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a b s t r a c t

In this research, by means of advanced methods within the framework of the FE method, an effective
modeling approach is proposed to simulate the ballistic perforation behaviors of multi-directional woven
composite panels. Within that scope, constitutive models for intraply and interfacial or interply damage
mechanisms are formulated and implemented into ABAQUS/Explicit FE code. The constitutive law of ply-
level damage model incorporates the nonlinear material response, degradation of material properties,
progressive failure and the element deletion scheme. The interfaces between the individual plies are
modeled using a cohesive surface method, and the behaviors of interply degradation and failure are
described using a traction-separation law. Besides, the material responses with large nonlinearity due
to fiber rupture, matrix cracking, plasticity effects due to micro-matrix cracking under shear loading,
and interface delamination are accounted for by appropriate material degradation models. The proposed
developments are first validated against the available experimental and analytical results. Next, the
ballistic impact simulations of woven composite targets are carried out in a two-phase research. The
first phase analyzes the ballistic impact behavior and ballistic performance of the composite laminates in
terms of residual velocity and energy absorbing capacity. The second phase involves the investigation of
the impact characteristics and failure mechanisms of the composite materials. More specifically, the key
perforation mechanisms and associated impact damage extents and patterns with respect to projectile
velocity are investigated for the composite panels. We further perform parametric analysis in order to
understand the influence of a certain number of parameters on the laminate ballistic impact response.
These parameters are categorized based on materials such as fiber type material, interface systems, and
geometry such as stacking sequences and support conditions. Numerical results reveal that the ballistic
impact performance depends significantly on the cohesive material properties, the stacking sequence, and
the woven fabric material, whereas less contribution of support conditions to the ballistic perforation
characteristic is noticed.

1. Introduction

Composite materials have emerged as one of the materials that
possess various superiorities such as high specific stiffness and 
strength properties as well as design flexibility. For such reasons, 
they have gradually replaced classical metallic materials and have 
been applied in a variety of commercial and military applications 
such as automotive, marine and aerospace engineering [1–3]. How-
ever, their vulnerability against impact, which is the most unfavor-
able characteristic of the composite material, poses a threat to the 
residual load carrying capacity of the composite.
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In a variety of situations, the laminated composite structures 
are more likely to encounter impact by foreign objects in ser-
vice life. Understanding the behavior of these composite structures 
when subjected to localized impact is an important and highly 
complex problem, and the degree of complexity grows with the 
increase of the impact velocity [4]. This is principally attributable 
to the dependency of a variety of factors such as damage mech-
anisms, material behaviors, and load transfer mechanisms, which 
are typically complex and conjoined with various uncertainties. 
As a consequence of this, predicting the impact process leads to 
an open problem, where investigations have been performed in a 
number of ways, varying from simple empirical models to highly 
sophisticated numerical approaches relying on the importance and 
severity of the impact.
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In spite of years of extensive research on impact, a complete 
and validated methodology for predicting the damage behavior 
of laminated composite materials has not yet been fully attained 
[5]. This is mostly due to the complexity of the physical phenom-
ena involved in the impact process, including composite-projectile 
contact, employed composite damage model, failure modes de-
velopment and ply-ply interaction within the laminate, influence 
of velocity, laminate geometry, constraint conditions, and lamina-
tion scheme. With special regard to the possible damage occurring 
in impacted laminates, typical damage reported in the literature 
consists of a combination of (i) intralaminar damage mechanisms 
such as fiber damage, matrix cracking or plasticity, and fiber/ma-
trix debonding, and (ii) interlaminar failure, which develops at the 
interface between adjacent plies in the form of debonding between 
laminae (delamination) [6,7].

On the basis of energy transfer between the impactor and com-
posite laminate target, energy dissipation and damage propagation 
mechanisms, the impact load with regard to velocity can be widely 
classified into four categories including low-velocity, high-velocity, 
ballistic-velocity, and hyper-velocity impacts [8]. According to the 
literature, the impact events can generally be simplified by group-
ing them into two distinct situations, namely, low-velocity im-
pact by a large mass and high-velocity impact by a small mass. 
After a thoroughgoing literature review, it is revealed that the 
most of published works on impact of polymer composite mate-
rials are concerned with low velocity impact events with relatively 
high masses and low impact velocities involved [9–27]. Oppositely, 
there are less works on the high-velocity impact behavior of com-
posites, involving relatively small masses and high impact veloc-
ities, e.g. [28–32]. The high velocity impact loads from scenarios 
like runway debris impact and hail impact are indeed more critical 
aspects for most composite structures in aeronautics.

The study of high-velocity impact loads is of utmost paramount 
in the aerospace industry especially when human lives are in-
volved, in order to develop safer structures with the aim of avoid-
ing losses of human and material resources. In terms of air-
crafts safety during the take-off, flight and landing phases, damage 
caused by impact events has become an increasingly serious and 
disastrous issue. Bird strikes, runway debris and ice/hailstones are 
examples of impact with high probably of occurrence, which may 
cause severe damage to aircraft structures, leading sometimes to 
perforations [33,34]. The Concorde accident in 2000 is an illus-
trative example in which a tire fragment left in runway impacted 
the fuel tank on the wing of the aircraft, leading to a catastrophic 
accident [35]. It has been identified as one of the most impor-
tant factors in aircraft vulnerability because it can cause numerous 
structural damage and catastrophic failure. The most recent exam-
ple of the bird strike problem is the Airbus A321 of the Russian 
Ural Airlines on 15 August 2019, which the birds collided with 
during take-off, and thus its dual engines failed [36]. Federal Avia-
tion Administration (FAA), European Aviation Safety Agency (EASA) 
and Civil Aviation Administration of China (CAAC) have defined the 
requirements of bird-strike for aircraft structures in their own air-
worthiness regulations [37].

In certain situations, structural materials are required to dis-
play substantial impact resistance to high velocity impact, since 
this is an essential necessity during ballistic impact. Ballistic im-
pact is commonly referred to as a low-mass, high-velocity impact 
caused by a propelling source or a projectile onto a target. The 
composites employed in the design of structures such as aircrafts, 
defense vehicles, and protective armors against the penetration by 
high velocity projectiles are of great importance. The quantifica-
tion and simulation of the high-velocity impact response of these 
composites is crucial for those who are seeking to improve com-
posite structures for military and aerospace applications. In the 
present research, we aim at studying the impact resistance of the 

multilayered composite panels against the ballistic impact. This is 
important in order to understand how a projectile penetrates into 
the composite panels at ballistic velocities. In such cases, the bal-
listic impact of the composites is described as an impact which 
results in the laminate being completely penetrated. For ballistic 
velocity impact, specifically for the range of impact considered in 
the present study, where the projectile penetrates the laminate 
completely and exits with a residual velocity, the numbers of re-
ported studies are few. To the best of our knowledge, a few studies 
are available in literature on a fully penetrated impact process of 
the laminated composite panels through analytical models, exper-
iments and numerical simulations (e.g., [38–47]). Naik and Doshi 
[38] presented an analytical formulation for the prediction of bal-
listic impact behavior of thick composites. The formulation was 
based on wave theory and energy balance between the projec-
tile and the target. Naik and Shrirao [39] exposed an analytical 
model for the ballistic impact analysis of typical plain weave E-
glass/epoxy and twill weave T300 carbon/epoxy composites. This 
method was based on dynamic mechanical and fracture properties 
of the composite materials, geometrical parameters of the com-
posite target and the projectile parameters, such as mass, veloc-
ity, shape and size. Wen [40,41] developed analytical equations 
to investigate the penetration and perforation of fiber-reinforced 
plastic laminates by rigid projectiles with different nose shapes. 
The models were based on the assumption that deformations dur-
ing a ballistic impact event are localized and the mean pressure 
offered by the laminate to resist the projectile consists of both 
cohesive quasi-static resistive pressure due to elastic-plastic de-
formation and dynamic resistive pressure due to velocity effects. 
Naik et al. [42,43] carried out analytical and experimental studies 
on ballistic impact behavior of woven fabric composite laminates 
against flat projectiles. The work describes energy absorption by 
different mechanisms, ballistic limit, contact duration, damage size 
and effect of projectile and target parameters on energy absorp-
tion. Yen [44] developed a ply-level material constitutive model for 
plain-weave composite laminates to enable computational analyses 
of progressive damage/failure in the laminates under high velocity 
ballistic impact condition. The model was implemented within LS-
DYNA as a user-defined material subroutine to predict the damage 
and ballistic behavior of composite laminates subjected to various 
ballistic impact conditions. Reddy et al. [45] performed experimen-
tal studies to describe the ballistic performance of E-glass/phenolic 
laminates impacted at different velocities by mild steel core pro-
jectile. The effect of thickness and velocity on energy absorption in 
the laminates has been explained in terms of interaction time be-
tween target and projectile. Karahan et al. [46] investigated exper-
imentally the fiber type, fabric structure, orientation of fabric plies 
and thickness on the ballistic impact performance of aramid and 
ultra-high molecular weight polyethylene composite laminates. Pa-
tel et al. [47] developed a damage model using FE code to simulate 
the post impact progressive damage of the composite beams un-
der ballistic impact. The uncertainty in the elastic properties and 
strength of the composite material were considered in the dam-
age analysis. The ply arrangements for optimum design of simply 
supported boundary conditions were also discussed.

