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Abstract

The present study aims at implementation of a strain rate dependent, non-linear, micro-mechanics material model for11
laminated, unidirectional polymer matrix composites into the explicit finite element code LSDYNA. The objective is to
develop an accurate and simple micro-mechanical, rate dependent material model, which is computationally efficient. Within13
the model a representative volume cell is assumed. The stress–strain relation including rate dependent effects for the micro-
model is derived for both shell elements and solid elements. Micro-failure criterion is presented for each material constituent15
and failure mode. The implemented model can deal with problems such as impact, crashworthiness, and failure analysis under
quasi-static loads. The developed material model has a wide range of applications such as jet engine jackets, armor plates,17
and structural crashworthiness simulation. The deformation response of two representative composite materials with varying
fiber orientation is presented using the described technique. The predicted results compare favorably to experimental values.19
� 2004 Published by Elsevier Ltd.

Keywords: �; �; �21

1. Introduction

Composites have wide applications as structural
members in land, air, and sea vehicles. The strain rate25
dependent mechanical behavior of fiber reinforced27
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polymer composite materials is important for appli-
cations involving impact. These applications cover a 29
wide range of situations such as crashworthiness and
protective armors in air and space vehicles, and other 31
applications. Metals are known to have a rate depen-
dent deformation response. Polymeric composites also 33
exhibit strain rate dependent deformation and fail-
ure. Significant amount of published literature show 35
that the material properties and response of polymer

37
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matrix composites do vary with strain rates. A review1
of the literature can be found in Goldberg [1].

Most of the three dimensional material models pre-3
sented in the literature for rate sensitivity of compos-
ites are empirical and consider the entire lamina to be5
rate sensitive [1]. It is known that some fibers are rate
sensitive and some are not. Almost all matrix mate-7
rials, on the other hand, are known to be strain rate
sensitive. Therefore, when developing strain rate sen-9
sitive equations for composites care must be taken to
separate the effect of the constituents on the compos-11
ite. For this purpose, micro-mechanics equations, in
which the effective behavior of the composite is com-13
puted based on the properties and response of the in-
dividual constituents, are most suitable for this appli-15
cation. Goldberg [1] has developed three-dimensional
constitutive equations to model the non-linear, strain17
rate dependent tensile deformation of polymers. The
formulation is based on revising viscoplastic consti-19
tutive equations previously developed for metals. In
the presented work the previously developed equations21
are adopted into the current micro-mechanical mate-
rial model. Failure models used in the presented for-23
mulation is based on micro-failure criterion (MFC).
For more details on composite failure modes the work25
by Mayes and Hansen [2] should be reviewed.

The objective of the present work is to develop a27
three-dimensional model to provide a reasonable pre-
dictions of the deformation response of polymer ma-29
trix composites including strain rate effects. The ma-
terial model can capture the non-linear material be-31
havior of composites due to strain softening. To per-
form structural analysis of composite materials using33
the non-linear finite element code LS-DYNA, a stan-
dard interface has also been developed and presented.35
The finite element implementation is carried out for
both shell and brick elements.37

2. Micro-mechanics based composite material
model

Tabiei and Chen [3] developed a micro-mechanical
model to predict the mechanical behavior of unidirec-41
tional fiber reinforced composite materials. Several as-
sumptions were made in the original micro-mechanics43
model. First, the fiber material is homogeneous and
linearly elastic. Second, the matrix material is homo-45

geneous and linearly elastic. Third, the fiber position-
ing in the matrix material is such that the resulting 47
lamina material is macro-mechanically homogeneous
with a linear elastic deformation behavior. Finally, 49
there is a complete and strong bond at the interface of
the constituent materials. 51

Shown in Fig. 1 is the representative unit cell, which
is an assumed geometry of the idealized composite. 53
There is other unit cell geometry that people have used
in the past like cylindrical fibers. For computational 55
efficiency the square model is used since this model
is implemented in an explicit code that used a very 57
small integration time steps. The unit cell is divided
into three sub-cells; one sub-cell is fiber, denoted as 59
f, and two matrix sub-cells, denoted as MA and MB,
respectively. The three sub-cells are grouped into two 61
parts. Material Part A consists of the fiber sub-cell
f and the series-or-parallel connected matrix sub-cell 63
MA. Material Part B consists of the remaining matrix
MB. The dimensions of the unit cell are 1 × 1 unit 65
square. The dimensions of fiber and matrix sub-cells
are denoted by Wf and Wm, respectively as shown in 67
Fig. 1 and defined as below:

