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Abstract - The study of laminated composite plates is very important in the field of aircraft, spacecraft, automobiles, 
protective armor and structural applications. In the designing of these structures, energy absorption capacity and ballistic 
limit are of most importance. Ballistic limit can be defined as the velocity that is required by a projectile to penetrate armor 
plate completely without any residual velocity. It is mainly determined by performing experiments. Most of the analytical 
model used for damage predictions are based on the energy absorption, considering the global plate deflection, fiber 
breakage, delamination, matrix cracking, bending of petals, hole enlargement and friction between the striker and sample. 
Majority of the damage mode are found to be by delamination, matrix cracking and fiber breakage. In this paper, the damage 
of composite laminates, subjected to low velocity impact, in the form of intra-laminar delamination was modelled using 
quadratic stress-based criteria for damage initiation, and fracture mechanics techniques to capture its evolution. The finite 
element method (FEM) was used inthe numerical simulation of the behavior of composites subjected to low velocity impact, 
using commercial FEA package ABAQUS/Explicit FE. The predicted numerical results were validated from experimental 
results available in the literature. These results will help improvement in design of impact resistant FRP composites and 
reduce the experimental effort associated with the design. 
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I. INTRODUCTION 
In today’s world composite material are widely used 
in many key areas like automobiles, aerospace, sports 
and recreational goods, marine and naval applications 
and structural applications. This is owing to the 
various inherent advantages like higher specific 
properties (specific strength and stiffness, which 
leads to lower weight when comparedwith the 
classical structural materials like steel, aluminum 
etc.), good chemical and corrosion resistance (longer 
service life) etc. Despite their many advantages their 
commercial success is often restricted due to their 
vulnerability to impact induced damages [1] like 
delamination, matrix cracks, fiber ruptures etc., which 
requires use of higher safety factors. 
Impact analysis is a fundamental requirement for the 
designing of structures, prepared from laminated 
composite materials. Impact loading isbroadly 
categorizedinto two types: low velocity impact and 
high velocityimpact. Under low velocity impact 
event, loading effect is felt on alarger area of 
structure whereas, in high velocity events, the effect 
of impact loading is more or less concentrated on 
localize areaaround the impact zone. Defects 
generated under highvelocity impact are visible to 
naked eyes and can be easily detected during regular 
maintenance ofthe structure. In the case of low 
velocity impact, damages aregenerally not visible, 
known as “Barely visible impact damage”(BVID), 
and is very difficult to detect even with non-
destructive evaluation (NDE) techniques. 
These undetected defects may lead to catastrophic 
failure ofstructures under dynamic loading [2]. 

The damage by low velocity impact can be divided in 
two different categories: intra-layer damages: mainly 
by matrix cracking and fiber breaking, alongside with 
inter-layer damage by delamination that occurs 
between differently oriented plies [3].Delamination 
are particularly very serious as they may occur at 
relatively lesser loads and directly influence the 
degradation of flexural stiffness and bucklingfailure 
of composite laminated plates.Comprehensive 
literature review of impactresistance of composite 
materials given by Cantwellet al. [2] and 
Richardsonet al. [4] concluded the  behaviorof 
composite materials under impact is affected by 
factors like strainenergy absorbing capability of 
fibers, fiber matrix interface,stacking sequence of 
fibers in laminate, mode IIproperties of matrix, and 
the geometry of target andimpactor. Many detail 
studies were also carried out tofind out the effect on 
behavior of composite materialssubjected to impact 
loading [4-8, 10, and 13] and different analytical and 
numerical models were proposed. However, owing to 
the complexities of the impact behaviorand impact 
damage, analytical methods often results in 
oversimplification of the problem and hence 
applicable insimplified models. Experimental 
approaches are both time consuming and expensive. 
Therefore, an efficientnumerical analysis tool is 
required. 
Various different approaches have been reportedfor 
predicting the delamination initiation and propagation 
inimpacted laminates, in the open literature [6,8, 9], 
however the cohesive zone modeling (CZM) hasits 
own importance, combining the strength-based failure 
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initiation criteria with fracture mechanics energy 
criteria for its propagation [7, 10, 13],have attracted 
considerable interests in recent times and has been 
used in the current simulation. To ensure numerical 
convergence the cohesive interface elements are 
expected to be several times smaller than the 
surrounding elements (often in fine mesh). 
The objective of this paper is to formulate an FE 
model which can be used to predict the delamination 
of fiber reinforced plastic (FRP) laminates subjected 
to impact loadings. 
 
