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Abstract

The dynamic mechanical responses and damage development of cross-ply composite laminates under repeated low-velocity
impact are investigated through finite element simulations with ABAQUS/Explicit. A progressive damage model for laminates,
consisting of the continuum damage model, the 3D Hashin failure criterion and the damage evolution model based on equivalent
displacement, is integrated with the bilinear traction-separation relationship cohesive model to simulate the damage initiation,
evolution and propagation behavior of different damage modes in composite laminates. Compared with the experimental results, the
established finite element model was validated through the global mechanical response and damage distribution contous. Besides,
a mesh refinement study was performed by using three different element sizes. The validated model was adopted to investigate
the repeated impact behaviors of composite laminates under three different energies. The qualitative conclusions about the effects
of repeated impact on global mechanical response were summarized by the changes of impact force, displacement, contact time
and energy absorption. Moreover, the effects of repeated impact on the damage characteristics and expansions of matrix and
delamination were discussed in detail.
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1. Introduction

Composites are the most outstanding materials nowadays due
to the high specific stiffness and strength ratio. They are widely
applied in various industries, especially in the aerospace in-
dustry where most parts of the latest military and civil aircraft
structures are made from composites. These composite struc-
tures may suffer from repeated impact, such as hail impact and
debris impact during their service lives[1, 2]. Although the sin-
gle low-velocity impact may not cause the external damages,
the accumulation of damage created by repeated impact will
definitely deteriorate the mechanical properties of the compos-
ite structures.

A number of researchers did many experiments to investigate
the complicated behaviors of the composite material under re-
peated low-velocity impact [3, 4, 5, 6, 7]. Considering the low
energy in impact process, rupture does not usually occur on a
single hit [8]. Actually, a general conclusion obtained is that
the multiple impacts will create a clear damaged region, even
with a very low energy level. Obviously, it is more important
to understand the process of damage development than the en-
ergy absorption only. In order to evaluate the repeated impact
damages, performing the repeated impacts is the major step, not
only in the experiment but also in the numerical simulation.

Compared to the expensive and time-consuming testing, fi-
nite element (FE) techniques provide the great opportunity to

∗Corresponding author
Email addresses: junjie.zhou@qmul.ac.uk (Junjie Zhou),

wangshna@nwpu.edu.cn (Shengnan Wang)

establish a numerical model, which could accurately perform
the impact events and predict the complicated behaviors of the
composites under repeated low-velocity impact in a relatively
short time. The enhanced Schapery theory (EST) [9] can be
used as the intra-laminar constitutive model to capture the pre-
peak and post-peak behavior of a unidirectional lamina, which
has been successfully applied to numerical simulation of low-
velocity impact on composites[10, 11, 12, 13]. The progressive
damage model (PDM), which considers damage initiation and
subsequent stiffness degradation, has become the most popu-
lar numerical model to predict the different modes of damage
for composites [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24].
With regard to determination for damage initiation, the interac-
tive criteria with individual equations to evaluate fiber and ma-
trix damage under tensile and compressive loading have been
implemented extensively, such as the Chang-Chang [25], Hou
[26, 27], Hashin [28, 29] and Puck[30] criteria. Once the fail-
ure criteria are met, a relevant damage evolution model is re-
quired to simulate the damage accumulation process around the
damaged area. Compared to the constants predefined in a stiff-
ness degradation matrix [31, 32], the equivalent displacement
method is preferred by most researchers to describe the loss
of stiffness due to the involvement of mechanical parameters
[14, 15, 18, 19, 20, 33, 34]. Among the typical damage modes
for composites, delamination is regarded as the most significant
mode because it may propagate undetectably and result in the
unforeseen collapse of the structures [35]. The cohesive zone
model (CZM) has been widely used in many previous works
[36, 37, 38, 39, 40, 41]. The mixed mode cohesive laws have
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to reduce to the corresponding normal and tangential traction-
separation laws under pure mode loading. Crack propagation
was treated by additional conditions imposed at the final crack
opening. In this way, one traction component may vanish while
the other traction component may not, especially at the bound-
ary of cohesive zone. The incremental mixed-mode evolution
law and a novel mixed-mode cohesive formulation proposed by
Waas[42, 43] preserves all tractions to vanish simultaneously
on the crack plane once the mixed mode final failure criterion
is satisfied. The strength-based criterion and fracture energy
criterion with the linear softening law are implemented to pre-
dict the damage initiation and evolution, respectively. More-
over, the bilinear traction-separation relationship is commonly
adopted in the CZM-based interface elements to simulate the
delamination of composites[14, 33, 44, 45, 46, 47].