Respecting the dynamic investigations of composites, much at-
tention has shifted from experimental lab work to numerical sim-
ulation because of the high costs of physical testing and the in-
capacity to precisely monitor the damage states, particularly for 
high velocity impacts that can induce damage that is nearly unde-
tectable. Among the developed numerical approaches, the progres-
sive damage models have become the most prevalent simulation 
scheme that accounts for initial damage criteria and subsequent 
stiffness degradation. Nevertheless, the effects of various failure 
criteria and damage accumulation laws on high velocity impact 
predictions for composite materials have not so far been consis-



Fig. 1. Schematic illustration of the 3D geometrical model used for ballistic impact simulations.

tently investigated and require further exploration. In this context, 
a nonlinear dynamic finite element simulation with progressive 
damage mechanics model is presently developed to systemati-
cally explore the ballistic perforation behaviors of woven-fabric 
reinforced polymer (WFRP) composites when impacted with high 
velocity projectiles. For such analysis, the explicit simulations of 
the ballistic impacts often utilize cohesive element formulations 
to capture the interlaminar behavior. These cohesive elements are 
computationally expensive because they are frequently the primary 
driver in the critical time step calculation. Surface-based cohesive 
zone formulations promise a less severe effect on the overall simu-
lation computational effort [48]. To develop numerical approaches 
which capture the effects in ballistic impact with the help of sur-
face based cohesive formulations is one of the main goals of this 
research.

Thus, the scope of the present paper is to use progressive 
failure models based on continuum damage mechanics in com-
bination with cohesive surface interaction method for modeling 
structural response and failure mechanisms of woven composite 
targets subjected to ballistic velocity impact. The constitutive law 
for composite damage model is formulated and implemented into 
the FE code ABAQUS/Explicit through VUMAT user subroutine. It 
incorporates nonlinear material response, degradation of material 
properties, progressive failure and element deletion scheme. First, 
the validity of the developed FE model is assessed by available ex-
perimental and analytical results in the literature. Then, through 
the numerical analysis of the proposed models, significant insights 
into perforation resistance, energy dissipation and damage propa-
gation mechanisms are gained.

Motivated by this framework, the basic objective of the per-
formed ballistic impact simulations in the current work is twofold. 
First, to assess the capability of simulation approaches based on 
the combined use of cohesive surface models for progressive inter-
face delamination (shape and extent of individual delaminations at 
different interfaces) and continuum ply damage models to prop-
erly capture the detailed through-thickness distribution of dam-
age induced by ballistic impact in composite laminates. Second, to 
evaluate the energy dissipation corresponding to different failure 
modes such as dissipated energy due to the intraply damage, the 
interply or interface failure, laminate’s kinetic energy and the fric-
tion dissipation. What’s more, a comprehensive parametric study is 
carried out to further understand the influence of a certain num-
ber of parameters on the target ballistic impact behaviors. The 
parameters studied can be grouped into two key types that are 
material-based parameters and include the type of fabric materi-
als and interface systems, and geometry-based parameters such as 
stacking sequence and boundary conditions.

2. Ballistic impact modeling strategy

Ballistic impact of fabric reinforced laminates, in general, is a
highly dynamic loading scenario involving nonlinear material be-
havior. In this section, the FE method is employed to model the 
laminated composites in a ballistic impact scenario. The model-
ing scheme is accomplished within the context of the FE method, 
wherein an explicit time integration scheme is used. The FE mod-
els are established for the projectile and composite laminae in FE 
Abaqus/Explicit. To study the ballistic impact situation between 
the projectile and the laminate, geometrical modeling, constitu-
tive relations, contact behavior modeling and boundary condi-
tions with relevant analysis procedures are discussed. The con-
stitutive theories including such failure mechanisms as intraply 
and interply fracture behaviors for composite laminae are sys-
tematically taken into consideration. The acting mechanisms can 
be classified by their location of occurrence into intraply and 
interply. The mechanisms associated with intraply damage in-
volve fiber rupture and matrix micro-cracking considering plastic-
ity in the plies whereas interply failure signifies the decohesion 
of adjacent laminae which is commonly referred as delamination. 
Both of these mechanisms do contribute to the laminate’s over-
all response and their interaction leads to laminate penetration 
or perforation according to the specified impact scenario. Conse-
quently, the proposed modeling strategy has the potential to de-
scribe the key perforation mechanisms and impact-induced dam-
age patterns as well as predicting the overall energy absorption 
of the laminate and energy contributions of individual mecha-
nisms.

2.1. Geometrical modeling and boundary conditions

The FE model consists of two distinct parts: projectile and com-
posite laminate. The projectile has a cylindrical blunt shape, that 
is widely used in the literature [42,43,49–52] as it can produce a 
wide range of failure mechanisms and thus allows a better un-
derstanding of the penetration phenomena. The deformation of 
the projectile is neglected and modeled as a rigid body with the 
discrete rigid element (R3D4). This is justified by experimental 
observations with a high-speed camera and damage morphology 
analysis, see [50]. On the other side, the composite laminate com-
posed of many layers of fabric plies is modeled as a stack of 
several homogeneous orthotropic plies connected via interply in-
terfaces. A schematic diagram reflecting the physical condition of 
the FE model is illustrated in Fig. 1. The sizes of simulated tar-
gets and projectiles are specified in each relevant section. Utilizing 
the continuum shell elements, the plies are discretized by a regu-
lar mesh of eight-noded, reduced integrated, linearly interpolated 
continuum shell elements, type SC8R. The mesh size of 1 mm by 
1 mm with one through-the-thickness element per ply is found 



to achieve a good compromise between accuracy and computa-
tional efficiency. The employed continuum based shell elements 
are similar to 3D continuum solid elements, but their kinematic 
and constitutive behaviors are based on a shell theory. They are 
computationally more efficient when compared to solid elements 
and are typically able to accurately capture the bending deforma-
tion caused by the impact [53,54]. In constructing the composite 
laminate, it shall be noted that the laminate is modeled as a stack 
of layers connected by zero-thickness interfaces; this is a more 
physical approach which is closed to the real build up lamination. 
Indeed, this strategy is much complicated, mainly due to the fact 
that the preparation of the model is not automatic and shall be 
performed manually. However it does provide an accurate repre-
sentation of the laminate layup particularly with regard to contact 
interactions.

Unless otherwise indicated, the four edges of the laminated tar-
get are fully fixed to prevent rigid motion during the impact and 
the projectile movement is also fixed for all degrees of freedom 
except for translation along z-direction so as to impose impact ve-
locity.

2.2. Constitutive modeling

Ply-level and interface materials constitutive models are used 
here for computational analysis of progressive damage/failure in 
fabric laminates under ballistic impact condition. At the ply-scale, 
the mechanisms associated with intraply failure are accounted for 
by an energy based continuum damage mechanics approach to 
model tensile and compressive damage along the fiber directions. 
Besides, under shear loading, the plastic deformation and damage 
are modeled for the purpose of capturing the shear response that 
is dominated by the matrix of the ply.

For the considered woven fabric-reinforced plies, the fiber di-
rections are assumed to be orthogonal. Therefore, the constitutive 
elastic stress-strain relations coupled to damage in a local coordi-
nate system with the base vectors aligned with fiber directions are 
as follows [55]:
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where ε11, ε22, εe
12 and σ11, σ22, σ12 are the elastic strains and 

stresses, respectively. E1 and E2 are the Young’s moduli along fiber 
directions 1 and 2, respectively, ν12 and ν21 are the Poisson’s ra-
tios, and G12 is the in-plane shear modulus. d1 and d2 are damage 
variables associated with the fiber fracture along the fiber direc-
tions, and d12 is the damage variable associated with the matrix 
damage due to the shear deformation. The damage variables fall 
within the range between 0 (undamaged) and 1 (fully damaged); 
they depict the degradation in the material caused by different 
loading conditions.

To distinguish between the tensile and compressive fiber failure 
modes, the respective damage variables are calculated in confor-
mity with the stress state in the fiber directions 1 and 2 as

di = di+
〈σii〉
|σii| + di−

〈−σii〉
|σii| (2)

where di+ and di− refer to the tensile (+) and compressive (−) 
damage variables of the fibers in the ith directions (i = 1, 2), re-
spectively. The damage variables are assumed to evolve as a func-
tion of the corresponding effective (undamaged) stress as

di+ = di+(σ̃i+),di− = di−(σ̃i−),d12 = d12(σ̃12) (3)

The effective tensile σ̃i+ , compressive σ̃i− , and shear σ̃12 stresses 
given in (3) are formulated as
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The damage state is characterized by the loading functions φi+ , 
φi− , φ12 (i = 1, 2) for different failure mechanisms (fiber failure, 
matrix cracking and plastic deformation under shear loading), they 
are expressed as

φi+ = σ̃i+
Xi+

, φi− = σ̃i−
Xi−

, φ12 = σ̃12

S12
(5)

These functions provide five criteria to describe the initiation of 
fiber failure in directions 1 and 2, and initiation of matrix dam-
age. In eq. (5), Xi+ and Xi− stand for the tensile and compressive 
strengths for uniaxial loading in each fiber direction, respectively, 
and S12 represents the shear stress required for matrix damage 
initiation. When the initiation function φi+, φi− or φ12 is equal to 
unity, the corresponding damage mode will be activated.