Wf =√
Vf , 69

Wm = 1 − Wf , (1)

where Vf is the fiber volume fraction. The effective 71
stresses and strains in the lamina are determined from
the sub-cell values in two phases: first, fiber f and 73
matrix MA construct Part A; then Part A and Part B
construct the unidirectional lamina. The homogenized 75
stresses and strains in Part A are given by the following
equations: 77


ε11
�22
�33
�12
�23
�13




A

=




ε11
�22
�33
�12
�23
�13




f

=




ε11
�22
�33
�12
�23
�13




MA

, (2)




�11
ε22
ε33
ε12
ε23
ε13




A

= Wf




�11
ε22
ε33
ε12
ε23
ε13




f

+ Wm




�11
ε22
ε33
ε12
ε23
ε13




MA

. (3)
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Fig. 1. A representative unit cell of unidirectional fiber reinforced composite.

The homogenized stresses and strains in the unit cell1
are given by the following equations:




ε11
ε22
ε33
ε12
ε23
ε13




C

=




ε11
ε22
ε33
ε12
ε23
ε13




B

=




ε11
ε22
ε33
ε12
ε23
ε13




A

, (4)

3




�11
�22
�33
�12
�23
�13




C

= Wf




�11
�22
�33
�12
�23
�13




A

+ Wm




�11
�22
�33
�12
�23
�13




B

. (5)

Part B is a homogeneous isotropic matrix (resin) 5
material. The stiffness matrix is given by the 7
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following:1

[Q]B = [S]−1
B

=




Em
1−v2

m

vmEm
1−v2

m

vmEm
1−v2

m
0 0 0

vmEm
1−v2

m

Em
1−v2

m

vmEm
1−v2

m
0 0 0

vmEm
1−v2

m

vmEm
1−v2

m

Em
1−v2

m
0 0 0

0 0 0 Gm 0 0

0 0 0 0 Gm 0

0 0 0 0 0 Gm




B

.

(6)

The total stress is obtained from the following:3

{�}B = [Q]B · {ε}B. (7)

Part A consists of an isotropic matrix sub-cell MA and5
an orthotropic fiber sub-cell f. The stiffness matrix for
MA is given by the following equation:7

[Q]MA = [S]−1
MA

=




Em
1−v2

m

vmEm
1−v2

m

vmEm
1−v2

m
0 0 0

vmEm
1−v2

m

Em
1−v2

m

vmEm
1−v2

m
0 0 0

vmEm
1−v2

m

vmEm
1−v2

m

Em
1−v2

m
0 0 0

0 0 0 Gm 0 0

0 0 0 0 Gm 0

0 0 0 0 0 Gm




MA

.

(8)

The total stress is obtained from the following:9

{�}MA
= [Q]MA · {ε}MA

. (9)

Sub-cell f is the fiber portion of the unit cell and the11
stiffness matrix is given by the following equation:

[Q]f = [S]−1
f

=




1
Ef

2Ef

vf
Ef

1Ef

vf
Ef

1Ef
0 0 0

vf
Ef

1Ef

vf
Ef

1Ef

vf
Ef

1Ef
0 0 0

vf
Ef

1Ef

vf
Ef

1Ef

vf
Ef

1Ef
0 0 0

0 0 0 Gf
12 0 0

0 0 0 0 Gf
23 0

0 0 0 0 0 Gf
23




f

,

(10)13

where Ef = 1
Ef

1E
f
2

− v2
f

Ef2
1

.

The total stress is obtained from the following: 15

{�}f = [Q]f · {ε}f . (11)

So, finally for Part A, we have the following: 17


�22
�33
�12
�23
�13




A

=




�22
�33
�12
�23
�13




f

=




�22
�33
�12
�23
�13




MA

, (12)

{�11}A = Wf{�11}f + Wm{�11}MA
. (13) 19

The total stresses for unit cell are finally obtained from
the following: 21


�22
�33
�12
�23
�13




C

= Wf




�22
�33
�12
�23
�13




A

+ Wm




�22
�33
�12
�23
�13




B

. (14)