Although numerical simulation is a more timesaving ap-
proach, most of the numerical works were mainly aimed at
modeling the composite laminates under single impact, instead
of repeated impacts. Therefore, the numerical investigation on
the composite laminates under repeated low-velocity impact
is essential to explore. In this paper, the dynamic mechani-
cal response and damage development of cross-ply composite
laminates under repeated low-velocity impact was investigated
through the commercial software ABAQUS/Explicit. The pro-
gressive damage model for laminates, consisting of the con-
tinuum damage model, the 3D Hashin failure criterion and the
damage evolution model based on equivalent displacement, was
proposed and coded in the user-defined subroutine (VUMAT).
The bilinear traction-separation relationship cohesive model
was applied to simulate the delamination in composite lami-
nates. The numerical results of single impact were validated
and discussed against the experimental results reported by Shi
[33]. Moreover, with the help of restart technique in ABAQUS,
the repeated impacts were simulated after each single hit. The
qualitative conclusions about the effects of repeated impact on
global mechanical response were summarized by the changes
of impact force, displacement, contact time and energy absorp-
tion. In addition, the effects of repeated impact on the damage
characteristics and expansions of matrix and delamination were
then discussed in detail.

2. Damage models and formulations

Generally speaking, composite laminated structures usually
show a complicated internal damage pattern which is hard to

detect [48]. Fiber and matrix damages and delamination are the
main failure modes of composite materials, which can occur
internally under low-velocity impact events. Hence, the impact
damage prediction can be divided into two parts: (1) Progres-
sive damage model for a lamina; (2) Cohesive zone model for
the interface.

2.1. Progressive damage model

2.1.1. Continuum damage model
Since the composite structures can accumulate damages be-

fore collapse, it is incorrect to use the simple failure criterion to
predict the ultimate failure. Continuum damage model is more
suitable to evaluate the complex progressive failure. The con-
stitutive equation is implemented as follows:

σi j = Ci jklεkl (1)

where σi j, εkl and Ci jkl (i, j, k, l = 1, 2, 3) denote engi-
neering stress, engineering strain and stiffness matrix compo-
nents, respectively. The index 1, 2, 3 refers to the fiber direc-
tion, in-plane transverse direction and out-of-plane direction,
respectively. Due to the fact that each ply in the composite
laminates can be considered as a transversely isotropic mate-
rial, the number of engineering constants Ei j, νi j,Gi j can be re-
duced. Only five independent constants remain, which means
E22 = E33, ν12 = ν13,G12 = G13. By adding damage variables,
the continuum damage model can determine whole range of de-
terioration in composites, from no damage to complete damage.
The degraded compliance matrix S d is expressed as:

S d =



1
d f E11

−
ν21
E22

−
ν31
E33

−
ν12
E11

1
dmE22

−
ν32
E33

−
ν13
E11

−
ν23
E22

1
E33

1
d f dmG12

1
d f dmG23

1
d f dmG31


(2)

where d f and dm denote the fiber and matrix damage vari-
ables, respectively. In the meantime, the corresponding de-
graded stiffness matrix Cd is expressed as:

Cd =
1
∆



d f E11(1 − dmν23ν32) d f dmE11(ν21 + ν23ν31) d f E11(ν31 + dmν21ν32)
dmE22(1 − d f ν13ν31) dmE22(ν32 + d f ν12ν31)

E33(1 − d f dmν12ν21)
∆d f dmG12

∆d f dmG23
∆d f dmG13


(3)
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
d f = (1 − d f t)(1 − d f c)
dm = (1 − S mtdmt)(1 − S mcdmc)
∆ = 1 − d f dmν12ν21 − dmν23ν32 − d f ν13ν31 − 2d f dmν21ν32ν13

(4)

where d f t, d f c, dmt, dmc represent the fiber and matrix damage
variables of tensile and compressive loads which are calculated
by damage evolution model. Besides, the relevant coefficients
S mt and S mc are used to control the shear stiffness loss caused by
the matrix tension and compression damages [18, 20, 34]. The
form of these damage variables is able to reduce the deviation
of damage evolution due to the ignorance of plastic deformation
for the matrix.

Because of the damage variables inserted in the degraded
stiffness matrix in Eq. (3), the numerical calculation will be-
come very difficult to converge. Hence, the Duvaut and Lions
regularization model is adopted to smooth the stiffness degrada-
tion process [49]. The time derivatives of the damage variables
can be expressed as:

ḋv
I =

1
ηI

(dI − dv
I ), I = ( f t, f c,mt,mc) (5)

where ηI and dv
I denote viscous parameter and regulated dam-

age variable of failure mode I, respectively. The stiffness re-
duction of the composites can be realized by substituting the
damage variable dI into Eq. (4).

2.1.2. Failure initiation criterion
The three-dimensional Hashin criterion [29] is adopted to

separately simulate four main failure modes: fiber tensile and
compressive failure and matrix tensile and compressive failure,
expressed as follows:

Fiber tensile failure (σ11 > 0)

F f t = (
σ11

XT
)2 + α(

σ12

S 12
)2 + α(

σ13

S 13
)2 > 1 (6)

Fiber compressive failure (σ11 < 0)
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σ11
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)2 > 1 (7)
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Fmt =(
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)2 +

1
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(
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)2 + (

σ13
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(8)

Matrix compressive failure (σ22 + σ33 < 0)

Fmc =(
σ22 + σ33

2S 23
)2 +

σ22 + σ33

YC
[(

YC

2S 23
)2 − 1]+

1
S 2

23

(σ2
23 − σ22σ33) + (

σ12

S 12
)2 + (

σ13
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(9)

where F f t, F f c, Fmt, Fmcare damage variables of the different
damage modes; σi j(i, j = 1, 2, 3) represents the effective stress
tensor; XT and XC denote the tensile and compressive strengths
in the fiber direction; YT and YC denote the tensile and com-
pressive strengths in the transverse direction; S 12, S 13 and S 23
are the shear strengths.

