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Abstract In order to effectively describe the progressively intralaminar and interlam-
inar damage for composite laminates, a three dimensional progressive damage model for
composite laminates to be used for low-velocity impact is presented. Being applied to
three-dimensional (3D) solid elements and cohesive elements, the nonlinear damage model
can be used to analyze the dynamic performance of composite structure and its failure be-
havior. For the intralaminar damage, as a function of the energy release rate, the damage
model in an exponential function can describe progressive development of the damage.
For the interlaminar damage, the damage evolution is described by the framework of the
continuum mechanics through cohesive elements. Coding the user subroutine VUMAT of
the finite element software ABAQUS/Explicit, the model is applied to an example, i.e.,
carbon fiber reinforced epoxy composite laminates under low-velocity impact. It is shown
that the prediction of damage and deformation agrees well with the experimental results.
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1 Introduction

As well known, composite laminates are susceptible to the low-velocity transverse impact.
The damage from the impact load is one of the major design concerns for aeronautical composite
structures. It has been shown that the low-velocity transverse impact could cause various
damages, such as matrix cracks, delamination, and fiber breakage. Such damages are very
difficult to be detected by naked eyes, but can cause significant reduction in the strength
and stiffness of the materials. Hence, it is important to precisely predict the damage and its
development in the laminates[1].

Virtual mechanical testing by means of numerical simulation of finite element software to
analyze the impact damage resistance and the corresponding residual strength of a structure
is of great interest and complexity. To predict the damage evolution in composite laminates
under the low-velocity impact, extensive investigations were carried out, and some analytical
models were proposed. Tan[2] proposed a progressive damage model based on the shell element.
However, it cannot describe the interlaminate effect. With the enhancement of computing
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capability, some researchers began use the three-dimensional (3D) solid element to improve the
solution accuracy. After obtain the stress distribution of a structure, damage states need to
be judged according to the failure criterion, and material properties need to be described as
degradation. Chang[3] assumed that elastic constants of the material reduced to zero when
studying the laminate strength of T300/976 composite laminates, that means the laminates
could not continue to carry load once the failure occurred. It is obviously inconsistent with
what is observed in the experiment. Camanho and Dávila[4] extended Chang’s model[3] and
proposed that the elastic constants of materials reduced to a constants instead of zero, when
they analyzed the tensile strength of T300/914 composite laminates. It was better in describing
the material degradation. However, a large amount of tests would be conducted to determine
the coefficient in their model. In addition, the sudden reduction of the elastic constants may
cause stiffness matrix singular in a numerical simulation. In order to solve these problems, some
researchers presented the damage evolution in a continuous function based on the continuous
damage mechanics, eventually describe the material stiffness matrix degradation. However, the
implementation of the stress-softening or strain-softening constitutive model results in mesh-
dependent results, i.e., the solution is non-objective with respect to the mesh refinement, and
the computed energy dissipated decreases with the reduction of the element[5]. Zhang and Zhu[6]

presented a strain failure criterion based on the Hashin criterion while studying the behavior
of composite laminates under the low-velocity impact. However, their damage evolution rule
did not include the energy dissipated and characteristic length, resulting that their prediction
on the delamination area was larger than the experiment observation. Due to the complexity
of impact response of the composite laminates, the damage and its evolution are still under
investigation.

This study establishes a progressive damage model for composite laminates to be used for
low-velocity impact, which is applied to a 3D solid element and cohesive elements to implement
effectively analysis of intralaminar and interlaminar failure behavior for composite laminates.
The proposed damage model is applied to analyze the composite panel under transverse impact
using finite element software ABAQUS/Explicit with user subroutine VUMAT. The composite
panel considered is carbon fiber reinforced epoxy composite laminates under a low-velocity
impact.

2 Nonlinear progressive damage model for composite laminates

2.1 Intralaminar progressive damage model
2.1.1 Material damage constitutive model

Using the damage variable in the framework of Continuum Damage Mechanics to describe
the material damage is an effective way. The 3D material damage constitutive model for
orthotropic fiber reinforced composite laminates is

σ = C(d)ε, (1)

where σ and ε are the effective Cauchy stress and Cauchy strain, respectively, while C(d) is the
stiffness matrix, which varies with the damage state.