Once the damage initiation criterion is met, the evolution of 
damage begins, and the above-mentioned damage variables (di± , 
d12) exercise a significant influence on the degradation process of 
the integration point. The calculation method for addressing the 
evolution of damage variables di+ , di− , d12 is implemented accord-
ing to [56,57] by the following expressions
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with gi
0 the elastic strain energy density at the point of damage 

initiation expressed as gi
0 = X2

i /2Ei , Lc the characteristic length of 
the element, Gi±

f the fracture energy per unit area under uniax-
ial tensile and compressive loadings, α12 > 0 the shear damage 
parameter, and dmax

12 ≤ 1 the maximum shear damage. λi+ , λi−
and λ12 in eq. (6) stand for the tensile, compressive, and shear 
damage thresholds, respectively. They are initially set to one and 
after damage initiation i.e., φi± = 1, φ12 = 1, they increase with 
damage progression according to λi±(t) = maxτ≤t φi±(τ ), λ12(t) =
maxτ≤t φ12(τ ). After the threshold is reached, the damage happens 
consequently until the damage variables reach unity to completely 
fail.

In terms of shear damage, the in-plane shear response is pre-
dominated by the nonlinear behavior of the matrix that exhibits 
both stiffness degradation due to matrix microcracking and plastic 
deformation. Upon unloading the shear, this results in permanent 
deformations in the fabric ply. To account for the subsequent in-
elastic behaviors before complete failure, the classical plasticity 
model with an elastic domain function and hardening law for the 
damaged materials are adopted; they are expressed respectively as

F = |σ̃12| − σ̃0
(
ε̄p) ≤ 0 (7)

and

σ̃0
(
ε̄p) = σ̃y0 + C

(
ε̄p)γ

(8)

with σ̃y0 the initial effective shear yield stress, C and γ the hard-
ening parameters, and ε̄p the equivalent plastic strain due to shear 
deformation.



In the calculation process, the failed continuum shell elements 
are removed from the model to prevent excessive distortion of the 
elements which may terminate the calculation and influence the 
final results. In this work, the damage-based element deletion cri-
terion is employed to eliminate the fully damaged elements. It is 
activated when any one tensile/compressive damage variable along 
the fiber directions 1 and 2 reaches a maximum specified value, d1
or d2 = dmax = 1.

In order to account for the adhesive bonds between adjacent 
fabric plies and modeling the interply delamination phenomenon, 
the constitutive laws of surface-based cohesive zone method (CZM) 
are adopted. Compared to the surface-based method, there is also 
a cohesive element method, whose use significantly increases the 
computational complexity of the model as the cohesive element 
formulation requires a fine mesh which negatively affects the crit-
ical time step. Consequently, the surface-based contact approach 
that follows a similar constitutive behavior as cohesive element 
is presently used to describe the adhesive interface between the 
composite plies. The basis of this method is the cohesive behavior 
interaction of two adjacent surfaces, in which the contact between 
adhesive surfaces is defined as a surface interaction property with 
a zero interface thickness. The degradation and fracture for the 
interfaces are predicted using an uncoupled traction-separation 
based constitutive law. The two main ingredients of the underlying 
damage law are damage initiation criterion and damage evaluation 
law.

Before damage initiation, the mechanical behavior of the inter-
face is assumed to be linear with high values of initial interface 
stiffness (Ki ); it is described by the following constitutive relation 
that relates the traction stress vector (ti ) to the separation dis-
placements (δi ) across the interface
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Firstly, damage onset at the interfaces is predicted using the 
quadratic nominal stress criterion according to which damage is 
assumed to be initiated when the quadratic interaction function 
involving the stress ratios reaches 1. This criterion is expressed as( 〈tn〉
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with ti and tmax
i (i = n, s, t), respectively, the nominal traction 

stresses and the corresponding interface strengths in the normal 
n and shear s and t directions.

Secondly, the damage evolution process that describes the 
degradation of the cohesive stiffness after damage initiation is de-
fined based on the energy that is dissipated as a result of the 
damage process. An exponential softening law is used to model 
the evolution of the damage variable from damage initiation to 
eventual failure. In accordance with the Benzeggagh-Kenane (BK) 
law, the mixed-mode energy behavior is used to model the pro-
gression of damage at the interfaces and takes the following 
form

GC
n + (

GC
s − GC

n

)( G S

G T

)η

= GC (11)

with G S = Gs + Gt , G T = Gn + Gs , and the quantities Gn , Gs , and 
Gt stand for the current fracture toughness in the normal, first, 
and second shear directions, respectively; GC

n , GC
s and GC

t refer to 
the corresponding fracture toughness in the normal, first, and sec-
ond shear directions, respectively. GC represents the total critical 
mixed-mode fracture energy and η is a cohesive property coeffi-
cient.

In Fig. 2, we illustrate a flowchart of the algorithm for the nu-
merical procedure used to implement the proposed damage mod-
els to simulate the ballistic impact of composite laminates, accord-
ing to which the mechanisms associated with interply failure, i.e. 
debonding of adjacent plies and intraply damage are accounted 
for.

2.3. Contact modeling

Given the underlying ballistic impact problem, the loads are ap-
plied by a projectile that comes into contact with the laminated 
plate. Thus, modeling the contact behavior is of great importance 
for predicting the ballistic impact response. A general contact al-
gorithm available in ABAQUS/Explicit is employed to model the 
interactions between the debonded woven plies and between the 
woven plies and the projectile so that the element penetration 
can be prevented. The contact constraints within the simulation 
are implemented using the penalty and hard contact formula-
tions. After interface debonding between the adjacent plies takes 
place, the general contact definition is systematically updated to 
take into account for possible post-debonding contact. Besides, 
because the contact surfaces normally transmit shear or normal 
forces, prescribing a friction contact that describes the force re-
sisting the relative tangential motion of the contact surfaces at 
integrated points is necessary. In this work, the friction coeffi-
cient between the composite laminate and the projectile, and be-
tween the surfaces of the debonded fabric layers is set to 0.3. This 
value is chosen according to the studies available in the literature 
[58,59].

3. Energy balance of ballistic impact model

The kinetic energy of the projectile plays an important role in 
the ballistic impact process in the initial stage until reaching the 
contact instant and it is dissipated into the entire system with 
different energy forms once the contact occurs. The mechanisms 
of ballistic impact energy dissipation into the composite laminate 
system are used to express the energy balance relationship. The 
energy balance between the kinetic energy of the projectile and 
the energy absorbed by the various mechanisms is thus expressed 
as follows

1

2
mp V 2

i = 1

2
mp V 2

r (t) + EAB(t) (12)

where V i is the projectile initial (impact) velocity, mp is the mass 
of projectile, 1/2mp V 2

i is the initial (impact) energy, Vr (t) is the 
projectile residual velocity at time instant t , and 1/2mp V 2

r (t) rep-
resents the residual energy of projectile after impact (ERK ). The to-
tal absorbed energy at any time during the impact process (EAB(t)) 
can be calculated by

EAB(t) = EPK(t) + E I (t) + EVD(t) + EFD(t) − EPW(t) (13)

where EPK is the kinetic energy of composite panels, E I is the total 
internal energy, EVD is the viscous dissipation, EFD is the frictional 
dissipation and Epw is the work done by contact and constraint 
penalties. The internal energy of the system (E I ) can further be 
composed of the following terms

E I (t) = E S(t) + E A(t) + EPD(t) + EDD(t) (14)

with E S the elastic or recoverable strain energy, E A the artificial 
strain energy, EPD the energy dissipated by inelastic process like 
that of plastic deformation or extensive cracking and EDD the en-
ergy dissipated by delamination. The artificial strain energy (E A ), 



Fig. 2. Flowchart of progressive failure analysis using the present ply-by-ply model for woven composite plies subjected to ballistic impact loading.

the energy used to suppress hourglass effects in bending domi-
nated situations, should be minimal compared to the system inter-
nal energy (E I ), that is, less than 10%. In the case of large values of 
artificial strain energy, there will be a need to improve the mesh 
refinement or make other changes to the mesh.

Based on the initial velocity before impact (V i ) and exit or 
residual velocity (Vr ) after perforation of the composite panels by 
the projectile of mass mp , the following quantities can be calcu-
lated:

Amount of energy absorbed or dissipated by the composite 
panels at any given time t (EAB) is expressed from (12) as EAB(t) =
1
2 mp(V 2

i − V 2
r (t))

Velocity absorbed (t) = V i − Vr(t) (15)

%Energy dissipated

= (
dissipated energy(EAB)/initial impact energy

) × 100
(16)

4. Validation of the present model

In the following, the developed ply-by-ply FE model is com-
pared with data from other works to verify its reliability for dif-
ferent materials of the composite target. The experimental and 
analytical results reported in [49–51] are used to validate the 
FE model. In Ref. [49], experimental tests are carried out on E-
glass/epoxy and carbon/epoxy composite targets. This set of exper-
iments consist of four laminates, all with 8 plies. The first laminate 
is composed of 8 glass plies [G]8, the second has 8 carbon plies 
[C]8, the third is a symmetric hybrid laminate with exterior glass 
plies and interior carbon plies [G2C2]s, and the last is a hybrid one 
with exterior carbon plies and interior glass plies [C2G2]s. The di-
mensions of the tested laminates are 125 mm × 125 mm with a 
total thickness of 3 mm. The projectile has a cylindrical shape with 
a diameter of 6.36 mm, a length of 25.3 mm and a mass of 6.42 
gr. The boundary conditions on the external edges of the laminate 
are constrained with an encastre constraint.



Table 1
Material properties adopted for modeling the damage and failure of the glass and
carbon fabric reinforced epoxy plies.