3. Strain rate effects 23

As previously described, the rate dependency of
composite materials is primarily a function of the rate 25
dependency of the matrix constituent, particularly for
carbon fiber reinforced composites. There are rate sen- 27
sitive fibers like Boron and others, but in this study
only the matrix material is assumed to be rate sen- 29
sitive. Furthermore, the stress–strain response of the
matrix is assumed to be nonlinear. 31

The Ramaswamy–Stouffer viscoplastic state vari-
able model [4], which was originally developed to 33
analyze the viscoplastic deformation of metals above
one-half of the melting temperature, has been modi- 35
fied to simulate the rate dependent inelastic deforma-
tion of a ductile polymer. As discussed in Ref. [1], 37
there is some physical motivation in utilizing consti-
tutive equations that were developed for viscoplastic 39
metals to analyze the deformation response of duc-
tile polymers. In state variable constitutive equations, 41
a single unified strain variable is defined to represent
all inelastic strains. Furthermore, there is no defined 43
yield stress. Inelastic strains are assumed to be present
at all values of stress, only very small in the “elastic” 45
range of deformation. State variables, which evolve 47
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with stress and inelastic strain, are defined to represent1
the average effects of the deformation mechanisms.

Several limitations and assumptions have been spec-3
ified in the development of the constitutive equations.
Small strain conditions are assumed and temperature5
effects are neglected. The non-linear strain recovery
observed in polymers on unloading is not simulated,7
and phenomena such as creep, relaxation and high cy-
cle fatigue are not accounted for in the equations.9

In the modified Ramaswamy–Stouffer model, the
inelastic strain rate, ε̇I

ij , is defined as a function of the11
deviatoric stress, sij , and tensorial internal stress state
variable �ij in the form13

ε̇I
ij = D0 exp

[
−1

2

(
Z2

0

3K2

)n](
sij − �ij√

K2

)
, (15)

where D0, Z0, and n are material constants. The term15
K2 is defined as follows:

K2 = 1
2 (sij − �ij )(sij − �ij ) (16)17

and represents the second invariant of the overstress
tensor. The elastic components of strain are added to19
the inelastic strain to obtain the total strain. The fol-
lowing relation defines the internal stress variable rate:21

�̇ij = 2

3
q�m ε̇I

ij − q�ij ε̇
I
e , (17)

where q is a material constant, �m is a material con-23
stant that represents the maximum value of the inter-
nal stress, and εI

e is the effective inelastic strain. The25
material constants are determined in the manner dis-
cussed in Refs. [1] and [4].27

Bordonaro [5] indicated that the proper way to ac-
count for hydrostatic stresses in polymers in a state29
variable constitutive model was to modify the effec-
tive stress terms. In this work, pressure dependence is31
included by multiplying the shear terms in the K2 in-
variant in Eq. (16) by the following correction factor:33

� =
(

�m√
J2

)�

, (18)

where �m is the mean stress, J2 is the second invariant35
of the deviatoric stress tensor, and � is a material con-
stant. The value of the parameter � is currently deter-37
mined empirically by fitting data from uniaxial com-
posites with shear dominated fiber orientations, such39
as [±45◦]s.

The resin constitutive equations and the compos- 41
ite micro-mechanics model described in [2] have been
implemented into the dynamic explicit finite element 43
code LS-DYNA as a user-defined material subrou-
tine. In previous work [1,6], an alternative mechanics 45
of materials based micro-mechanics method was uti-
lized to predict the strain rate dependent, non-linear 47
deformation response of polymer matrix composites.
However, by implementing the resin constitutive equa- 49
tions into the micro-mechanics model presented in this
study, the flexibility of the constitutive equations can 51
be demonstrated. Furthermore, the analyses presented
in Refs. [1] and [6] did not incorporate the MFC pre- 53
sented here, which provides for a more accurate pre-
diction of the constituent based failure of the com- 55
posite. For implementation in LS-DYNA, the polymer
constitutive equations must be converted into an incre- 57
mental format. To convert the flow equation (Eq. (15))
into an incremental form, the rate equation is multi- 59
plied by the time increment dt of the current time step
to compute the inelastic strain increment dεI

ij . The re- 61
sulting equation is as follows:

dεI
ij = D0 exp

[
−1

2

(
Z2

0

3K2

)n]
∗ sij − �ij√

K2
∗ dt,

(19) 63

where all of the terms are as defined earlier. Note
that the total value of the deviatoric stress components 65
and the internal stress components are used instead
of the stress increments, and are the values from the 67
previous time step. Eqs. (17) and (18) are modified
to compute the increment in internal stress, d�ij , and 69
the increment in effective inelastic strain, dεI

e . The
following equations result: 71

d�ij = 2

3
q�mdεI

ij − q�ij dεI
e , (20)

dεI
e =

√
2

3
dεI

ij dεI
ij (21) 73

and all the terms in the equations are as defined earlier.
In Eq. (20), the total value of the internal stress from 75
the previous time increment is used in computing the
stress increment for the current time step. 77