A second-order symmetric tensor can be used to describe the damage state for the orthotropic
fiber reinforced composite lamina. The first principal material direction is chosen to coincide
with the longitudinal direction, and the second principal material direction is chosen to coincide
with the transverse direction. The global damage variable is represented by df associated with
the fiber failure, and dm for the matrix failure. These global damage variables[7] are defined
below,

df = 1 − (1 − dft)(1 − dfc), (2)
dm = 1 − (1 − dmt)(1 − dmc), (3)
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where dft, dfc, dmt, and dmc are the variables associated with fiber tensile, compression failure
modes, matrix tensile, and compression failure modes, respectively. These damage variables
are in the range [0,1], where d = 0 is corresponding to no damage, and d = 1 is corresponding
to complete damage.

When material points fail, the stiffness matrix can be reduced as follows:

C11 = (1 − df)C0
11, (4)

C22 = (1 − df)(1 − dm)C0
22, (5)

C33 = (1 − df)(1 − dm)C0
33, (6)

C12 = (1 − df)(1 − dm)C0
12, (7)

C23 = (1 − df)(1 − dm)C0
23, (8)

C13 = (1 − df)(1 − dm)C0
13, (9)

G12 = (1 − df)(1 − smtdmt)(1 − smcdmc)G0
12, (10)

G23 = (1 − df)(1 − smtdmt)(1 − smcdmc)G0
23, (11)

G13 = (1 − df)(1 − smtdmt)(1 − smcdmc)G0
13, (12)

where superscript “0” stands for the undamaged state. The coefficients smt and smc are intro-
duced to shear stiffness loss due to the matrix failure under loading, which can be determined
by experiments[7].
2.1.2 Failure criteria

The Hashin failure criteria[8] includes fiber tensile, fiber compression, matrix tensile failure,
and matrix compression failure. Each failure can be described by a corresponding equivalent
stress ei, where i may be ft, fc, mt, and mc, named failure mode index. When the value of the
failure mode index achieve to 1, the material at this point is regarded as failure. Four equivalent
stresses under different failure modes can be defined and the failure criteria can be described
as follows[9].

(i) For fiber tension failure,

eft =
( σ1

Xt

)2

� 1, σ1 � 0. (13)

(ii) For fiber compression failure,

efc =
( σ1

Xc

)2

� 1, σ1 < 0. (14)

(iii) For matrix tension failure,

emt =
(σ22 + σ33)2

Y 2
t

+
σ2

23 − σ22σ33

S2
23

+
(σ12

S12

)2

+
(σ13

S13

)2

� 1, (σ22 + σ33) � 0. (15)

(v) For matrix compression failure,

emc =
1
Yc

(( Yc

2S23

)2

− 1
)
(σ22 + σ33) +

(σ22 + σ33)2

4S2
23

+
σ2

23 − σ22σ33

S2
23

+
(σ12

S12

)2

+
(σ13

S13

)2

� 1, (σ22 + σ33) < 0, (16)

where σ1 is normal stress, σij is shear stress, and Xt, Xc, Yt, Yc, S12, S23, and S13 are the longi-
tudinal tensile strength, the longitudinal compressive strength, the transverse tensile strength,
the transverse compressive strength, the longitudinal shear strength, and the two transverse
shear strengths, respectively.
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2.1.3 Material degradation

If failure is detected in a material point of the composite laminates, its material properties
have to be adjusted according to a material degradation model. The mode of the degradation
can be one of the three modes: instantaneous reduce to zero, reduce to a constant stress, and
gradually reduce in a given path[10], as shown in Fig. 1.

Fig. 1 Properties degradation behavior in damage composite laminates

In this study, an exponential function of energies dissipated by damage is established. It can
not only describe progressive development of the damages, but also avoid the stiffness matrix
singularity due to the material stiffness abrupt variation. When implementation for a stress-
softening constitutive model, the results are mesh-dependent, e.g., the solution is non-objective
with respect to the mesh refinement, and the computed energy dissipated decreases with the
reduction of the element dimension. Thus, the energy dissipation and characteristic length
are introduced into the damage evolution law to reduce the mesh sensitivity[11]. The damage
variables are defined as follows[12]:

dft = 1 −
( 1

eft

)
e(−C11εft

11εft
11(eft−1)Lc/Gft), (17)

dfc = 1 −
( 1

efc

)
e(−C11εfc

11εfc
11(efc−1)Lc/Gfc), (18)

dmt = 1 −
( 1

emt

)
e(−C22εmt

22 εmt
22 (emt−1)Lc/Gmt), (19)

dmc = 1 −
( 1

emc

)
e(−C22εmc

22 εmc
22 (emc−1)Lc/Gmc), (20)

where Gft, Gfc, Gmt, and Gmc are energies dissipated by damage for fiber tension, fiber compres-
sion, matrix tension, and matrix compression failure modes, respectively. Lc is the characteristic
length.