Description Glass/epoxy Carbon/epoxy

Density (kg/m3) 2100 1560

Elasticity constants
Young’s modulus 1-direction, E1 (GPa) 24 56.813
Young’s modulus 2-direction, E2 (GPa) 24 56.813
Poisson’s ratio, ν12 0.108 0.047
Shear Modulus, G12 (GPa) 4.8 4.206

Damage initiation
Tensile strength 1-direction, X1+ (MPa) 410 802.11
Compressive strength 1-direction, X1−

(MPa)
660 707.88

Tensile strength 2-direction, X2+ (MPa) 395 802.11
Compressive strength 2-direction, X2−

(MPa)
490 707.88

Shear strength S12 (MPa) 94 115.8

Damage evolution
Tensile fracture energy 1-direction,

G1+
f (kJ/m2)

65 44.9

Compressive fracture energy
1-direction, G1−

f (kJ/m2)
65 39.15

Tensile fracture energy 2-direction,
G2+

f (kJ/m2)
65 44.9

Compressive fracture energy
2-direction, G2−

f (kJ/m2)
65 39.15

Maximum shear damage, dmax
12 1.0 1.0

Shear damage parameter, α12 0.18634 0.18634

Shear plastic coefficients
Initial effective shear yield stress, σ̃y0

(MPa)
55 55

Hardening function coefficient, C 669.94 669.94
Hardening function exponent, γ 0.823 0.823

The material properties that define the constitutive behav-
iors for modeling the damage and failure of both glass and car-
bon/epoxy plies are displayed in Table 1 [28,60]. The material 
parameters can be classified into four groups: elastic constants, 
damage initiation parameters, damage progression parameters, and 
shear plasticity coefficients. The elastic constants consist of the 
Young’s moduli in the fiber directions 1 and 2, the Poisson’s ra-
tio, and the shear modulus (E1, E2, ν12, G12). The damage ini-
tiation parameters include the tensile and compressive strengths 
along fiber directions 1 and 2, and the shear strength at the onset 
of shear damage (X1+, X1−, X2+, X2−, S12). The damage evolution 
parameters are evaluated from the fracture energies per unit area 
under tensile and compressive loadings along the fiber directions 
1 and 2 (G1+

f , G1−
f , G2+

f , G2−
f ) and by the parameters α12 and dmax

12
introduced in eq. (6). Finally, the shear plasticity coefficients en-
compass the initial effective shear yield stress, σ̃y0, and the hard-
ening parameters C and γ in eq. (8).

On the other hand, to simulate the damage that may occur 
at the level of interfaces between composite plies, the material 
properties that define the constitutive behavior of these interfaces 
are considered. The interface properties of the simulated materi-
als are obtained from [28,60] and given in Table 2. The interface 
initial stiffness (Ki ) in Table 2 is chosen in such a way that en-
sures a quasi-rigid connection between the adjacent plies within 
the elastic regime. The critical energy release rates or fracture 
toughness values of interface bonds are essential for determining 
the damage propagation response for interply damage. It is gen-
erally assumed that the Mode III tearing fracture toughness (GC

t ) 
is equal to the Mode II interply shear fracture toughness (GC

s ), i.e., 
GC

s = GC
t .

The key indicator used here to evaluate the accuracy of the 
model, is the predicted ballistic limit velocity of the couple 
projectile-target, which is compared with the corresponding exper-

Table 2
Interply properties describing the initial stiffness of the interface, interply strength
and fracture toughness.

Mode I Mode II Mode III

Glass/epoxy
Initial stiffness, Ki (N/mm3) 106 106 106

Interply strength, tmax
i (MPa) 35.07 68 68

Interply fracture toughness, GC
i (N/mm) 1.21 4.55 4.55

Carbon/epoxy
Initial stiffness, Ki (N/mm3) 106 106 106

Interply strength, tmax
i (MPa) 60 79.289 79.289

Interply fracture toughness, GC
i (N/mm) 0.9 2.0 2.0

Table 3
Comparison between the numerical and experimental results for glass and carbon
composite laminates.

Configuration Ballistic limit velocity (m/s) Variation
(%)Experimental [49] FE modeling (present)

[G]8 98 101.0 2.97
[C]8 81 84.8 4.48
[G2C2]s 87 89.6 2.91
[C2G2]s 84 87.4 3.89

imental results reported in [49]. Table 3 illustrates the validation 
of the present FE model in terms of ballistic limit velocity with ex-
perimental results and good agreement has been observed with a 
percentage error of 2.91–4.48%.

To further validate the present numerical model, a new set of 
experimental and analytical results pertinent to kevlar reported 
in [50,51] are used. In Refs. [50,51], the residual velocities of a 
composite laminate target made of 12 plies of plain-woven fabric 
kevlar 29/epoxy are measured experimentally and calculated an-
alytically. The dimensions of the target are 150 mm × 150 mm 
with a total thickness of 5 mm and the thickness of individual 
layer is 0.42 mm. The projectile is made of tungsten and has a 
cylindrical shape with a diameter of 10 mm, length of 20 mm and 
mass of 30.3 gr. The projectile is modeled as a rigid body consid-
ering the deformation of tungsten against composite negligible as 
indicated in [50]. The engineering constants and parameters of the 
failure criteria of the kevlar/epoxy lamina for the present valida-
tion are listed in Table 4. The elastic constants and strengths are 
taken from a corresponding material data in [50]. The intralami-
nar fracture energies per unit area under tensile and compressive 
loadings along the fiber directions of 44.9 kJ/m2 and 39.15 kJ/m2

respectively are chosen starting from the physical considerations 
concerning the values of other composite materials available in the 
literature [60]. The interface properties determining the delamina-
tion initiation between the surfaces are taken from [50] and listed 
in Table 4. The relevant critical energy release rates determining 
the failure response for interlaminar damage are obtained from 
[61]. The plastic behavior under in-plane shear is assumed based 
on the typical behavior of woven fabric reinforced epoxy laminates, 
the values are taken from [60].

Before the simulations are executed on the multilayer kevlar 
target, the mesh convergence is carried out to ensure the mesh 
independence of the results. The goal is to achieve the balance be-
tween the accuracy of the mesh and the computational time. The 
parameter considered for this assessment is the residual velocity of 
the projectile. The element size is varied from 0.5 mm to 2.5 mm 
with one element through the thickness for each ply. The results 
are compared when the laminate subjected to an impact velocity 
of 160 m/s. The residual velocity for each mesh size is obtained 
and the convergence is shown in Fig. 3. It can be seen that an ele-
ment size of 1 mm is giving converged results of residual velocity. 
The further refinement does not lead to significant changes in the 
numerical results of the residual velocities. Therefore, a mesh size 



Table 4
Material properties of plain-woven kevlar/epoxy ply that are used for
model validation [50].

Description Kevlar/epoxy

Density (kg/m3) 1440

Elasticity constants
Young’s modulus 1-direction, E1 (GPa) 18.5
Young’s modulus 2-direction, E2 (GPa) 18.5
Poisson’s ratio, ν12 0.25
Shear modulus, G12 (GPa) 0.77

Damage initiation parameters
Tensile strength 1-direction, X1+ (MPa) 1850
Compressive strength 1-direction 1, X1− (MPa) 185
Tensile strength 2-direction, X2+ (MPa) 1850
Compressive strength 2-direction, X2− (MPa) 185
Shear strength S12 (MPa) 77

Interply properties [50]
Mode-I interlaminar normal strength, tmax

n (MPa) 34.5
Mode-II, III interlaminar shear strength, tmax

S,t (MPa) 9

Fig. 3. Mesh convergence results.

of 1 mm is chosen for the current analysis and for further numer-
ical modeling.

Fig. 4 shows a comparison of the predicted residual velocity at 
different strike velocities with the results obtained by experimen-
tal and analytical methods presented in [50,51]. The results show 
an overall good agreement between the predicted values from the 
developed FE model and those from other studies. Moreover, the 
ballistic limit predicted by the present model is 146 m/s, which 
is in close agreement with the experimental and analytical bal-
listic limit reported in [50] and [51] that are 143 m/s and 148 
m/s, respectively. The ballistic limit is measured by determining 
the lowest impact velocity at which complete perforation occurs. 
The percentage discrepancy of the simulated ballistic limit velocity 
compared to the experimental and analytical ones does not exceed 
2%. Furthermore, it is worth emphasizing that the experimental 
values are affected by an unexpected experimental variability, as 
depicted in Fig. 4. This is due to the effect of the non-zero im-
pact yaw angle (the value in parentheses) that occurs during the 
ballistic tests (the impact is not perfectly perpendicular to impact 
surface). Knowing that in the FE simulation and analytical model, a 
perfect perpendicular impact condition is considered. It must also 
be taken into account that the present FE model is not able to 
reproduce the experimental results variability related to manufac-
turing issues of the composite fabrics. For example, as shown in 
Fig. 4, the experimental results close to the ballistic limit show a 
great variability in the residual velocity; although the K5#6 lami-
nate is struck with a higher impact velocity than K5#5 laminate, 
but it is not perforated.