II. NUMERICAL MODEL DEVELOPMENT 
 
A. Damage Model 
Intra-laminar damage failure modes of the composites 
were evaluated using 

 Hashin failure criterion [4], for fiber failure, 
 Puck failure criterion [5], for matrix 

cracking 
When failure was predicted in a particular 
position of the composite, the local properties 
were reduced according to the failure type 
Fiber failure in tension,σ ≥  0 
σ +  σ +  σ = ≥ 1     failure  

< 1  No failure(1) 
Fiber failure in compression  σ <  0, 
σ = ≥ 1     failure  

< 1  No failure  (2) 
where,σ is the tensile stress in fiber 
direction,σ is the compressive stress in fiber 
directionσ  and σ are the in-plane and out-of-
plane shear stresses,X ,X ,S  and S  are the 
respective ultimate strength values. 
Matrix failure in tension and compression are 
given by, 
σ

2X +  
σ

|S S | +  
σ
S

+  σ
1

S +
1

S  

= ≥ 1     failure  
< 1  No failure(3) 

where, σ  is the transverse stress, and S  S are 
ultimatetensile and compressive strengths in the 
transversedirection. 

B. Cohesive Zone Modeling 
Delamination initiation and propagation was 
modelled by the use of a cohesive zone model (CZM) 
[6]. The following assumptions were made in the 
cohesive surface behavior[14], in terms of a traction-
separation law: 

 Linear elastic traction-separation law for the 
undamaged material 

 Damage initiation predicted using the 
quadratic nominal stress criterion 

+  +  = 1 (1) 
where,t t  andt   are the peak values of the 
nominalstress when the deformation is either 

purely normal tothe interface or purely in the 
first or the second shear direction. 
 Linear degradation law function of the 

dissipated energy 
 Power law for the mixed opening mode 

+  +  = 1        (2) 
Where, GI, GII and GIII are related to the work 
done bythe tractions and their conjugate relative 
displacement in normal, the first shear and the 
second shear directions, respectively, GIC, GIIC = 
GIIIC are the respective critical fracture energy 
values. 
 The interfacial material properties are matrix 

dominated. 
The parameters Knn, Kss, Ktt, tn, ts tt, GIC, GIIC, 
GIIIC are defining interfacial stiffness, inter 
laminar strength and critical fracture energy of 
the CZM model (ABAQUS manual[12]). These 
parameters are defined by the available material 
properties in Table 1. 

 
C. Finite Element Model 
Low velocity impact test [11, 14] was simulated 
using the finite element software Abaqus/Explicit 
6.14The plate in the study is a carbon fiber-reinforced 
epoxy laminate with asymmetric, cross-ply lay-up of 
12 plies [03/903] s resulting in 2mm nominal 
thickness. Test specimen of 87.5 x 65 mm in size was 
simply supported on steel plate of cutout of 67.5 x 45 
mm underneath the specimen. Ply properties used are 
summarized in Table 1. The hemispherical impact or 
was 12.5mm in diameter and 2.3 kg in mass, with an 
initial velocity of 2.284 m/s resulting in impact 
energies of 6 J. 
Composite laminate was modeled with C3D8R 
continuum solid hexahedral elements with reduced 
integration and enhanced hourglass controls. To 
improve stability the damage values for deleting 
elements was selected as 0.997. 
The impactor was modeled with R3D4 rigid shell 
element due to the very less deformations 
experienced, when compared to composite. 