2.1.4 Material properties update

The material properties updating using the ABAQUS subroutine in VUMAT can be illus-
trated in Fig. 2.
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Fig. 2 Flow chart of VUMAT

2.2 Interlaminar progressive damage model
Interlaminar damage (delamination) is the dominate failure mode in the composite lami-

nates, especially under a low-velocity impact[13]. In ABAQUS[14], the cohesive element can be
able to capture delamination onset and growth under the mixed-mode loading condition. The
nominal traction stress vector, t, which consists of three components tn, ts, and tt, can be cal-
culated using the stiffness in Modes I, II, and III, and the opening and/or sliding displacements,
δ, which also consists of three components δn, δs, and δt, as show below.

t =

⎛
⎝

tn
ts
tt

⎞
⎠ =

⎛
⎝

kn

ks

kt

⎞
⎠

⎛
⎝

δn

δs

δt

⎞
⎠ = Kδ, (21)

where kn, ks, and kt are the cohesive element normal stiffness and two shear stiffness, respec-
tively.

Camanho and Dávila[4] introduced an interface element between each ply of the composite
laminates, and proposed a stress failure criterion to predict damage initiation,

(〈σn〉
N

)2

+
(σs

S

)2

+
(σt

T

)2

= 1, (22)

where 〈·〉 is the Macaulay bracket defined as 〈x〉 = 1
2 (x + |x|). σn denotes the traction normal

stress, and σs and σt denote shear stresses, while N , S, and T are defined as the corresponding
interlaminar normal and two shear strengths.

Once the damage occurs, the material stiffness is needed degradation in terms of a damage
variable d. Its values range from zero when damage onsets to 1 when complete delamination
occurred. The failure criterion to predict delamination propagation under the mixed-mode
loading is expressed in terms of the energy release rates associated with modes I, II, and III,
and the typical traction separation is shown in Fig. 3. For a linear softening process, the damage
variable d for the delamination evolution is defined as follows:
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Fig. 3 Typical traction separation

d =
δf
m(δmax

m − δ0
m)

δmax
m (δf

m − δ0
m)

, (23)

where δmax
m is defined as the maximum relative displacement,

δm =
√
〈δn〉2 + δ2

s + δ2
t . (24)

In Eq. (23), δf
m is the mixed-mode displacement at complete failure, and δ0

m is the effective
displacement at damage onset. A mixed-mode criterion proposed by Benzeggaph-Kenane is
used here (BK criterion[15]). This criterion is expressed as a function of mode I and mode II
fracture toughness (G) and a parameter η obtained from mixed-mode bending tests at different
mode ratios,

δf
m =

⎧⎪⎪⎨
⎪⎪⎩

2
Kδ0

m

(
GIC + (GIIC − GIC)

( β2

1 + β2

)η)
, δn > 0

√
(δf

s)2 + (δf
t)2, δn � 0

(25)

where β is the mode mixity ratio.

3 Validation of proposed model

3.1 Geometrical parameter and finite model
Carbon-epoxy composite laminates considered in this section is a clamped circular panel

with diameter of 50 mm. It is impacted with a hemispherical impactor with diameter of 25 mm
and weight of 2.428 kg. The composite laminates have the stacking sequence of (04/904), and
the mechanical properties are listed in Table 1[16–17].

Table 1 Mechanical properties of unidirectional carbon-epoxy material

E11/GPa E22 = E33/GPa υ12 = υ13 υ23 G12 = G13/GPa G23/GPa

109.34 88.2 0.342 0.52 4.32 3.2

Xc/MPa Yt/MPa Yc/MPa S12/MPa S23/MPa S13/MPa

1 132 59 211 54 54 54

The finite element model is established (see Fig. 4). There are four layers of solid elements
using brick elements of 8-node linear, reduced integration with hourglass control, named C3D8R,
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Fig. 4 Finite element model

and two cohesive elements named COH3D8 between different oriented layers, considering de-
lamination mostly appears at interface with different stacking direction from the experimental
observation. The impactor is defined as a rigid body and modeled by a lumped mass. Tables 2
and 3 list the intralaminar strength and toughness properties and the interlaminar toughness
properties, respectively.