In order to further demonstrate the usefulness and accuracy of 
the present modeling approach, also the morphology of the dam-
aged area around the impact point and the delamination among 

Fig. 4. Comparison between the residual velocities obtained from the present ply-
by-ply FE model and other studies.

the layers are examined and compared to the experimental ob-
servations reported in [50]. In Figs. 5(a) and (b), experimental 
and FE results of the cases where the laminate underwent partial 
penetration (laminate K5#1) and full perforation (laminate K5#3) 
are compared. For both cases, the overall predicted failure pat-
terns are in a good agreement with the experimental ones indicat-
ing an appropriate representation of intraply damage mechanisms 
within the model. Regarding the interply failure, the predictions 
are assessed by comparing the numerically predicted and exper-
imentally observed interface damage. In case of full perforation, 
it can be seen that severe delamination occurs along all of the 
plies as shown in Fig. 5(b). Considering the partially penetrated 
state (Fig. 5(a)), it can be observed that the main delamination 
occurs in the plies that are perforated and the delamination de-
gree in these plies is severe similar to that observed experimen-
tally.

In general, the present modeling approach shows accurate re-
sults in predicting the ballistic impact of laminated composite pan-
els, both for the quantitative, i.e. residual velocity and the qualita-
tive analysis, i.e. delamination and damage morphology. Compared 
to the meso-heterogeneous approach employed in [50] which is 
considered impracticable due to the high computational effort re-
quired, the current approach involves much less computational 
cost. Besides, the present approach would provide a better under-
standing of the physical phenomena involved in the composite ma-
terials during impact loading, specifically of the damage features 
that can distinctively be characterized as tensile or compressive 
damage along fiber directions, matrix damage due to shear load-
ing and interface damage or delamination. This subsequently gives 
rise to exploiting the developed FE model to study parameters not 
possible to detect by means of experimental tests as will be exem-
plified in the next section.

5. Results and discussion

In the present section, numerical simulations are conducted to
comprehensively study the ballistic performance and damage be-
haviors of woven fabric laminate targets during ballistic impacts. 
The ballistic impacts are carried out at various impact energies 
and the impact responses are characterized based on the history 
curves of residual velocity and energy absorbed as well as damage 
progression and resultant damage shapes to evaluate the effect of 
impact energy on the damage behaviors. Initiation and propaga-
tion of interply debonding and the spatial distribution of damage 
at the impact location are the main features of the damage analysis 
performed in this study. Following that, parameters like stacking 
sequence, boundary conditions, interface properties including co-
hesive stiffness, interface strength and critical energy release rates 
on the ballistic performance of laminated composites are further 
investigated.



Fig. 5. Comparison of the numerically predicted failure patterns from the present model with experimental observations (a) partial penetration and (b) complete perforation.

For all cases in this section, we consider a 16-ply laminate tar-
get of size 150 mm × 100 mm with a total thickness of 4.8 mm. 
The plies are discretized with an element dimension of 1 mm ×
1 mm × 0.3 mm. Moreover, the projectile is a flat-ended with a 
diameter of 16.5 mm, a length of 32 mm and a mass of 11 gr.

5.1. Ballistic performance and energy absorption mechanisms

In this subsection, the ballistic resistance of multilayered wo-
ven composite target with stacking sequence of [+45/−45/0/90]2S
is investigated. Incident impact velocity of the projectile (V i ) is 
the primary stimulus that determines the nature of impact de-
formation and the level of damage on the target. Three incident 
impact velocities of 200 m/s, 300 m/s and 400 m/s are there-
fore assigned to the projectile to obtain the impact energies of 
220 J, 495 J and 880 J, respectively. The variation of the projec-
tile residual velocity versus time for the first impact scenario for 
the laminated target made of glass fabric plies is shown in Fig. 6. 
As depicted in Fig. 6(a), at incidence velocity of 200 m/s the tar-
get plate is not being perforated by the projectile. This means 
that the impact velocity is smaller than the ballistic limit state. 
In this case, the initial kinetic energy of the projectile is not ad-
equate to perforate the target and the projectile rebounds back 
after it transforms all of its kinetic energy to the target. From 

the velocity history, it can be seen that the projectile decelerates 
during impact until its velocity becomes zero (at 135 μs). At this 
time, the projectile retrieves kinetic energy through the elastic re-
cover of the target and bounces back in the opposite direction 
and eventually accelerates to a constant negative value of −76.3 
m/s. Moreover, after damage occurs in the target and when the 
projectile velocity passes through zero, the following states can 
be defined on the plot: Zone A corresponds to that the laminate 
moves forward faster and loses contact, Zone B represents that the 
laminate rebounds and catches projectile, contact is reestablished, 
Zone C corresponds to the projectile moving backward faster and 
losing contact again, Zone D indicates that the laminate bounces 
again and contacts the projectile, and Zone E represents the final 
bounce of the projectile from target where the contact is com-
pletely lost.

On the other hand, the history curves of projectile velocity dur-
ing the ballistic impact of glass fabric laminate with incidence 
velocities of 300 m/s and 400 m/s are depicted in Fig. 6(b). The 
plots clearly show that the projectile decelerates during impact 
and then maintains a constant positive velocity after perforating 
the target. This indicates that the initial kinetic energy of projec-
tile is more than the energy that the composite target can absorb. 
This, in turn, implies that for an impact velocity greater than the 
ballistic limit state, only a small amount of the projectile kinetic 



Fig. 6. Velocity history curve of the projectile during ballistic impact at incident velocities of (a) 200 m/s and (b) 300 m/s and 400 m/s for glass composite target.

Fig. 7. Projectile velocity vs time for target of two different woven fabrics impacted
at 300 m/s.

energy is sufficient to perforate the laminated target and projec-
tile continues its moving across the laminate just like a rigid body 
at a constant residual velocity. At impact velocities of 300 m/s and 
400 m/s, it can be seen that while perforating the target at about 
t = 31 μs and 20 μs, the projectile velocities become stable i.e., 173 
m/s and 273 m/s, respectively.

It can be inferred from the above impact scenarios that the 
duration of contact increases with the increase in the initial im-
pact velocity until ballistic limit at which the contact duration is 
maximum as the projectile travels a greater distance. A further in-
crease of the velocity after ballistic limit gives rise to a reduction in 
contact duration because the projectile travels at a higher velocity 
and takes less time to pass through the thickness of the laminate. 
Among the three impact velocities, the perforation time for veloc-
ity of 400 m/s is the minimum.

Fig. 7 shows the variation of projectile residual velocity of two 
different woven fabric materials of laminated composite target to 
test which one has more resistance against perforation. Consid-
ering an impact velocity of 300 m/s, the residual velocity asso-
ciated with carbon panels is almost 65.7% of the initial velocity, 
whereas the residual velocity for the projectile which impacts the 
glass panels is 57.6%. It is therefore easy to verify that the tar-
get made of glass fabric is the one which induces the highest 
reduction of the velocity of the projectile, because the residual ve-
locity of the projectile is almost 12.2% lower in comparison with 
the value of carbon panels. The velocity absorbed by the carbon 
and glass composite panels are 103 m/s and 127 m/s, respec-
tively.

In order to assess the resistance to impact loads and further 
explore the dynamic progressive failure behaviors, energy dissipa-
tion corresponding to different failure mechanisms of glass/epoxy 
target is investigated. Figs. 8(a)–(c) demonstrate the time histories 
of the total energy (ET ), internal energy (E I ), total kinetic energy 
(ETK = ERK + EPK ), and the energy due to viscous dissipation and 
friction at different impact energies of 220 J, 495 J and 880 J, re-
spectively. At any time step during the analysis, it can be seen 
that the total energy of the system remains almost constant, as 
it should. This confirms the theory of energy conservation in the 
system and the appropriateness of the FE models developed to in-
vestigate the ballistic impact problem. As depicted in Fig. 8, at the 
beginning of the impact, the entire energy is in the form of kinetic 
energy of the projectile. Later, this energy is divided into energy 
absorbed by different damage modes and the kinetic energy of vi-
brated composite laminate and projectile. For the applied impact 
energy of 220 J, 495 J and 880 J, the ratios of the total dissipated 
energy to the initial kinetic energy of the projectile are about 100%, 
66.7% and 53.4% (calculated by eq. (16)), respectively. As impact 
energy increases, more energy is dissipated, i.e., 220 J, 330.4 J and 
470 J are the energies absorbed when the laminate is impacted by 
the latter three energies, respectively. These quantities are evalu-
ated by eq. (12).

More generally, it is apparent from Fig. 8 that when the pro-
jectile begins to contact with the target, the total kinetic energy 
of the model starts to decrease which is due to that an amount 
of impact kinetic energy is absorbed by the laminate by differ-
ent mechanisms resulting retardation of the projectile. Oppositely, 
the internal energy of the target rapidly increases as the impact 
progresses. The kinetic energy is transformed into the internal en-
ergy of laminate and dissipated energy due to vibration (EPK ), 
frictional (EFD) and viscous (EVD) effects. In Fig. 8(a) after time 
190 μs there is an increase in the kinetic energy of the projectile 
because at this velocity the projectile did not perforate through 
the entire thickness and after the impact it bounces in the back-
ward direction. As the incident impact velocity being very high, 
the projectile perforates the target at velocity greater than the bal-
listic limit and all dissipation terms become almost stable as can 
be seen in Fig. 8(c).

Fig. 9 shows the dissipation mechanism of kinetic energy of the 
glass/epoxy composite panels (EPK ) and the total internal energy 
(E I ) and its dissipation into EPD , E S , E A and EDD . For all im-
pact scenarios, it appears that during the initial phase of contact, 
the internal energy (E I ) that develops in the panels due to im-
pact overlaps with the recoverable strain energy (E S ). This reveals 
that in the initial stage, the developed internal energy is mostly 



Fig. 8. Energy profile vs time at incident impact velocity of: (a) 200 m/s, (b) 300 m/s and (c) 400 m/s. (For interpretation of the colors in the figure(s), the reader is referred
to the web version of this article.)

dissipated as recoverable elastic strain energy. Nevertheless, after 
development of other damage energy modes, i.e. EPD , E A and E D D , 
the difference between the E I and E S becomes obvious. This result 
implies that some of the internal energy developed in the panels 
is dissipated as damage in the form of failure modes. Further, the 
artificial strain energy (E A ) is found to be less than 5% of the total 
energy for all modeling cases, indicating that the numerical mod-
els give stable solutions.

