎢
⎢
⎣

Ea

(

ε1 + 〈ε3〉 Ea
Ec

)

SaC

⎤

⎥
⎥
⎦

2

(21)  

ffc =

(
Ecε3

SFC

)2

(22) 

As for the matrix failure, the in-plane failure and delamination have 
been considered in the model based on Equation (23)&(24), where Sab is 
the in-plane shear strength, ScT is the tensile strength along the thick-
ness, and Sbc and Sac are the out-of-plane shear strength for composites. 
Besides, a scale factor S is introduced to calibrate the numerical model 
with experimental data involved. For an accurate modeling of the matrix 
failure, the Coulomb’s friction angle (Ф) is considered in cracking 
strength of SSRC, which is determined by SSRC = Ec tan Фε3. 

fm =

(
Gabε12

Sab

)2

(23)  

fdel = S2

[(
Gcε3

ScT

)2

+

(
Gbcε23

Sbc + SSRC

)2

+

(
Gacε13

Sac + SSRC

)2
]

(24)  

In order to precisely model the damage behaviors, the strain rate effect is 
considered (see Equation (25)), which has a significant influence on the 
ballistic simulation of woven composites [8,41]. Here {Xrate} is the 
related mechanical parameters, i.e., modulus and strength, at a strain 
rate of ε̇, and {X0} is the initial values at the referenced strain rate (ε̇0). 

Table 1 
Input parameters for the target and projectile in the analytical model.  

Material Properties Parameters Notes 

Composite target 
Kevlar 29/ 

Epoxy 
ρ, kg • m− 3 1025 Density of the target 
h, mm 6.7 Thickness of the target 
N 14 Number of layers 
Vf 0.63 Volume fraction of fiber 
E, GPa 80 Elastic modulus of fiber 
Eth, GPa 6 Out-of-plane modulus 
b 0.9 transmission factor 
GII , J • m− 2 1000 Critical energy release rate for 

delamination 
Em, kJ • m− 3 900 Threshold energy for the matrix 

cracking 
b, mm 0.25 Thickness of the fiber 
Kdel 1 Calibrated parameter for 

delamination 
Kmc 1 Calibrated parameter for matrix 

cracking 
Projectile 
Ghost projectile ρp,eq , 

kg • m− 3 

10409 Equivalent density of the 
projectile 

Yp,eq , MPa 106.5 Equivalent yield strength of the 
projectile 

Jacket of 
projectile 

ρp,j, kg • m− 3 8250 Density of the brass for jacket 
Yp,j, MPa 344.7 Yield strength of the brass for 

jacket 
Core of 

projectile 
ρp,c , 
kg • m− 3 

10660 Density of the lead for core 

Yp,c , MPa 56.5 Yield strength of the lead for core  

Fig. 3. Finite element modeling on projectile (a) and woven composite (b) with their boundary conditions (c).  
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{Xrate}={X0}

[

1+Crate ln
(

ε̇
ε̇0

)]

(25) 

However, MAT_162 has several parameters which need numerical 
calibration for a specific material before the application, as carried out 
by Scazzosi et al. for Kevlar/epoxy [16] concerning the element erosion 
and hourglass control of the finite element method. 

Regarding the projectile, the Johnson-Cook model [42] with 
Cockcroft-Latham failure criterion [29], named MAT_107 in Ls-dyna, 
was used on both the jacket and core, but with different parameter in-
puts according to their materials. The Johnson-Cook model was 
described by Equation (26), where A, B, C, n, m are the parameters for 
the description of flow stress according to strain and strain rate hard-
ening and T0 and Tm are the referenced and melting temperatures. The 
failure of the material is determined by the Cockcroft-Latham failure 
criterion, the element can be removed from the model when the 
Cockcroft-Latham parameter WCR, as defined in Equation (27), reaches a 
critical value. 

σ =(A+Bεn)

(

1+Cln
ε̇
ε̇0

)[

1 −

(
T − T0

Tm − T0

)m]

(26)  

WCR =

∫εf

0

σdε (27) 

The numerical inputs of the mechanical behavior of the materials 
involved in the finite element model are listed in Table 2, which can be 
also found in Refs. [16,30] with some parameters optimized for specific 
target (Kevlar 29) in the current work. More details on the materials 
involved in the current case can be found in Section 3. 