2.1.3. Damage evolution model
After reaching one of the failure initiation criteria, the fur-

ther loading will lead to the degradation of stiffness constants.
Therefore, it is necessary to define the damage evolution model
for the composite laminates. The fracture energy-based dam-
age evolution model with equivalent displacement and stress is
implemented here.

When the behavior of material becomes softened, the dam-
age shows localizing characteristics because the energy dissipa-
tion reduces with mesh refinement. It means that the numerical
result is not objective due to the element size. Hence, the crack
band model developed by Bažant and Oh [50] was successfully
implemented in the damage evolution model to abate the mesh
dependence. The energy dissipation in an element can be ex-
pressed as:

GI =
1
2
σ

f
eqε

f
eqlc (10)

where GI denotes the fracture energy density of failure mode
I; σ f

eq, ε f
eq represent the equivalent peak stress and the equiv-

alent failure strain, respectively; lc indicates the characteristic
length of element, which is considered to be equal to the cube
root of the element volume in the present work.

The damage variable for each failure mode I can be ex-
pressed as:

dI =
δ

f
I,eq

(
δI,eq − δ

0
I,eq

)
δI,eq

(
δ

f
I,eq − δ

0
I,eq

) (dI ∈ [0, 1], I = f t, f c,mt,mc)

(11)

where δI,eq represents the equivalent displacement of the fail-
ure mode I; the superscripts 0 and f represent the initial damage
moment and the final failure moment, respectively. All of them
can be calculated by the following formulas:

δ
f
I,eq =

2GI

σ0
I,eq

(12)

δ0
I,eq =

δI,eq
√

FI
(13)

σ0
I,eq =

σI,eq
√

FI
(14)

where FI denotes the damage variable of the failure mode I;
σI,eq represents the equivalent stress of the failure mode I. In
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order to calculate the damage variable dI in Eq. (11), δ f
I,eq has to

be computed as soon as damage initiates. Hence, the initiation
damage equivalent stress σ0

I,eq is used in Eq. (12) instead of the

full damage equivalent stress σ f
I,eq.

The equivalent displacement of the failure mode I was de-
fined by Fang [20] which is associated with the characteris-
tic length of element, fracture energy of the composites con-
stituents, local strain and stress of element. The local strain
and stress can be calculated by ABAQUS according to the con-
stitutive equation and material properties. Detailed equations
for computing the equivalent displacement and equivalent stress
were proposed and displayed in our previous work[14].

2.2. Cohesive zone model

Interfacial debonding between the two plies, also known as
delamination, has been identified as one of the key damage
modes in composite laminates. There are three commonly used
models to simulate delamination: failure-criterion based model,
fracture mechanics model and cohesive zone model. The first
model considers delamination to be one type of failure modes
in the failure criteria. For instance, Hou [27] proposed the 3D
failure criterion including delamination. ALthough this kind of
method does has good numerical efficiency, the interface is not
independent due to the inter-reaction between different failure
modes. The second model is established based on the virtual
crack closure technique (VCCT) [51], which needs to prede-
fine the crack initiation. Besides, this model also requires to
apply the adaptive re-meshing technique in the front of crack,
which is computationally costly in the three-dimensional prob-
lems. However, the last model has overcome the disadvantages
of VCCT. The cohesive zone model [36] uses strength-based
criterion and fracture energy criterion to describe the damage
initiation and evolution.

Figure 1: Typical bilinear traction–separation law for cohesive element

Considering the advantages and disadvantages of each mod-
els, the zero-thickness cohesive interface elements with the bi-
linear traction-separation law are inserted in the FE model to
simulate delamination between the adjacent plies in the com-
posite laminates. As can bee seen in Fig. 1, the response of
cohesive zone elements is controlled by the typical bilinear trac-
tion–separation relationship where the subscripts n, s and t are
the normal direction, the first and second in-plane shear direc-
tions, respectively; the superscripts 0 and f refer to the initial

damage moment and the final failure moment, respectively. Be-
fore reaching the peak stress, the initial response of cohesive el-
ement is assumed to be a linear relationship. If the deformation
is purely normal to the interface or in the first or second shear
direction, the damage will initiate after point A.