Of particular interest in the energetic analysis that plays an im-
portant role in the energy dissipation process, is the kinetic energy 
dissipation mechanism. By thoroughly examining the total kinetic 
energy of the entire model, it can be indicated that in addition 
to the projectile kinetic energy, there is another contribution pro-
vided by the vibration state of the composite target. As can be 
seen in Fig. 9, especially in high velocity impact situations, dur-
ing the initial phase of contact, the gain in kinetic energy of the 
target laminate (EPK ) is more than the gain in internal energy. 
With the increase in the projectile velocity, the target deflection 
increases and as a result the target’s kinetic energy increases and 
becomes a major energy absorption mechanism. It can also be seen 
that over time, the kinetic energy curves of the target decrease, 
due to the reduced vibration of the target panels as time pro-
gresses.

Moreover, it is of great importance to quantify the contribu-
tion of different energy absorbing mechanisms attributed to the 
glass/epoxy composite target. Fig. 10 illustrates the quantitative 
contribution of each individual energy absorbing mechanism men-

tioned before. It can be observed that overall, most of the energy 
due to impact is dissipated as inelastic deformation energy, kinetic 
energy of the target, elastic deformation energy and interlaminar 
delamination, with less energy being dissipated as frictional, vis-
cous and artificial strain energy. More specifically, at low velocity 
of 200 m/s, 39.2% of the impact energy is absorbed as perma-
nent inelastic deformation, 21.8% of the energy is dissipated as 
recoverable elastic energy, 8.5% by delamination damage, and 6.7% 
dissipates as kinetic energy of the target. On the other hand, at 
high velocity of 300 m/s, the contribution in energy absorption by 
inelastic deformation is 30%, by elastic strain energy is 25.5%, due 
to target kinetic energy is 25.5% and by delamination is 10.5%. On 
further increasing the velocity to 400 m/s, the majority part of en-
ergy absorption becomes in the form of kinetic energy of the target 
with 34% followed, successively, by the energy absorbed due to in-
elastic deformation, elastic strain energy and delamination by 26%, 
14.8% and 9%.

5.2. Analysis of ballistic penetration process

Ballistic impact of the layered composite is a very complex phe-
nomenon due to the complex nature of the ballistic penetration 
mechanism. It is considered as a transient dynamic process and 
its response is mainly governed by the local behavior of the ma-
terial properties in the vicinity of the impact zone. In spite of the 
fact that the quantitative analysis previously performed in terms of 
residual velocity and energy dissipation indicates the ballistic per-
formance of the target, the qualitative illustration of the fracture 



Fig. 9. Evolution of the target kinetic energy, internal energy and its dissipation modes at impact energies of (a) 220 J, (b) 495 J, (c) 880 J.

mechanism cannot be achieved by these quantitative values. By 
using the present ply-by-ply FE modeling approach, the deforma-
tion and damage propagation can be analyzed in detail throughout 
the ballistic penetration process. Fig. 11 illustrates the penetration 
process of glass/epoxy composite panels impacted by the previous 
three velocities (200 m/s, 300 m/s and 400 m/s). It is apparent that 
the impact damage and penetration mechanism below the ballistic 
limit velocity (Fig. 11(a)) is different from cases of higher veloc-
ity impact (Figs. 11(b) and (c)). As seen in Fig. 11(a), at impact 
velocity of 200 m/s, the target is not perforated and underwent 
partial penetration. In such a case, the projectile is intercepted 
and bounced back with negative velocity. This is in line with the 
discussion presented before where it was mentioned that at this 
velocity, the projectile is remained in the fragmented composite 
for long time causing an increase in deflection and subsequently 
the damaged material moves ahead of the projectile. The end of 
this impact event occurs after the projectile is stopped and re-
verted back from the target in the time range t = 400 μs to 
t = 500 μs.

Figs. 11(b) and (c) show the through-thickness damage devel-
opment as a function of time for an impact of 300 m/s and 400 
m/s. As depicted in these figures, the projectile penetrates the lam-
inated target in a very short time. The impact contact lasts at time 
less than 100 μs, and different failure modes take place and couple 
with each other during the perforation process. Given the impact 
state in Fig. 11(b), the ballistic impact event can be divided into 

different phases. During the initial phase (t < 10 μs), upon the 
impact-contact of the projectile with the laminated target, the ma-
terial below the projectile undergoes compression, and as the pro-
jectile progresses, the material flows along the thickness direction. 
At time t = 10 μs, because of the further movement of the projec-
tile due to the laminate compression, it results in bulging or cone 
formation on the back face. Between time t = 10 μs and t = 20 μs, 
the projectile continues penetrating the target with the growth of 
the bulge/cone and delamination. In the time range t = 20 μs to 
t = 30 μs, as the projectile moves further and under the lateral 
impact loading, a large bending deformation occurs and results in 
tensile failure of delaminated layers in the back of the laminate. 
When the fibers reach their tensile/compressive resistive tolerance, 
the fractures along the woven fabric directions take place. During 
time t = 40 μs to t = 100 μs, initiation of shear plug formation 
is observed and the continuous penetration leads to the complete 
plugging shear out of the laminate. During the last stage, the frag-
ments are produced in the composite layers and splashed out into 
space.

5.3. Analysis of damage morphology and delamination

The attention here is focused on the qualitative aspects re-
lated to the morphology of the damaged area close to the im-
pact zone and the delamination among the layers. In general, 
the damage and failure mechanisms in composite laminate are 



Fig. 10. Contribution of the different energy absorbing mechanisms at impact velocities of (a) 200 m/s, (b) 300 m/s and (c) 400 m/s.

more diverse, complicated, and characterized by different modes 
of failure, such as fiber breakage in tension and compression, 
matrix cracking, matrix plasticity and delamination of plies. It is 
more likely that all of these damage mechanisms contribute dur-
ing the ballistic impact process. Therefore, it will be more con-
venient to identify the damage modes produced in the target 
during impact using the ply-by-ply FE model presented in Sec-
tion 2.

Post-impact inspection of the laminated glass/epoxy target is 
carried out to identify the damage mechanisms arisen throughout 
the impact event at 300 m/s. Fig. 12 illustrates the damage evolu-
tion variables, including the tensile and compressive damage along 
the fiber directions (d1± , d2±), shear damage degree (d12) and ma-
trix plasticity due to shear in all the plies of the impacted target. 
The fully failed (damaged) materials are deleted from the model 
according to the element removal strategy and the red color in 
each ply indicates the higher damage level while blue color repre-
sents the intact material. It can be seen from Figs. 12(a)–(d) that 
the tensile/compressive damage in fiber directions 1 and 2 occurs 
severely in vicinity of the impact zone. With respect to the shear 
damage of the matrix, it is found that the damage variable d12
is comparatively insignificant, indicating that it has less effect on 
the failure of the composites under ballistic impact. More gener-
ally, it can be established from the contour plots that all damage 
mechanisms are most likely to occur, with fiber tensile damage is 
the predominant failure mechanism, followed by the mode of fiber 
damage due to compressive loading. Whereas the matrix shear 
failure mechanisms appear to be less important as depicted in 
Figs. 12(e) and (f).

Delamination damage is the most critical damage in the com-
posite materials subjected to ballistic velocity impact. It can play 
a key role and dominant position in energy dissipation and dam-
age of composite laminates under ballistic impact and can inter-
act with matrix cracking. Fig. 13 shows the damage initiation and 
damage evolution for delamination mechanism through the thick-
ness of the target laminate over a short time scale whereas its 
propagation in the in-plane direction as a function of time over a 
long time scale is depicted in Fig. 14. The initiation of the damage 
in the cohesive interaction is obtained by CSQUADSCRT variable 
(a value of 1 indicates initiation of delamination) while damage 
evolution can be tracked by CSDMG variable. The CSDMG param-
eter varies from 0 to 1 where 0 means no delamination and 1 
implies complete delamination where the adjacent layers are no 
longer bonded by the matrix. For the short time scale, delamina-
tion initiates and grows though the thickness in the time range 
3 < t < 10 μs. At time t = 3 μs, the initiation of delamination pre-
dicted by eq. (10) occurs due to the transverse shear deformation 
around the projectile in the first few predefined interfaces. At time 
t = 5 μs, the projectile penetrates and initiation of delamination 
continues around the projectile until before the last two interfaces. 
At time t = 8 μs, delamination initiation at all interfaces is almost 
occurred and delamination evolution continues. Between t = 8 μs 
and t = 10 μs, as the projectile continues to penetrate into the 
target, the delamination continues to propagate in the in-plane di-
rection.

For the longer time phase 15 < t < 80 μs, the target undergoes 
large deformation and the extent of delamination in all plies is ob-
served. The delamination reduces the bending stiffness of the tar-



Fig. 11. Ballistic penetration process of glass/epoxy target at impact velocities of (a) 200 m/s, (b) 300 m/s and (c) 400 m/s.

get allowing local large deformation beneath the projectile, which 
reduces the target’s penetration resistance. At time t = 15 μs, as 
the bulging of the back face grows, the delamination due to trans-
verse shear deformation continues to grow. During time t = 20
to 80 μs, with large local tension-shear deformation due to the 
further projectile advancement, the growth of delamination is ob-

served in addition to the tensile failure of the individual delami-
nated plies.