Table 2 Interlaminar strength and fracture toughness[16]

N/MPa S/MPa T/MPa GIC/(J · m−2) GIIC/(J · m−2) GIIIC/(J · m−2)

59 59 59 306 632 817

Table 3 Interlaminar toughness properties[18–19]

Gft/(J · m−2) Gfc/(J · m−2) Gmt/(J · m−2) Gmc/(J · m−2)

81 500 106 300 306 1 050.2

The general contact algorithm which defines a linear pressure-overclosure relationship is
used to model the potential contact between the impactor and the panel. In addition, the
coulomb friction model which relates the maximum frictional stress τmax to the normal contact
pressure between the contacting bodies P , which can be defined as τmax = μP . The friction
coefficient[13] for contacts between the impact and the panel is taken as μ = 0.3.
3.2 Results and discussion

To compare our prediction with the impact experimental data[16–17], the impact velocities
of 1.13m/s, 1.20m/s, and 1.24m/s are chosen, respectively. Figure 5 shows the impact force
history and energy dissipated by damage history (ALLDMD) under the impact velocity of
1.13m/s. It can be seen that the impact process can be divided into 3 stages.

(i) Stage I From point 0 to point P1, there is no interlaminar damage in this stage, and
the value of ALLDMD is almost zero. The impact force grows rapidly. In addition, the energy
at point P1 can be thought of as the impact damage threshold[13,20].

(ii) Stage II From point P1 to P2, the impact force reaches its maximum value at the point
P2. In this stage, the delamination for the back layer grows, and expands rapidly, correspond-
ingly the value of ALLDMD increases rapidly, and the growth rate of impact force slows down
significantly. Until the speed of the impactor decreases to zero, all the kinetic energy consumes
completely.

(iii) Stage III From point P2 to P3, the impact force begins to unload, but the value of
ALLDMD keeps a constant, which means the damage does not develop further.
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Fig. 5 Impact force and energy dissipated by damage for impact velocity of 1.13 m/s

After impact, the main failure modes observed are matrix cracking and delamination at
the back layer, as well as the matrix cracking at the top layer, and no fiber damage occurred,
which is consistent with the experiment. Figure 6 shows the damage of the matrix cracking
and delamination at the back layer. Due to the stress along the fiber direction decreases more
quickly, eventually makes the matrix cracking is along the fiber direction, and the closer to the
back of the composite laminates, the more serious of the damage. The delaminated area mainly
in the shape of double leaf, i.e., peanut, shape with the spindle along the fiber direction at the
bottom layer, which is consistent with the experimental observation[16–17], as shown in Fig. 7.

Fig. 6 Matrix cracking and delamination in back layer under impact velocity of 1.13 m/s

Impact force for the three different impact velocities 1.13m/s, 1.20m/s, and 1.24m/s are
shown in Fig. 8. It can be seen that the bigger the impact velocity is, the larger the peak
force is. The forces at the points P1 are coincident and can be regarded as the impact damage
threshold[13,20].
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Fig. 7 Experiment result[16–17] under impact
velocity of 1.13 m/s

Fig. 8 Impact forces for three different im-
pact velocities

A comparison between the numerical results and the experiments is presented in Table 4.
The maximum length and width of the delamination area and the crack length are compared.
The reasonable agreement can be seen except for that under velocity 1.24m/s. The error may
come from the boundary difference between the experimental and numerical simulation.

Table 4 Experimental and numerical results for delaminations and crack sizes

Impact velocity Fe Fp Error (F ) Se Sp Error (S) Le Lp Error (L)
/(m·s−1) /KN /KN /% /mm2 /mm2 /% /mm /mm /%

1.20 1.98 1.95 –1.8 392 420 7.14 37 33.6 –9.2
1.24 2.24 2.05 –8.7 743 534 –27.4 46 35.7 –22.4

In Table 4, F , S, and L are the peak force, the delamination area, and the length of matrix
cracking, respectively. Subscript e stands for the experimental result, and subscript p stands
for the numerically predicted result.

4 Conclusions

Based on the theory of continuous damage mechanics, a three dimensional progressive dam-
age model for composite laminates to be used for low-velocity impact is presented. The pre-
diction for damage and deformation agrees well with the experimental results. The following
conclusions are drawn:

(i) For the intralaminar damage, the damage model is described as an exponential function
of energy release rate. It can not only describe progressive development of the damages�but
also avoid the stiffness matrix singularity resulting from the material stiffness abrupt reduction.
The model also introduces the characteristic length to reduce the mesh grid dependence of the
simulation results.

(ii) For the interlaminar damage, damage evolution is described by combining the stress
failure criterion and the energy release rate criterion through cohesive elements.

(iii) Under low-velocity impact, matrix cracking and delamination are firstly detected. Fiber
fracture occurs only when the large impact energy is applied. The fiber fracture occurs later
than that of the matrix cracking. The cracking in most cases is along the fiber direction. The
closer to the back of the panel, the more serious of the damage. The delaminated area is in
the shape of double leaf with the spindle along the fiber direction at the bottom layer, which is
consistent with the experimental observation.
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