Figure 2: The cohesive zone model under mixed-mode loading

However, the composite structures are always loaded in a
mixed mode. Fig.2 illustrates the cohesive zone model under
mixed-mode loading, where the shaded triangle represents the
mixed-mode response and the two unshaded triangles denote
the pure normal and pure shear responses. Points A and B re-
fer to the damage initiation and complete failure of the mixed-
mode response. Hence, the quadratic failure criterion is adopted
to predict the delamination initiation, expressed as follows:

(
〈tn〉
t0
n

)2

+

(
〈ts〉

t0
s

)2

+

(
〈tt〉
t0
t

)2

= 1 (15)

where tn, ts and tt represent the normal and shear tractions; t0
n,

t0
s and t0

t denote the interface normal and shear strengths. Dam-
age is assumed to initiate when a quadratic interaction function
involving the nominal stress ratios reaches a value of one. Since
the delamination initiates, the damage evolution model with the
linear softening law is required. In order to define the damage
evolution based on the energy dissipation, the energy dissipated
due to failure GC is used as the specification of the nature of the
evolution of the damage variable D between damage initiation
and final failure. The Benzeggagh and Kenane (B-K) criterion
[52] is implemented to calculate the GC under the mixed-mode
loading, as follows:

GC = GC
n + (GC

s −GC
n )

{
GS

GT

}η
(16)

where GC
n and GC

s the critical fracture energies in the normal
and shear directions, respectively; GS is the energy dissipation
in the out-of-plane direction; GT is the total energy dissipa-
tion; η represents the relevant material coefficient in the B-K
formula, which is set to 1.45 in the present study.
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3. Finite element modeling

The ABAQUS/Explicit is used to build the numerical finite
element model where the failure initiation criterion and damage
evolution method described in the earlier section are coded in a
VUMAT subroutine. The 3D finite element model based on the
experiments performed by Shi[33] is established to analyze the
damage characteristics of cross-ply composite laminates under
repeated low-velocity impact.

3.1. Geometric parameters and boundary conditions

The carbon/epoxy composite laminates with stacking se-
quences of [0/90]2s are built as a circular plate with a diam-
eter of 75 mm and a thickness of 2 mm. Local coordinates are
defined to account for ply orientations and material behaviors.
According to the guidelines given by ASTM D7136/D7136M-
07 standard[53], the 15 mm in diameter cylindrical impactor
which has a hemispherical head is used in this work, built as an
analytical rigid body to avoid deformation. The concentrated
masses of 1, 1.5 and 2 kg and the predefined initial velocity of
3.38 m/s in the z-direction are given to the impactor to achieve
7.35, 11.03 and 14.07 J impact energies. The outer surface of
the punch contacts the upper surface of the circular plate with
a distance of 0 mm. The x-direction and y-direction of the im-
pactor are constrained so that it can only move along the z-
direction. The boundary condition of encastre is implemented
in the plate in order to replicate the experimental clamped con-
ditions, as shown in Fig. 3.

Figure 3: Finite element model of cross-ply carbon/epoxy composite laminates
under repeated low-velocity impact

3.2. Mesh strategy and elements types

The finite element model is discretized into two regions: the
mesh refined inner region (impact zone) and the coarser outer
region. A mesh refinement study is performed by using element
sizes of 0.8 mm, 1.0 mm, and 1.2 mm in the impact zone under
11.03 J impact. The impact force-time and force-displacement
curves are plotted in Fig. 4.

As the element size decreases, the predicted result becomes
more accurate. Although the characteristic length of element is

Figure 4: Mesh refinement study

used in the damage evolution model to alleviate mesh depen-
dence, the mesh becomes dependent when elements are dam-
aged and deleted. To achieve a balance between computa-
tional efficiency and accurate prediction, the mesh should be
fine enough to predict well the dynamic progressive damage of
a composite laminate without being too computationally expen-
sive. Hence, the finer mesh with 1 mm ×1 mm element size is
employed in the impact zone whereas the coarser mesh is used
in the other regions. The global element size of 2mm is im-
plied in FE model to improve computational efficiency. Each
layer of the composite laminates is meshed by the eight-node
solid element with reduced integration (C3D8R). Considering
the hourglass effect, the relax stiffness method is implemented
to avoid fake deformation. As regards to the interface, the zero-
thickness cohesive element is considered to be a better option
since it does not affect the geometric thickness of the laminates.
The eight-node cohesive elements (COH3D8) are inserted be-
tween plys to simulate the delamination. They share the same
nodes with adjacent solid elements to ensure continuity of dis-
placement. Once the fiber and matrix tensile damage variables
reach the maximum 1 together, the element will be deleted from
the mesh in order to consider the possibility of penetration. In a
word, the whole mesh is composed of 15840 C3D8R elements
and 13860 COH3D8 elements.

3.3. Contact definition and material properties

A general contact algorithm in ABAQUS/Explicit is applied
to simulate the contact cases in the model. A friction coefficient
0.3 is adopted in the penalty method to describe the tangential
behavior. In the meantime, the hard contact method is used to
describe the normal behavior. The detailed material properties
of composites, including unidirectional lamina and interface,
are taken from Refs.[33, 18] and listed in Tabel 1.