 
Figure 1. FE Model of [CF/EP] laminate 

 
General Contact algorithm was used to model the 
interactions between the different surfaces. Penalty 
enforcement method were used to take into account 
frictional shear stress. Friction coefficient of 0.6 and 
0.3 was used for intra ply and impact or ply 
interactions respectively. 
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Laminate 
Properties 

Property Value 
Density  
ρ (Kg/m3) 

1600 

Elastic 
Modulus 
(GPa) 

E11 = 93.7 
E22 = E33 = 7.45 

 
Poisson’s 
Ratio 

ν  = ν  = 
ν  = 0.261 

Shear 
Modulus 
(GPa) 

G12 = G13 = G23 = 3.97 

 
 
 
 
Strength 
(MPa) 

Longitudinal 
Tensile 

XT  =1230 

Transverse 
Tensile 

YT = 30 

Longitudinal 
Compressive 

XC = 780 

Transverse 
Compressive 

YC= 240 

In-Plane Shear τ  = 80 
Out-Plane 
Shear 

τ  = 80 

Inter-
laminar 
Properties 

 
Interface 
Stiffness 
(GPa/mm) 

Knn = 120 
Kss = Ktt = 43 

Strength 
(MPa) 

Normal t  = 30 
Shear t = t = 80 

Critical 
Energy 
Release 
Rate 

 
(J/m2) 

GIC = 520 
GIIC  = GIIIC = 970 

Table 1. Material Properties of HS160/REM laminate [11] 
 
The laminate was meshed with structured 
discretization algorithm having global element size of 
1x1 mm, however the impact region was finely 
meshed with mesh size of 0.25x0.25 mm. There were 
one element for each ply in through the thickness 
direction, this biased mesh principle reduces 
computational resources. 
Surface based cohesive interactions were used to 
capture the delamination because they are able to 
perform well under compressive loading conditions 
prevailing under impact loading. 
 

 
Figure 2. Surface based Cohesive Interaction 

III. RESULTS AND DISCUSSIONS 
 

 
Figure 3. Force vs. Time curve, 6J impact energy 

 
Figure 3 shows the force–time curve obtained by 
numerical analysis and the experimental studies 
[11]for the given loading condition. The curves show 
two important transitions: first is during loading 
phase where oscillations start. This is the point where 
the initial damage starts in laminate. Second is the 
peak force where initiations of first ply failure starts. 
Atthe peak force, initiation of delamination starts 
which results into separation of layers and loss of 
stiffness of composite plate. Due to the loss in 
stiffness, contact force decreases. 

 
Figure 4. Energy vs. Time curve, 6 J impact energy 

 
Figure 4 shows the energy–time curve of the laminate 
that are obtained by numerical analysis and the 
experimental studies [11].The numerical results 
match well with the experimental results. Cross-ply 
laminate absorbed around2.3J, i.e. 76% of impact 
energy, in various failure modes like fiber failure, 
matrix cracking and delamination. 
The size of delamination is obtained by counting the 
number of deleted interface elements after the impact. 
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Figure 5 (a) Top Interface 

 

 

 

 

 
Figure 5 (b) Bottom Interface 

 
Figure 5. Delamination plotat various time instance 

 
Delamination thus obtained is elliptical in shape with 
major axis oriented in the direction of fiber and minor 
axis perpendicular to it as shown in Figure 5. Good 
match is obtained in delamination size. 

Delaminated area obtained is of two-lobed shaped 
resembling peanut shape, which are elongated along 
the zero degree direction of fiber, which is expected 
in unidirectional fiber-reinforced composites. As can 
be seen that the shape and orientation of delamination 
obtained experimentally matches well with that of the 
 
CONCLUSIONS 
 
The nonlinear finite element analysis codes available 
commercially i.e. Abaqus/Explicit software offers a 
unified approach for impact damage analysis of 
composite laminates, components and structures as 
demonstrated in this study, focusing mainly on 
delamination its growth between the plies. A 
computationally efficient model for predicting the 
low-velocity impact damage in laminated composites 
using the surface-based cohesive contact model 
available in the ABAQUS package to avoid using 
numerous interface cohesive elements, was presented. 
The results clearly show that this model, using only 
simple and typically available measured material data 
was able to predict the impact behavior of the 
composite structure. A simple, efficient and powerful 
tool to analyze the behavior of Carbon fiber 
composite using the classical in plane material 
properties was presented and verified against 
experimental tests. In the near future other multi-
directional lay-ups will be attempted, in addition, 
residual strength prediction under uniaxial 
compressive loading and compression after impact 
(CAI), will be studied. 
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