3. Experimental validation 

As a validation and a reference for the capability study on the finite 
element method and analytical model, experimental data from ballistic 
tests with composite materials impacted by FMJ was utilized. The 
composite target with a dimension of 270 × 270 × 6.5 mm3 and a 
density of 1025 kg/m3was manufactured with Kevlar 29 plain weave 
fabrics and epoxy resin named Microtex E9. 14-layer composites were 
used. More details of the composite materials can be found in Ref. [30]. 
As for the FMJ projectile, 0.375 magnum was used (see Fig. 3a), which 
contains brass as the jacket and lead as the core. Considering the 
experimental setup for the ballistic tests as presented in Fig. 4a, the gun 
was fixed 5 m away from the target. For each shot, the impact was 
targeted at the center of the composite panel and perpendicular to the 
target panel. The impact velocity of the projectile was set in the range 
from 300 m/s to 700 m/s. In order to record the impact and residual 
velocities of the projectile, two velocity screens were placed 2.5 m in 
front of the target and towards the back side of the target. Considering 
the window fixture as shown in Fig. 4b was used to clamp the target 
here, the dimension for the target in numerical models should be 160 ×
160 mm2 (80 × 80 mm2 for quarter modeling). The parameters of the 
material model used for the analytical model and finite element method 
can be found in Table 1 and 2. 

4. Results and discussions 

The results from the analytical model and finite element method for 
the simulation of the ballistic behavior of Kevlar/epoxy composite were 
compared with respects to the ballistic curves, the damage phenomena 
as well as the load history of projectile. The experimental data were used 
as reference for the capability study of these numerical methods. 

Considering that the analytical model was updated for the FMJ 
projectile, the accuracy of the ghost projectile method should be vali-
dated as the first step. The comparison on the ballistic curve of the 
composite target among the experimental data and different analytical 

models is presented in Fig. 5. The relation between the impact and re-
sidual velocities was built interpolating the results by mans of Lambert- 
Jonas (L-J) model [43]. The accuracy of the simulation with the rigid 
projectile method cannot be guaranteed because the deformation and 
damage of the projectile during the impact loading can lead to more 
energy dissipated by the projectile, resulting in different mechanisms 
between the rigid and deformed projectile. The error between the rigid 
projectile method and experimental data can be significantly reduced if 
the projectile is set as a deformed one, as the equivalent projectile 
method. But the accuracy of the analytical model can be further 
improved with the ghost projectile method, which can separately 
consider the core and jacket of the FMJ projectile. 

Numerical FEM model can also be compared with the experimental 
data as shown in Fig. 6a. The difference on the description of the ballistic 
curve is located on the low velocity. However, both the analytical model 
and finite element method provide comparable results on the residual 
velocity when the impact velocity is larger than 415 m/s (as marked in 
the figure), after which a linear relationship between the residual and 

Table 2 
Input parameters for the target (MAT_162) and projectile (MAT_107) in the 
finite element method.  

Material Properties Parameters Notes 

Composite target 
Kevlar 29/ 

Epoxy 
ρ, kg • m− 3 1025 Density of the target 
Ea = Eb, GPa 10 In-plane modulus (a, b direction) 
Ec, GPa 6 Out-of-plane modulus (c 

direction) 
Gab, GPa 0.77 Shear modulus of ab-plane 
Gbc = Gca, 
GPa 

5.43 Shear modulus of bc, ca plane 

νab 0.25 Poisson’s ratio in ab plane 
νbc = νca 0.33 Poisson’s ratio in bc/ca plane 
SaT = SbT, 
MPa 

405 Tensile strength along a/b 
direction 

SaC = SbC, 
MPa 

185 Compressive strength along a/b 
direction 

Sab, MPa 77 Shear strength of ab plane 
Sbc = Sca, 
MPa 

898 Shear strength of bc/ca plane 

SFC, MPa 1200 Crush strength of fiber 
Sdel 0.3 Scale factor for delamination 
Ф, ◦ 10 Coulomb’s friction angle 
AM1 0.5 Coefficient for the strain 

softening 1 
AM2 0.5 Coefficient for the strain 

softening 2 
AM3 1 Coefficient for the strain 

softening 3 
AM4 5 Coefficient for the strain 

softening 4 
Crate1 0.0257 Coefficient for strain rate effect 1 
Crate2 0.0246 Coefficient for strain rate effect 2 
Crate3 0.0246 Coefficient for strain rate effect 3 
Crate4 0 Coefficient for strain rate effect 4 