3.4. Numerical analysis process

The progressive damage model is coded in a user-
material subroutine VUMAT. The dynamic mechanical re-
sponse and damage development are conducted by the
ABAQUS/Explicit platform with VUMAT. During each incre-
mental step, ABAQUS transfers the current strain increment to
the subroutine. Based on the corresponding constitutive model,
the stresses and damage states of each layer and interface can
be acquired. Once the failure initiation criterion is satisfied,
the damage variables will be updated and the degraded stiffness
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Table 1: Material properties for cross-ply carbon/epoxy composite laminates

Unidirectional
lamina

Density 1600 kg/m3

Stiffness
properties

E11 = 153 GPa;
E22 = E33 = 10.3 GPa;
G12 = G13 = 6 GPa;
G23 = 3.7 GPa;
ν12 = ν13 = 0.3; ν23 = 0.4

Strength
properties

XT = 2537 MPa;
XC = 1580 MPa;
YT = 82 MPa;
YC = 236 MPa;
S 12 = S 13 = 90 MPa;
S 23 = 40 MPa

Fracture
energy

G f t = 91.6 N/mm;
G f c = 79.9 N/mm;
Gmt = 0.22 N/mm;
Gmc = 1.1 N/mm

Interface

Elastic
modulus En = Es = Et = 5 GPa/mm

Strength
properties N = S = T = 30 MPa

Fracture
energy

GC
n = 0.6 N/mm;

GC
s = 2.1 N/mm

Relevant
coefficient η 1.45

matrix will be obtained. With the reduced stiffness matrix up-
dating, the stresses at the integration points of elements will be
calculated by ABAQUS/Explicit. At last, the updated state vari-
ables are returned to ABAQUS/Explicit and the next increment
begins till the end of analysis time. All of these steps constitute
the complete process of simulating a single impact.

The repeated low-velocity impact event can be regarded as
the combination of multiple single impacts. When the time pe-
riod in the analysis step reaches the predefined value, it can
be considered that the simulation of a single impact process
is completed and all result data is stored in the corresponding
OBD file. Then, the restart technology in ABAQUS is imple-
mented to import the result of the previous impact as the ini-
tial state of the next single impact. In the meantime, the same
loading/boundary conditions are implied. At last, the new sim-
ulation of repeated impact can be performed according to the
procedure of single impact.

4. Numerical results and discussion

In the present work, the carbon/epoxy composite laminates
are repeatedly impacted by three different energies (7.35, 11.03
and 14.70 J). In order to validate that the established finite ele-
ment model is suitable for the low-velocity impact of different
energies, the numerical results are compared with the experi-
mental data obtained by Shi[33]. In his work, the impact tests
of three energies (7.35, 11.03 and 14.70 J) were performed and
the relevant experimental data were reported. Besides, the three

values follow a linear relationship, which provides a better com-
prehension between impact energies and mechanical responses.
Hence, the three energies are used as the initial kinetic energy
in the numerical analysis. Due to the damage variables and el-
ement deletion involving in the numerical model, it is really
hard to keep the computation convergent when simulating the
relatively higher impact energy. To be more specifically, five
impacts of 7.35 J are simulated to analyze the effect of the num-
ber of repeated strikes; the simulations of the second impact at
11.03 and 14.70 J are performed to study the effect of energy
levels on repeated impact. During the process of simulating, the
impact force–time, force–displacement and energy-time histo-
ries curves are recorded and the different modes of damage con-
tours are displayed.

4.1. Validation of numerical model
As shown in Fig. 5, the numerical predictions of global me-

chanical response are in good agreement with the experimental
results. Before reaching the maximum force, the continuous
intense oscillations demonstrate that the damages begin to ap-
pear in the composite laminates. In the next stage, both the
impact force and the displacement reach the maximum. The
maximum load is part of the low-velocity impact responses of
composites, which is related to the delamination threshold load
(DTL) [54]. It is believed that the impact event will not initiate
any delamination if the maximum load is below the DTL. After
that, the impactor is going to rebound due to the elastic en-
ergy of the laminates. It is worth mentioning that the numerical
curves take a little more time to return to zero than the experi-
ments did. In the experiment, the displacement measured corre-
sponds to that of the rebounding impactor. With this measure-
ment, when the impactor leaves the surface of the laminates,
the laminates may still be curved and does not fully return to
a stable state close to zero. As regards to energy absorption,
some of the kinetic energy is transformed into the elastic en-
ergy of the composite laminates through contact, while the rest
of kinetic energy is absorbed by intra-laminar damage, delami-
nation and friction. When the velocity of the impactor reduces
to zero, the energy absorption reaches its maximum. In the final
stage, the predicted value of energy absorption remains stable,
which is always a little lower than the experiment. Fig. 6 pro-
vides the delamination contours of 14.70 J impact energy with
no element deletion, where all the damage degrees are repre-
sented in rainbow colors. The non-destructive evaluation by
penetrant-enhanced X-ray radiography showed an overlapped
image of peanut shaped delamination which also looked like
two big lobes of delamination in 0◦ direction and four small
lobes in 0◦ and 90◦ direction. The predicted distribution of de-
lamination matches well with the X-ray radiograph, except for
the slightly larger area. The most severe damages in each inter-
face occur near the central location where the red region is more
notable. Fig. 6(c) displays the varying degrees of delamination
damage in each interface.