The above results demonstrate the potential of the present ply-
by-ply model in providing the initiation and evolution of delami-
nation in both the temporal and spatial domain, which otherwise 
cannot be acquired with any other experimental approaches.



Fig. 12. Damage degree corresponding to (a) fiber tension along fiber direction-1, (b) fiber compression along fiber direction-1, (c) fiber tension along fiber direction-2, (d)
fiber compression along fiber direction-2, (e) shear damage and (f) matrix plasticity under ballistic impact.

Fig. 13. Initiation and propagation of delamination over a short time scale at impact velocity 300 m/s. Blue color: intact material, green color: partial delamination, red color:
initiation or full delamination.



Fig. 14. Evolution of delamination as a function of time during long time phase at impact velocity 300 m/s. Blue color: intact material, green color: partial delamination, red
color: initiation or full delamination.

5.4. Influence of ply-stacking sequence

In this subsection, a study of the influence of ply stacking se-
quence on the ballistic impact resistance of the laminated woven 
glass/epoxy target is performed. More specifically, we investigate 
the response of target configurations characterized by different 
stacking sequences subjected to a ballistic impact to estimate the 
influence on the velocity-time and energy-time histories. To do so, 
four different configurations are tested. The 1st configuration is the 
original one, used in previous analyses, configurations 2, 3 and 4 
have the following lamination schemes [45/−45]4s, [0/90]4s, and 
[0]16, respectively. For the four stacking sequences, Fig. 15 depicts 
the residual velocity of the projectile as well as the internal en-
ergy developed in the target during impact at incident velocity of 
300 m/s. The residual velocity is a measure of ballistic penetration 
resistance of the composite laminates. As lower is the projectile 
residual velocity, more energy is lost and therefore more resistant 
is the composite target. This implies that the target absorbs more 
energy under various terms of energy absorption mechanisms as 
illustrated previously. Thereby the resistance to impact of the tar-
gets can also be assessed by the increase of internal energy, which 
is the more significant indicator compared to others. By inspection 
of Fig. 15, it is obvious that configuration [0/90]4s has the high-
est decrease in residual velocity compared to others and thus the 
higher increase in internal energy. Thereby this lamination scheme 
is the most impact resistant one. This can be explained by the 
fact that configuration with 0/90 oriented plies is more stiff in 
bending than other configurations making it more appropriate for 
lateral loads due to impact. Furthermore, comparing 1st configu-
ration [45/−45/0/90]2s with the 2nd [45/−45]4s, it is possible to 
conclude that there is no significant difference as is the case with 
the 3rd configuration [0/90]4s.

The overlapped images of the intraply damage due to fiber 
tensile in directions 1 and 2 (the predominant failure mecha-
nism) throughout the whole lay-up, for the considered stack-
ing sequences, are reported in Fig. 16 from its impact sides. 
Through these observations, there is a clear effect of stacking se-
quence for composite laminates in terms of impact induced dam-
age pattern. From Fig. 16, it is evident that the tensile damage 
is developed mainly along the fiber directions and the damage 
shape is affected by the fiber orientation of the laminates. Also, 
it should be noted that the damage pattern of the laminates 
([45/−45/0/90]2s and [45/−45]4s) is different from those of other 
laminates ([0/90]4s and [0]16 and this is mainly due to the fact 
that the tensile damage is apparently higher along the correspond-
ing fiber directions, which tends to result in the tensile failure. 
The damage distribution directions are aligned to the fiber orien-
tations.

5.5. Analysis of the target boundary conditions

The studies regarding the influence of target boundary con-
ditions on ballistic resistance are very limited and needs further 
investigation. Numerical results are presented and discussed to de-
scribe the influence of target boundary conditions on the ballistic 
resistance by impacting the projectile on the glass/epoxy lami-
nate with all the four edges clamped (C-C), two opposite edges 
clamped and two free (C-F) and the four edges simply supported 
(S-S). Fig. 17 describes the effect of different support conditions 
on the ballistic resistance in terms of projectile residual velocity 
at incidence velocity of 300 m/s. As can be seen, the influence of 
boundary conditions on the energy absorbing capacity of the tar-
get is minimal. The differences in the residual velocity, due to the 
change in boundary condition from C-C to C-F and C-C to S-S, de-
creased by 1 m/s and 0.8 m/s, respectively. This implies that the 



Fig. 15. Time histories at 300 m/s of (a) residual velocity and (b) internal energy for different stack-up sequences. (c) An illustration of both residual velocity and internal
energy at the end of the impact event.

ballistic resistance offered by the target is slightly higher corre-
sponding to clamped free and simply supported boundary con-
dition than the fully clamped boundary condition. As shown in 
Fig. 17, for the C-F boundary condition, due to the lower stiff-
ness at the boundary, there is more deflection in the target and 
the target experiences more vibration due to elastic wave propaga-
tion that causes more ballistic resistance because of the absorbed 
energy by kinetic energy corresponds to the vibration of the pan-
els.

From the above results, it can be revealed that the ballistic per-
formance of the laminated target is slightly influenced by imposed 
boundary conditions. This may be due to the relatively small con-
tact duration between the target and the projectile. As considering 
the boundary condition, in general, the ballistic resistance of the 
target in terms of the projectile residual velocity increased little 
bit with imposed boundary condition changes from C-C to C-F, fol-
lowed by S-S.

5.6. Analysis of interface properties

5.6.1. Effect of interface stiffness Ki

We aim here to study the influence of adhesive interface pa-
rameters on the overall composite target behavior and then on the 

amount of dissipated energy due to interply delamination damage. 
First, the interface property that determines the initial stiffness of 
the interface Ki is examined. This parameter is obtained under the 
assumption that the interface is a quasi-rigid connection within 
the elastic regime with high initial penalty of Ki = 106 MPa/mm 
for fracture mode I, II, III. The effect of decreasing this param-
eter on the overall target response of the glass/epoxy in terms 
of residual velocity and energy dissipated by delamination is dis-
played versus time in Fig. 18 at a strike velocity of 300 m/s. As 
shown in Fig. 18, a decrease in the cohesive stiffness from Ki = 106

MPa/mm to Ki = 102 MPa/mm results in an increase in the resid-
ual velocity of the projectile by about 18.5% and a decrease in 
energy dissipated by the delamination mechanism by about 85%. 
From this result, we can infer that the enhancement of the in-
terface penalty stiffness within certain limits could improve the 
resistance to penetration, and thus lead to lower residual velocities. 
Such improvement can be attributed to the delay in the initiation 
of damage (delamination) and thus retarding the degradation of 
cohesive stiffness due to the increased interface stiffness. Since the 
onset of delamination growth is correlated to interface stiffness as 
explained in Section 2, before the damage initiates, the interface is 
intact and when has a large initial penalty stiffness, the delamina-



Fig. 16. Influence of stacking sequence on the intraply damage patterns at impact velocity of 300 m/s.

Fig. 17. Influence of boundary conditions on the ballistic resistance.

tion initiation is delayed and ultimately leads to more dissipated 
energy.

5.6.2. Effect of interply strength (tmax
i ) and fracture toughness (GC

i )
Second, the cohesive interface properties tmax

i (interlaminar 
strength) and GC

i (critical fracture toughness) of fracture mode I, II, 
III are then investigated and the results are shown in Fig. 19. Sim-
ulation result with the interface properties of glass/epoxy laminate 
in Table 2 is used as the baseline (case 1 in the figure). The val-
ues of tmax

i and GC
i in cases 2 and 3 are both increased by 50% and 

100%, respectively. In case 4, the values of tmax
i and GC

i are reduced 
by 50%. From the history curve of residual velocity of the projec-
tile shown in Fig. 19(a), it can be seen that the residual velocity 
is strongly correlated to both the interface strength and fracture 
toughness properties. The residual velocity is decreased by about 
6.6% and 11.5% when the interface properties are increased by 50% 
and 100%, respectively. Conversely, when the interface parameters 
are decreased by 50%, the residual velocity is increased by about 



Fig. 18. Effect of interface stiffness Ki on the residual velocity and energy absorbed by delamination of plies at an incident velocity of 300 m/s.

3.8%. Similarly, it is possible to obtain a quantitative perspective 
of the amount of energy absorbed by delamination. As illustrated 
in Fig. 19(b), the energy absorbed by delamination damage is sen-
sitive to the interface properties. When the interface parameters 
are increased by 50% and 100%, the amount of energy absorbed 
by delamination is increased by about 19.7% and 31.5%, respec-
tively, while reducing the interface properties by 50% results in a 
decrease in the delamination absorption capacity by about 22%. In 
the meantime, it is worth noting that the dissipation energy due 
to damage caused by interply delamination is extremely impor-
tant, and remains still comparable with other energy dissipation 
modes.

Considering the damage morphology associated with the in-
terface parameters used in cases 1, 2 and 4, the projected areas 
of interply delamination damage are plotted for the interfaces 5, 
7, 11, 13 and 16 in Fig. 20. From these patterns, it can be seen 
that the predicted damage evolution parameter is positively cor-
related to the delamination interface properties. At low values of 
tmax

i and GC
i (−50%, left), the largest delamination damaged areas 

are pronounced. Comparatively, at high values of interface param-
eters (+50%, right), delamination areas are confined to a small 
zone localized around the perforated hole border. The difference 
in the delamination damage spread is certainly attributed to the 
resistance offered by laminate due to the increase in interlami-

nar interface strength and its critical fracture toughness proper-
ties.