Projectile 
Brass (jacket) E, GPa 115 Elastic modulus 

ν 0.31 Poisson’s ratio 
A, MPa 111.7 Johnson-Cook coefficient A 
B, MPa 504.7 Johnson-Cook coefficient B 
n 0.42 Johnson-Cook coefficient n 
C 0.0085 Johnson-Cook coefficient C 
Tm, K 1189 Melt temperature 
m 1.68 Johnson-Cook coefficient m 
Wcr, MPa 914 Cockcroft-Latham strength 

Lead (core) E, GPa 16 Elastic modulus 
ν 0.42 Poisson’s ratio 
A, MPa 0 Johnson-Cook coefficient A 
B, MPa 55.5 Johnson-Cook coefficient B 
n 0.0987 Johnson-Cook coefficient n 
C 0.126 Johnson-Cook coefficient C 
Tm, K 525 Melt temperature 
m 1.0 Johnson-Cook coefficient m 
Wcr, MPa 175 Cockcroft-Latham strength  
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impact velocities can be found. In this region, shear plugging failure can 
be the dominate mechanism under impact loading, and the features 
which can affect the residual velocity, presented as typical shear failure, 
are more easily captured by a numerical method. But the mechanical 
behavior is much more complicated within a lower impact velocity 
range. Close to the ballistic limit the impact energy, which is propor-
tional to the square of the bullet velocity, is comparable with the 
maximum energy that can be absorbed by the target, therefore even 
slight differences in the modeling approaches may significantly vary the 
results. The results from the analytical model are closer to the 

experimental data than the ones from finite element method, especially 
on the threshold velocity for the penetration of the target. On the other 
hand, the energy absorption capability is another validation of the nu-
merical models, as shown in Fig. 6b. The finite element model provides 
better correlation, when compared to the analytical model, with the 
penetrated targets, which may attribute to the element deletion feature 
in the finite element model. However, a large difference can be found for 
the non-penetrated cases, where the results from analytical models are 
more accurate. The same conclusions obtained by the analysis of the 
residual velocity curves can therefore be obtained based on energy ab-
sorption capacity. Considering there are many empirical input param-
eters in the material model used inside the finite element method for 
composite target (such as Coulomb’s friction angle and coefficients for 
strain softening, which can be hardly determined by experiments), the 
accuracy of the results from the finite element method can vary from 
case to case, especially for composites with different types of constitu-
ents. Regarding the analytical model, most of the parameters involved 
can be obtained according to the physics of the materials, therefore 
presenting better performance on replication of the ballistic behavior of 
composites. Similar phenomena, i.e. the analytical model has more ac-
curate predictions of the residual velocity compared with finite element 
method, can also be found in the series of existing works from Bresciani 
et al. [6,32]. But the consideration of other physical issues, such as yaw 
of projectile, may help to improve the results from finite element model 
[6]. 

Focusing on the projectile, its deformation from different numerical 
model with and without penetration of the target can be found in Fig. 7. 
More attention can be put on the angle obtained by deformation of the 
bullet tip, presented in the figure, which can be useful to describe the 
level of the deformation of the bullet. When the target stops the pro-
jectile (see Fig. 7a), a blunt tip is obtained from the analytical model, 

Fig. 4. Experimental setup for the ballistic tests of woven composites: (a) overall setup; (b) target and fixture.  

Fig. 5. Comparison among different analytical models (rigid projectile method 
from Ref. [32]; equivalent projectile method from Ref. [30]; and ghost pro-
jectile method from the current work) and experimental data. 