Another numerical simulation is implemented to provide
more experimental evidence on delamination by comparing the
test data taken from the work of N. Hongkarnjanakul[45]. A
T700CG/M21 carbon/epoxy composite laminate with stacking
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Figure 5: Impact force-time, force-displacement and energy-time curves recorded by experiment and simulation (a) 7.35 J (b) 11.03 J (c) 14.70 J

sequences of [02, 452, 902,−452]S is impacted by 25J. The ge-
ometric size of 150 × 100 × 4 and the clamping boundary con-
dition are established to reproduce the experimental conditions.
The detailed material properties for the composites are listed in
Table 2. From the Fig. 7, the delamination distribution pre-
dicted by numerical method correlates reasonably well with the
C-Scan result. More specifically, the delamination shape of
each layer is basically consistent with the test, except show-
ing the slightly larger areas. Overall, the progressive damage
model coded in the VUMAT subroutine and the FE model for
low-velocity impact is considered to be verified under different
impact energies. The numerical model showed a good capabil-
ity of predicting the dynamic progressive damage of a compos-
ite laminate under low-velocity impact, which could be used in
the qualitative analysis on the repeated impact.

4.2. Effect of repeated impact on global mechanical responses
Fig. 8 demonstrates the predicted force-time curves of three

different energies under repeated impact. Obviously, the three
curves of impact force-time histories have common aspects.
The curves from the first impact are always characterized by
stronger oscillations before reaching the peak value. These

Table 2: Material properties for T700CG/M21 composite laminates

Composite
lamina
properties

Density 1600 kg/m3

Stiffness
properties

E11 = 130 GPa;E22 = E33 = 7.7 GPa;
G12 = G13 = 4.8 GPa; G23 = 3.8 GPa;
ν12 = ν13 = 0.33; ν23 = 0.35

Strength
properties

XT = 2080 MPa; XC = 1250 MPa;
YT = 60 MPa; YC = 140 MPa;
S 12 = S 13 = S 23 = 110 MPa

Fracture
energy

G f t = 133 N/mm; G f c = 40 N/mm;
Gmt = 0.6 N/mm; Gmc = 2.1 N/mm

Interface
properties

Elastic
modulus En = Es = Et = 5 GPa/mm

Strength
properties N = S = T = 30 MPa

Fracture
energy

GC
n = 0.6 N/mm;

GC
s = 2.1 N/mm

Relevant
coefficient η 1.45
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Figure 6: Delamination area of the cross-ply composite laminates under 14.70 J
impact (a) X-ray radiograph (b) Predicted overlapped graph (c) Predicted each
interface delamination without element deletion

Figure 7: Delamination distribution of the T700CG/M21 composite laminates
under 25 J impact (a) Experimental C-scan result (b) Overlapped graph of nu-
merical result

strong oscillations of the first impact reflect the initiation of
damage inside the laminates. On the contrary, the second im-
pact force basically continues to rise without vibration at the
same period, which means that the force-time curve of the sec-
ond impact has hardly any oscillation until approaching the
maximum value. The attenuation of oscillation under repeated
impact is due to scattering phenomena of the elastic waves, such
as wave reflection at newly created damages inside the material
and wave interactions [55]. From the second impact, as shown
in Fig. 8 (a), the peak force decreases slightly with the increase
in the number of impacts, which can be considered that the re-
peated impact force remains substantially stable before penetra-
tion. Besides, the maximum force of repeated impact is greater
than that of single impact, which is consistent with the experi-
mental conclusions obtained by Shen [56]. Shen found that the
increase in peak force of the impact force history during the re-
peated impact was unexpected since the initiation of delamina-
tion in the first impact would reduce the stiffness of composites,
which should result in a decrease rather than an increase in the
maximum force during the repeated impact under the same im-

Figure 8: Predicted repeated impact force-time histories of three impact energy
levels (a) 7.35 J (b) 11.03 J (c) 14.70 J

pact energy level. After reaching the peak force, the impactor
is going to rebound. As long as the impactor contacts the lam-
inates, the force exists and is not zero. Due to more serious
damage created by the repeated impact, the impactor goes fur-
ther in the thickness direction, which means that the impactor
will need more time to bounce off the laminates. Therefore, the
force of the repeated impact takes more time to zero than that
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Figure 9: Predicted repeated impact force-displacement histories of three im-
pact energy levels (a) 7.35 J (b) 11.03 J (c) 14.70 J

of the first impact. The higher the impact energy, the longer
the contact time, which leads to more serious damage in the
composite. Moreover, the longer contact time in the repeated
impact is expected with the increase in the number of strikes.
Since the laminates are more damaged in the repeated impact,
the damaged plate deflects more, which results in increasing the
contact time between the impactor and the composites.