The equations and the micro-mechanics equations
described earlier were used to compute the rate depen- 79
dent, inelastic response of the polymer matrix compos-
ite. Considering the non-linearity and strain rate de- 81
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pendence present in the resin, the incremental stresses1
in the micro-mechanics model are modified to follow-
ing new form:3

The stresses in subcell B are

d�11b = Em

1 − v2
m

[(d�11 − d�I11)

+ (d�22 − d�I22 + d�33 − d�I33)vm], (22)5

d�22b = Em

1 − v2
m

[(dε22 − dεI
22)

+ (dε11 − dεI
11 + dε33 − dεI

33)vm], (23)

d�33b = Em

1 − v2
m

[(dε33 − dεI
33)

+ (dε11 − dεI
11 + dε22 − dεI

22)vm], (24)7

d�12b = (dε12 − dεI
12)Gm, (25)

d�13b = (dε13 − dεI
13)Gm, (26)9

d�12b = (d�23 − d�I23)Gm. (27)

The stresses in subcell A are11

d�11a = (dε11 − dεI
11)Em + d�22avm, (28)

d�22a = E12m[(dε22 − dεI
22)

+ (Wfvf + Wmvm)

× (dε11 − dεI
11 + dε33 − dεI

33)], (29)13

d�33a = E12m[(dε33 − dεI
33) + (Wfvf + Wmvm)

× (dε11 − dεI
11 + dε22 − dεI

22)], (30)

d�12a = dε12 − dεI
12

Wf
Gf

12
+ Wm

Gm

, (31)
15

d�13a = d�13 − d�I13
Wf
Gf

23
+ Wm

Gm

, (32)

d�23a = dε23 − dεI
23

Wf
Gf

23
+ Wm

Gm

, (33)
17

d�11f = dε11E
f
1 + d�22avf , (34)

where19

E12m

= Ef
1E

f
2Em

[EmWf(E
f
1 − Ef

2v
2
f ) + Ef

1E
f
2Wm(1−v2

m)] .
(35)

The failure analysis is carried out by comparing 21
the stresses or strains with those permissible values
of stresses or strains of the constituents. At every in- 23
crement of the applied stress, the stresses (or strains)
are monitored for failure. Property degradation models 25
are utilized. For structural level modeling, the ability
to only degrade certain material properties based on 27
the local ply failure mechanisms is desirable to pro-
vide improved simulation of the stress transfer mech- 29
anisms. Furthermore, in implementing the model into
the finite element code, a gradual degradation of ma- 31
terial properties improves the stability of the finite el-
ement analysis. In this study, stresses are decreased to 33
zero in 100 steps if failure happens.

4. Failure analysis 35

Simple failure models for composite materials can
be used to reliably predict the onset of failure, but not 37
to predict the post-failure deformation, which are im-
portant in the impact analysis [7]. Complex composite 39
damage models must be developed which account for
a combination of several typical failure mechanisms: 41
transverse matrix cracking, transverse matrix crush-
ing, fiber breakage, fiber buckling, and matrix crash- 43
ing in the fiber direction. These failure modes can be
accounted for by employing MFC to model the pro- 45
gressive damage in the laminae.

When failure occurs, the material will lose its load 47
carrying capability in certain modes of deformation.
To adequately model this behavior, the compliance 49
matrix and stresses are modified according to the fail-
ure modes. To simulate failure in the explicit finite el- 51
ement method, failure must be modeled by a gradual
loss of stiffness in order to provide a stable solution 53
instead of an instantaneous loss. A transition to the
failed condition is assumed to occur during a finite 55
time. The micro failure criteria used in the model are
as follows: 57

4.1. Fiber fracture in tension

A unidirectional lamina subjected to tensile loading 59
in the fiber direction may fail by fiber fracture. Failure
is determined by the tensile strength of the fiber when 61
�f

11 �Xf
t , if this occurs, the fiber compliance matrix 63
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is degraded as follows:1