5.6.3. Interface parameters in shear (Mode II, III) versus tensile (Mode I)
To get information about the sensitivity of ballistic performance 

in relation to the interface parameters used for normal and shear 
failure modes, further simulations are required. In order to distin-
guish between the influence of normal failure parameters (frac-
ture Mode I) and shear failure parameters (Mode II, III) on tar-
get ballistic resistance in terms of residual velocity and energy 
dissipated due to delamination of plies, three different combina-
tions of tmax

n , GC
n and tmax

s,t , GC
s,t are studied. The first set with 

(tmax
n = 35.07, GC

n = 1.21) and (tmax
s,t = 68, GC

s,t = 4.55) is used as 
the baseline. In the second case, the values of (tmax

s,t , GC
s,t ) are in-

creased by 100% while tmax
n , GC

n remain as in the first group. In 
the third case, the values of tmax

n , GC
n are increased by 100% while 

tmax
s,t , GC

s,t remain unchanged. Fig. 21 shows the dependence of 
the residual velocity as well as the dissipation energy by delam-
ination on the interface strength and critical fracture toughness 
parameters. The trend is more sensitive to interface parameters 
in shear fracture (Mode II, III). The results show that when val-
ues of the shear adhesive tmax

s,t , GC
s,t are increased by 100%, the 

residual velocity is decreased by about 5.7% as the amount en-
ergy dissipated by the delamination increases by about 22.9%. On 
the contrary, the ballistic performance is insensitive to increas-



Fig. 19. Effect of interply strength and fracture toughness parameters on residual velocity and energy dissipation due to delamination.

ing interface strength and fracture toughness in normal failure 
mode.

From the above, we can infer that the present sensitivity anal-
ysis has found the global internal energy trend to be sensible to 
the adhesive parameters since the contribution of these parame-
ters does affect the global energy balance and projectile residual 
velocity trends.

Considering the delamination pattern associated with the in-
terface parameters in the shear (Mode II, III) and tensile (Mode 
I) used above, the projected areas of interlaminar delamination
damage are depicted for the interfaces 5, 7, 11, 13 and 16 in 
Fig. 22. From these morphologies, it can be noticed that the pre-
dicted damage evolution parameter (CSDMG) is more sensitive to 
interface parameters in shear fracture (Mode II, III) than in tensile 
(Mode I). When the values of shear adhesive tmax

s,t , GC
s,t increase by 

100%, the smallest delamination damaged areas can be observed. 
On the other hand, at higher values of interface normal failure 
tmax
n , GC

n (100%), the degree of delamination growth is less influ-
enced as little change in delamination damage spread is observed.

Thus far, the adoption of such numerical modeling approaches 
has permitted to derive and understand the constitute relation-
ship, interpret of the effect of each considered parameter and 
simulate the overall ballistic materials behavior in response to 
ballistic impact. This ultimately gives rise to an effective design 
for an enhanced ballistic resistant composite target. Besides, given 

the heterogeneous nature of the laminated composite with its 
various material characteristics, the nature of stress and strain, 
and interaction between intraply and interply failure, it was ab-
solutely necessary to have a thorough understanding of the var-
ious parameters influencing the ballistic impact response of the 
composites in order to develop the most optimized configura-
tion. To that context, the parameters studied were material-based 
and include the type of fiber materials and interface systems, and 
geometry-based such as stacking sequence and boundary condi-
tions.

6. Conclusion and final remarks

The scope of this work was to propose a computational frame-
work for modeling the ballistic impact of woven laminated com-
posite materials. This framework has addressed the failure modes 
and predicted the damage response in laminated composites un-
der ballistic perforation impact. The material responses with large 
nonlinear behavior due to fiber rupture, matrix cracking, and plas-
ticity effects due to micro-matrix cracking under shear loading 
were accounted for. The intraply damage model was implemented 
using ABAQUS/Explicit user defined material subroutine VUMAT 
and the interply delamination was simulated by a damage surface-
based cohesive contact model. In order to verify the validity and 
accuracy of the developed FE model, an initial numerical study 



Fig. 20. Degree of delamination growth influenced by delamination interface properties (tmax
i and GC

i ). Red areas indicate complete interply delamination, blue refers to no 
delamination and green indicates partial delamination.

was conducted on the response of composite laminate targets un-
der high velocity perforation. Overall, it was transpired that the 
present model predicts well the experiments in terms of damage 
morphology, delamination pattern and residual velocity for high 
velocity impact. Further, the results presented in the current study 
gave an insight into the influences of the considered parameters 
on the ballistic performance in terms of residual velocity and en-
ergy absorbing mechanisms. Based on the constitutive material 
models development procedure used and the results of the subse-
quent computational analyses, the following main conclusions can 
be drawn:

1. The study shows that the modeling strategy based on the con-
tinuum shell elements of the individual plies in conjunction
with the surface-based cohesive zone model of the interlayer
allows the computational effort to be kept within reasonable
bounds.

2. The present model predicts well the experiments not only in
terms of residual velocity but also in terms of damage pat-
terns and delamination in the case of partial penetration and

full perforation. This makes the model suitable for use with 
confidence to simulate numerically projectile impact on woven 
laminates in a wider range of velocities. In terms of ballis-
tic limit velocity, validation of FE models against experimental 
results showed good agreement with a percentage error of 
2–4.48%.

3. The duration of contact plays an important role in ballistic im-
pact; it increases as the initial impact velocity increases up to 
the ballistic limit velocity and decreases thereafter. As a result, 
the damage mechanisms were found in the glass/epoxy tar-
get varying before and after the ballistic limit velocity. At high 
impact velocities of 300 m/s and 400 m/s, it was found that 
while perforating the target at short times of about t = 31 μs 
and 20 μs, the projectile velocities become stable i.e., 173 m/s 
and 273 m/s, respectively.

4. At a velocity lower than the ballistic limit (200 m/s), most
of the energy was absorbed in the form of inelastic defor-
mation (39.2%), followed successively by the elastic strain en-
ergy stored within the target (21.8%), interlaminar delamina-
tion (8.5%), and kinetic energy due to panels’ vibration (6.7%). 



Fig. 21. Influence of delamination strength and fracture toughness parameters of Mode I, II, III on (a) residual velocity and (b) energy dissipation due to delamination at
impact velocity of 300 m/s. (c) An illustration of both residual velocity and dissipated energy by delamination at the end of impact process.

On the other hand, at a high perforation velocity of 400 m/s, 
the majority part of energy absorption became in the form of 
the target’s kinetic energy (34%) followed, respectively, by the 
energy absorbed due to inelastic deformation (26%), recover-
able elastic strain energy (14.8%) and delamination (9%).

5. The damage behavior of the composite target indicated in-
terply delamination, fiber and matrix failure as the possible 
modes of material damage under ballistic impact. The fiber 
tensile damage is the predominant failure mechanism, fol-
lowed by the mode of fiber damage due to compressive load-
ing and the matrix shear failure mechanism is comparatively 
insignificant.

6. Cohesive interface parameters, i.e. interface stiffness (Ki ), in-
terface strength (tmax

i ) and critical energy release rate (GC
i ) 

have significant effects on the overall target behavior, on the 
amount of dissipated energy due to interply delamination and 
on the impact induced delamination pattern in composites. 
More specifically, the interply shear properties of the cohe-
sive interface found play an important role in controlling the 
energy dissipated by delamination. The higher the interply 
shear properties are, the higher the dissipation by delamina-
tion is. Adversely, ballistic resistance is almost insensitive to 
the increase in the interface properties in normal failure mode. 
When the shear adhesive parameters tmax

s,t , GC
s,t increased by 

100%, the residual velocity decreased by approximately 5.7% 
and the amount energy dissipated due to delamination in-
creased by approximately 22.9%.

7. From the damage morphology associated with interface pa-
rameters, it was found that the predicted damage evolution 
parameter was positively correlated to the delamination in-

terface properties. At low values of tmax
i and GC

i (−50%), the 
largest delamination damaged areas appear while at high val-
ues of interface parameters (+50%), the delamination areas 
were confined to a small area localized around the perforated 
hole.

8. Stacking sequence of the plies has considerable influence on
the failure pattern and energy absorption of the composite tar-
get under ballistic impact. At impact velocity of 300 m/s, the 
configuration [0/90]4s was found to have the highest drop in 
residual velocity (165 m/s) compared to others and thus the 
higher increase in internal energy (233.5 J).

9. The support condition of the target plays insignificant effect on
the ballistic performance of the laminated target. In general, 
the energy absorbing capacity of the target laminate increases 
slightly as the boundary condition of the target released from 
C-C to C-F or S-S. The differences in residual velocity, due to 
the change in the boundary state from C-C to C-F and C-C to 
S-S, were found to decrease by 1 m/s and 0.8 m/s, respectively.

10. Conclusively, the results from this study could help the authors
in future work in designing laminated composite targets with 
better ballistic resistance through selecting parameters to vary 
in order to achieve better impact performance against high 
perforation velocities, and thus help in reducing the experi-
mental effort associated with their design.
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Fig. 22. Degree of delamination growth influenced by delamination interface properties in shear (Mode II, III) and tensile (Mode I).
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