Figure 10: Predicted repeated impact energy-time histories of three impact en-
ergy levels (a) 7.35 J (b) 11.03 J (c) 14.70 J

Fig. 9 indicates the repeated impact force-displacement
curves of three impact energy levels. As can be seen, a similar
trend for repeated impact is observed in the three energies. The
maximum displacement of second impact is always larger than
the first, which is also expected due to more damages. Com-
paring the Fig. 9 (a–c), the deflection increment of repeated
impact increases with rising the impact energy. Like the single
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impact event, when the load reaches the peak value, the dis-
placement also approaches the maximum. Fig. 9 (a) reveals
that the increment of the maximum displacement gradually de-
creases with increasing the number of strikes. When the force
returns to zero, the final displacement not only grows as the
impact energy increases, but also increases with the number of
impacts.

Fig. 10 demonstrates the repeated impact energy-time curves
of three impact energy levels. The initial kinetic energy of the
impactor starts to transfer to the laminates as soon as the con-
tact occurs. Some of the kinetic energy is absorbed by defor-
mation, and the other part is dissipated by the damage, friction
and vibration of the plate. When the velocity of the impactor
reduces to zero, the energy absorption reaches its maximum,
which means that the kinetic energy is completely transfered to
the composite plate. It is worth noting that the moment when
the laminates absorbs the maximum energy is delayed with in-
creasing the number of impacts. After that, the elastic energy
of the plate drives the impactor to rebound. In the last phase,
the energy absorption reaches a stable value due to the dam-
age, friction and deformation. With impact energy increasing,
the composites absorb more energy, which means that the dam-
age situation becomes more serious in higher energy levels. In
regard to the repeated impact, it is obviously that the energy ab-
sorption is less than the first impact due to the existing damages
in the composites. As shown in Fig. 10 (a), the energy absorp-
tion decreases from 3.47 J in the first impact to approximately
2.8 J in the repeated impact. The case of 14.70 J reduces the en-
ergy absorption most, from 8.82 J to 6.98 J. One of the reasons
for this phenomenon may be the deformation of the laminates.
The deformation caused by the first strike to the intact plate is
larger than that by the repeated impacts to the damaged plate.
Another reason is that the first impact causes damages in the
laminates, leading to the reduction of stiffness. Since the el-
ements in the impact zone are damaged, the laminates absorb
less energy in the second impact. In addition, the energy ab-
sorption of the subsequent repeated impacts is basically equal
to the result of the second impact. The reason for this may be
that during the first impact, the damaged elements in the impact
zone have reached the limit of degradation so that the subse-
quent impacts will have little effect on energy absorption.

4.3. Effect of repeated impact on matrix damage evolution
Fig. 11(a-c) demonstrate the predicted matrix tensile damage

evolution in the top and bottom layers under different impact
energy levels. The red area represents the regions where the
damage variable reaches the value of one, while the blue area
represents undamaged regions defined for all contours in this
study. The damage variable for each failure mode is defined
as the solution-dependent state variable (SDV) in the VUMAT
subroutine. Hence, the result of a particular failure mode is
displayed when the corresponding SDV is chosen in the visual-
ization module of ABAQUS. It is worth noting that some ele-
ments are removed by the deletion control in some cases, which
means that these regions meet the matrix tensile failure as well
as fiber tensile failure at the same time. As can be seen, the ten-
sile damage in each ply occurs around the center of the lamina,

Figure 11: Predicted matrix damage development in typical layers of the cross-
ply composite laminates under repeated impact (a-c) Matrix tensile damage
(d-f) Matrix compressive damage

extending mainly along the fiber direction. The repeated impact
does not produce as much damage as the first impact but causes
the damage to develop slightly along the fiber direction with a
little new damage appearing in the direction perpendicular to
the fiber. Comparing the Fig. 11(a-c), the predicted matrix ten-
sile damage areas in the two plies become larger as the impact
energy and the number of impacts increase. What stands out in
the graphs is that the damage areas of the second impact under
7.35 J are still less than those of the first impact under 14.70
J though they are subjected to the same total energy impact.
Furthermore, the damage area in the last layer extents more
than the first layer under repeated impact. This finding may
be interpreted by the fact that the matrix tensile damage initi-
ates on the back side of the laminates and gradually expands
to the upper plies [57]. With respect to the damage shape, the
bottom 0◦ layer looks like a capital letter X, while the top 0◦
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Figure 12: Predicted delamination area in each interface of the cross-ply composite laminates under repeated impact (a) 7.35 J (b) 11.03 J (c) 14.70 J

layer looks like a rectangular with the long side perpendicular
to the fiber orientation. Repeating the impact does not funda-
mentally change the shape of the matrix tensile damage, but
only increases the area.