[S]f =




1
Ef

1
− vf

Ef
1

− vf
Ef

1
0 0 0

− vf
Ef

1

1
Ef

2
− vf

Ef
1

0 0 0

− vf
Ef

1
− vf

Ef
1

1
Ef

2
0 0 0

0 0 0 1
Gf

12
0 0

0 0 0 0 1
Gf

23
0

0 0 0 0 0 1
Gf

23




⇒




D−1
1

1
Ef

1
0 0 0 0 0

0 1
Ef

2
0 0 0 0

0 0 1
Ef

2
0 0 0

0 0 0 1
Gf

12
0 0

0 0 0 0 1
Gf

23
0

0 0 0 0 0 1
Gf

23




,

3

where D1 is the stiffness reduction factor, which serves
to degrade the fiber axial stiffness. Since the tensile5
fiber fracture failure corresponds to the opening of
cracks, the axial stress in the fiber is also relieved,7
�f

11 = 0.

4.2. Matrix cracking in axial tension9

Although this damage mechanism is not a very seri-
ous damage mode, its consideration may be warranted11
in composites with low fiber volume fraction. Fail-
ure is determined by the tensile strength of the matrix13
when max(�MA

11 ,�B
11)�Y m

t , if this occurs, the resin
compliance matrix is degraded as follows:15

[S]MA,B =




1
Em

− vm
Em

− vm
Em

0 0 0

− vm
Em

1
Em

− vm
Em

0 0 0

− vm
Em

− vm
Em

1
Em

0 0 0

0 0 0 1
Gm

0 0

0 0 0 0 1
Gm

0

0 0 0 0 0 1
Gm




⇒




D−1
2

1
Em

0 0 0 0 0

0 1
Em

0 0 0 0

0 0 1
Em

0 0 0

0 0 0 1
Gm

0 0

0 0 0 0 1
Gm

0

0 0 0 0 0 1
Gm




,

17

where D2 is the stiffness reduction factor, which serves
to degrade the matrix axial stiffness. Since this is a 19
tensile matrix crack failure, the axial stress in the ma-
trix is also relieved, �MA

11 ,�B
11 = 0. 21

4.3. Matrix cracking in transverse tension

This damage mode is determined by the tensile 23
strength of the matrix when max(�MA

22 ,�B
22)�Y m

l , if
this occurs, the resin compliance matrix is degraded 25
as follows:

[S]MA,B =




1
Em

− vm
Em

− vm
Em

0 0 0

− vm
Em

1
Em

− vm
Em

0 0 0

− vm
Em

− vm
Em

1
Em

0 0 0

0 0 0 1
Gm

0 0

0 0 0 0 1
Gm

0

0 0 0 0 0 1
Gm




27

⇒




1
Em

− vm
Em

− vm
Em

0 0 0

− vm
Em

D−1
3

1
Em

− vm
Em

0 0 0

− vm
Em

− vm
Em

1
Em

0 0 0

0 0 0 D−1
4

1
Gm

0 0

0 0 0 0 1
Gm

0

0 0 0 0 0 1
Gm




,

where D3, D4 are the stiffness reduction factor which 29
serves to degrade the matrix stiffness in the transverse
direction and in-plane shear, respectively. Since we 31
have opening of cracks, the transverse direction stress
in the matrix is also relieved, �MA

22 ,�B
22=0. In addition, 33

since the stresses in matrix subcell MA are related to
the stress in the fiber, the �(f)

22 is also reduced to zero, 35
�f

22 = 0.

4.4. Matrix crush in transverse compression 37

This is assumed to be a result of compressive
failure of the matrix material. Failure is determined 39
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by the compressive strength of the matrix when1
max(|�MA

22 |, |�B
22|)�Y m

c , if this occurs, the resin com-
pliance matrix is degraded as follows:3

[S]MA,B =




1
Em

− vm
Em

− vm
Em

0 0 0

− vm
Em

1
Em

− vm
Em

0 0 0

− vm
Em

− vm
Em

1
Em

0 0 0

0 0 0 1
Gm

0 0

0 0 0 0 1
Gm

0

0 0 0 0 0 1
Gm




⇒




D−1
2

1
Em

0 0 0 0 0

0 1
Em

0 0 0 0

0 0 1
Em

0 0 0

0 0 0 1
Gm

0 0

0 0 0 0 1
Gm

0

0 0 0 0 0 1
Gm




,

5

where D2 is the stiffness reduction factor, which serves
to degrade the matrix axial stiffness. The stress in the7
matrix is not relieved.