Fig. 6. Comparison of the numerical models and experimental data in the current work: (a) velocity; (b)energy absorption.  
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indicating a larger contact/damage region on the target, when 
compared with the finite element method. Thus, more energy is absor-
bed from the target, requiring higher energy/impact velocity for the 
penetration, which explains the difference of the ballistic limit between 
the analytical model and finite element method as shown in Fig. 6. As 
soon as penetration occurs (presented in Fig. 7b), the difference between 
the analytical model and finite element method on the deformation of 
the projectile is reduced, meaning comparable results from both nu-
merical methods regarding energy dissipation. 

The velocity history of the projectile from both the analytical model 
and finite element method with and without penetration of the target is 
presented in Fig. 8. Here, the normalized contact time was used, named 
as contact history in the figures, instead of the real contact time 
considering the different time scale between both models due to no 
friction effect in analytical model. For the non-penetrated case (impact 
velocity equal to 280 m/s in Fig. 8a), the reduction of the velocity from 
the analytical model is more significant than the one from the finite 
element method at the beginning, which can be recognized by the slope 
of the curves. While the opposite trend can be noticed on the analytical 
model after 10 % of the contact, where the changing on the slope in-
dicates the main loading transfers from the jacket to the core of the 
projectile. Compared to the history from the analytical model, the curve 
from the finite element method is smoother because of the contact al-
gorithm between the core and jacket in the model. The analytical model 
shows a larger energy absorbed by the target than finite element method 
due to the larger velocity reduction of the projectile while in contact 
with the target, corresponding to the conclusion about the larger 
deformation, i.e., larger contact area, in Fig. 7a. For the case with 
penetration of the target, the velocity history of the projectile from both 
numerical methods is comparable as presented in Fig. 8b. But the sharp 
corner on the curve can still be found at 45 % of the contact history from 
the analytical model, due to the different mechanical behavior of the 
jacket and core of the projectile during the impact. Moreover, the time 
for the loading passing from the jacket to the core is postponed by 10 % 
(non-penetration case) to 45 % (penetration case). This means that the 

jacket acts as a more important role for the penetration of the target than 
the core while the conclusion is opposite when the target stops the 
projectile. However, as also presented in the finite element method in 
Fig. 7, the core would be the final part contacting with the target, which 
causes more damage on the target due to its large extension along with 
the spalling of the jacket. On the other hand, the calculation time for 
each finite element model is around 45 min with 15 CPUs CPU (E5- 
2630v3 2.40 GHz 16 core/32 threads – 128 GB RAM), while it takes 2 
min with one same CPU for each analytical model, presenting the effi-
ciency of the latter one. 

5. Conclusions 

In the current work, both analytical model and finite element method 
have been used for ballistic simulation of the woven composite. Based on 
a review of the existing analytical models, an energy-based analytical 
model for ballistic simulation has been built; the lack of accuracy in the 
modeling of the full metal jacket projectile (with separate jacket and 
core) has been also pointed out. An innovative analytical model, named 
as ghost projectile method, was proposed based on an energy model, 
allowing the separate modeling of jacket and core of the projectile. As 
for the finite element method, an optimized MAT_162 was used in Ls- 
Dyna to assess the damage evolution of woven composites during 
impact. To validate the current model and study the capability of these 
numerical models, ballistic tests with woven Kevlar/epoxy as target and 
0.357 Magnum (a full metal jacket soft core projectile) as the projectile 
were performed. The comparison of the numerical models and experi-
mental data evaluated the accuracy of the proposed ghost projectile 
method, while the capability of both finite element method and 
analytical model has been investigated based on the ballistic curves, the 
loading history, and the deformation of the projectile. 

The main conclusions are list as below. 

Fig. 7. Deformation of the projectile from the analytical model and finite element method with impact velocity of 280 m/s (a) and 400 m/s (b).  
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• The ghost projectile method allows to separately model the jacket 
and core of the projectile and can provide accurate predictions on the 
residual velocity. 

• The analytical model (ghost projectile method) has better perfor-
mance on the replication of the ballistic curve with higher efficiency 
compared to the finite element method under low impact velocities, 
especially at the ballistic limit.  

• The deformation of the projectile can be replicated by the ghost 
projectile method, and it is comparable with the results from the 
finite element method (MAT_162) in the penetration cases of impact.  

• The finite element method can provide more detailed deformation 
and damage phenomena for both target and projectile compared to 
the results from the analytical model. 
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