Fig. 11(d-f) illustrate the development of predicted matrix
compressive damage in typical plies under repeated impact.
Obviously, the compressive damage area is significantly less
than the tensile damage area, especially in the Fig. 11(d). Con-
sidering the impact energy levels, the greater the impact energy,

the larger the damaged area. It is worth mentioning that the last
layer has less damage than the first layer under the single im-
pact. This phenomenon can be explained that the matrix com-
pressive damage occurs first on the impact side and propagates
downward to the back side, so that the compressive damage at
the top ply is much more severe than that at the bottom ply.
However, the damaged area of the last ply is affected more by
the repeated impact and becomes larger with increasing the im-
pact energy, while the repeated impact has the fewer effects on
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Figure 13: View of lateral side of numerical model after five times 7.35 J im-
pacts

compressive damage in the top ply. In Fig. 11(d), the fifth im-
pact leaves a large damaged area in the bottom layer, which is
far greater than the first impact does. In the meantime, the dam-
aged area in the top layer spreads inapparently as the number of
impacts increases. Compared the two 7.35 J impacts with the
single 14.70 J impact, although the laminates eventually suffer
the same energy, the compressive damage areas of the second
impact under 7.35 J are still less than those of the first impact
under 14.70 J, just like the results of tensile damage. As for the
damage pattern, the damaged area is created around the impact
zone in the first layer, expanding slightly to the surroundings
with increasing the number of impacts. On the contrary, there
is a little undamaged spot at the center of the last layer, even
under repeated impact. Considering the orientation of fiber, the
matrix compressive damage does not extend along the fiber ori-
entation but concentrates on the damaged area created by the
first impact and propagates slightly in all directions as the num-
ber of impacts increases.

4.4. Analysis of delamination development under repeated im-
pact

The predicted delamination area in each interface of the
cross-ply composite laminates under repeated impact are dis-
played in Fig. 12. The delamination starts on the bottom side
due to the deflection. During the impact process, larger defor-
mation and matrix damages cause more delamination propa-
gating along the thickness direction to the impacted side. The
element will be removed from the mesh when the damage vari-
able of delamination reaches the value of one. The deleted area
which is the white area shown in Fig. 12 represents the com-
plete delamination. It is clear that the interfaces near the back
have more elements removed than these near the top. In other
words, the delamination propagates from the bottom up with
each impact. In the top interface, the most parts of damage
area are partial failure colored green, while a few completely
failed elements are found in the case of relatively higher energy.
Moreover, the delamination in the last two interfaces are basi-
cally completely failed where more elements near the center
are removed. Comparing the results of the second impact un-
der three energies, the damaged areas becomes larger and more
failed elements are found in the several layers near the impact
surface as the impact energy increases, which is consistent with
the conclusions of the single impact. As can be seen from the
Fig. 12(a), the repeated impact has less effects on the top in-
terface where no failed elements are found even impacted five

times. Focusing on the other interfaces, the damaged areas ex-
tend slightly along the fiber orientation of the lamina below the
corresponding interface and more elements are removed near
the center of each interface. After the fifth impact, the delami-
nation of the laminates is very serious except for the first layer.
Comparing the results of the second impact of 7.35 J with the
first impact of 14.70 J, it can be concluded that although the
final impact energy is the same, the delamination of repeated
lower energy impact is not as serious as the single higher energy
impact. Fig. 13 indicates the view of lateral side of numerical
model after five times 7.35 J impacts, where delamination and
element deletion can be found easily.

5. Conclusion

In this paper, the dynamic mechanical responses and
damage development of cross-ply composite laminates un-
der repeated low-velocity impact are investigated through
ABAQUS/Explicit with a user-material subroutine VUMAT.
The paper is aimed to provide a useful reference for under-
standing the repeated impact response of the cross-ply compos-
ite laminates. A progressive damage model which consists of
the continuum damage model, the 3D Hashin failure criterion
and the damage evolution model based on equivalent displace-
ment is integrated with the bilinear traction-separation relation-
ship cohesive model to simulate the damage initiation, evolu-
tion and propagation behaviors of the composites. Some quali-
tative conclusions of repeated impact on the cross-ply compos-
ite laminates are obtained as follows:

• The second impact increases the peak impact force in all
three impact energy levels. But the following impacts do
not affect the maximum value which remains stable with
the second impact before penetration.

• The maximum displacement and contact time raise gradu-
ally as the number of impacts increases.

• The laminates absorb less energy in the second impact than
the first, and the energy absorption of the following re-
peated impacts is equal to the result of the second impact.

• With regard to matrix tensile damage, the repeated impact
does not produce as much damage as the first impact but
causes the damage to develop slightly along the fiber di-
rection with a little new damage appearing in the direction
perpendicular to the fiber orientation.

• The matrix compressive damage does not extend along the
fiber orientation but concentrates on the damaged area cre-
ated by the first impact and propagates slightly in all direc-
tions as the number of impacts increases.

• The delamination occurs near the center of each interface
and propagates from the bottom up with each impact. The
damaged area expands slightly along the fiber direction of
the lamina below the corresponding interface as the num-
ber of impacts increases. Besides, the repeated impact af-
fects the top interface less than the other interfaces.
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