4.5. In plane matrix shearing9

This damage mode is determined by the tensile
strength of the matrix when max(|�MA

12 |, |�B
12|)�Sm,11

if this occurs, the resin compliance matrix is degraded
as follows:13

[S]MA,B =




1
Em

− vm
Em

− vm
Em

0 0 0

− vm
Em

1
Em

− vm
Em

0 0 0

− vm
Em

− vm
Em

1
Em

0 0 0

0 0 0 1
Gm

0 0

0 0 0 0 1
Gm

0

0 0 0 0 0 1
Gm




⇒




1
Em

− vm
Em

− vm
Em

0 0 0

− vm
Em

D−1
3

1
Em

− vm
Em

0 0 0

− vm
Em

− vm
Em

1
Em

0 0 0

0 0 0 D−1
4

1
Gm

0 0

0 0 0 0 1
Gm

0

0 0 0 0 0 1
Gm




,

15

where D3, D4 is the stiffness reduction factor which
serves to degrade the matrix stiffness in transverse17
direction and in-plane shearing. No stress relieving is
carried out.19

4.6. Matrix shearing in transverse directions

Matrix cracking in the transverse shear direction oc- 21
curs when the max of (|�mA

13 |, |�mB
13 |) or (|�mA

23 |, |�mB
23 |)

is greater than the shear strength of the matrix ma- 23
terial. If this occurs, the resin compliance matrix is
degraded as follows: 25

[S]MA,B =




1
Em

− vm
Em

− vm
Em

0 0 0

− vm
Em

1
Em

− vm
Em

0 0 0

− vm
Em

− vm
Em

1
Em

0 0 0

0 0 0 1
Gm

0 0

0 0 0 0 1
Gm

0

0 0 0 0 0 1
Gm




⇒




1
Em

− vm
Em

− vm
Em

0 0 0

− vm
Em

1
Em

− vm
Em

0 0 0

− vm
Em

− vm
Em

1
Em

0 0 0

0 0 0 1
Gm

0 0

0 0 0 0 D−1
5

1
Gm

0

0 0 0 0 0 D−1
5

1
Gm




,

27

where D5 is the stiffness reduction factor which serves
to degrade the matrix shear stiffness in transverse di- 29
rection. No stress relieving is carried out.

4.7. Lamina failure by kink-banding 31

In axial compression, the failure is assumed to be
triggered by fiber micro-buckling which results in 33
kink-banding. Several analytical models for the pre-
diction of compressive strength have not shown good 35
quantitative agreement with experimental results, but
they served to identify the important parameters af- 37
fecting the compressive strength of unidirectional
composites which appear to be the matrix shear mod- 39
ulus, fiber misalignment, fiber diameter, fiber volume
fraction, and fiber/matrix interface strength. 41

Here, modified strength criteria suggested by Hahn
and Williams [8] is used (�crit = VfG

Lamina
12 ), where 43

G12 is the in-plane shear modulus of the lamina. In the
present analysis, kink-banding is assumed to occur if 45
|�11|Lamina ��crit , and the stiffness of the constituents
are reduced; but no stress relieving. 47
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Table 1
Material properties of AS-4 fiber tows

Longitudinal Trans In-plane Out of plane In-plane Out of plane
Modulus (Gpa) Modulus shear shear Poisson’s Poisson’s ratio

(Gpa) Modulus Modulus ratio
(Gpa) (Gpa)

Symbol EL ET GLT GTT �LT �TT
Value 214.0 14.0 14.0 14.0 0.2 0.2

Table 2
Material properties of PEEK resin

Em Gm � D0 n Z0 q �m �
(Gpa) (Gpa) (1/s) (Mpa) (Mpa)

4.0 1.42 0.4 1.0E+4 0.7 630 310 52 0.45

5. Numerical results

As demonstration of the ability of the developed
rate dependent micro-mechanical material model in3
the prediction of rate effects of composites several ex-
amples are considered and discussed in this section.5
One example considers a series of plates modeled us-
ing shell and solid elements under different rates of7
loading. The material considered in this example is an
AS4/PEEK composite material under various rates of9
tensile loading. The second example considered here
is the crashworthiness of an Eglass/Epoxy tube under11
axial impact.

1. AS4/PEEK tensile loading simulation: PEEK13
(polyetheretherketone) is a thermoplastic material,
and AS4 is a carbon fiber. The material properties15
for the examples are listed here. The fiber volume
ratio used for the AS4/PEEK material is 0.62. Table 117
presents the material properties of the AS4 fiber tows,
and Table 2 presents the material properties of PEEK19
resin. Note that there is no failure in this example due
to the small strain. Both four noded shell elements21
and eight noded solid elements were used in a square
mesh. Each side of the model is 20 mm long, and the23
thickness is 2 mm. The left-hand side of the model
was clamped, and a constantly increasing specified25
displacement is applied to the right-hand side of the
model.27

The material constants were determined using the
procedures specified in Refs. [1] and [4]. As a re-29
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Fig. 2. Comparison of prediction and experimental data for [15◦]
AS4/PEEK at the strain rate of 0.1/s (shell elements).

minder, the value of the parameter � was correlated
based on macroscopic results from a composite with 31
a shear dominated fiber orientation.

The predicted results were compared to experimen- 33
tally obtained values obtained by Weeks and Sun [9].
During the analysis, unidirectional laminates with 35
fiber orientations of [15◦] , [30◦] and [45◦] are con-
sidered. Comparisons between prediction result and 37
experimental data are shown in Figs. 2–4 for a strain
rate of 0.1/s, using shell elements. As can be seen 39
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Fig. 3. Comparison of prediction and experimental data for [30◦]
AS4/PEEK at the strain rate of 0.1/s (shell elements).
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Fig. 4. Comparison of prediction and experimental data for [45◦]
AS4/PEEK at the strain rate of 0.1/s (shell elements).

in the figures, qualitatively the non-linearity of the1
deformation response is captured, and quantitatively
the analytical results match the experimental values3
reasonably well in general for all fiber orientation
angles examined.5

To examine the ability of the methodology to cap-
ture the rate dependence of the composite response,7
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Fig. 5. Predictions of [15◦] AS4/PEEK at different strain rates
(shell elements).
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Fig. 6. Predictions of [30◦] AS4/PEEK at different strain rates
(shell elements).

plots of stress–strain curves for different strain rates,
which are 0.1, 0.01 and 0.001/s, using shell elements, 9
are shown in Figs. 5–7 for the fiber orientation angles
examined above. Figs. 8 and 9 present the stress–strain 11
curves for different strain rates, which are 1, 0.1 and
0.01/s, using solid elements. The fiber orientations 13
examined here are [30◦] and [45◦]. For both element
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Fig. 7. Predictions of [45◦] AS4/PEEK at different strain rates
(shell elements).
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Fig. 8. Prediction of [30◦] AS4/PEEK at different strain rate (solid
elements).

types and for all fiber orientations examined, the anal-1
ysis predicts a strong strain rate dependence to the
deformation response, which qualitatively matches3
the experimental results obtained by Weeks and
Sun [9].5
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Fig. 9. Prediction of [45◦] AS4/PEEK at different strain rate (solid
elements).

2. Crashworthiness simulation: Crushing of a com-
posite square tube (250×50.8×50.8×1.89 mm) is pre- 7
sented here. The material used here is E-Glass/Epoxy
laminated composite with [30◦/ − 30◦] fiber orien- 9
tation. (Note: E-glass fibers are assumed to be rate
independent here.) The material properties for the ex- 11
ample are listed in Tables 3–5. The inelastic proper-
ties given in Table 4 were determined by Goldberg 13
[1] for a toughened epoxy. For purposes of this ex-
ample, identical properties were used here. The com- 15
posite tube is assumed to be fixed at one end and im-
pacted by a rigid wall at the other end. The strain rate 17
of the simulation is 40/s. Material Model 58 of the
non-linear explicit finite element code LS-DYNA is 19
also used to simulate the crash behavior of the tube.
Model 58 is one of the composite material models 21
provided by LS-DYNA library. This material model
is rate independent. Comparison is performed for the 23
predicted results of the presented methodology, the ex-
perimental data and the simulation results using ma- 25
terial Model 58 in LS-DYNA [10].Material properties
used in Model 58 are presented in Table 6. 27

Fig. 10 shows the initial condition of the square
composite tube meshed with shell elements. In this 29
case, the full integration shell element is used to sim-
ulate the crash of the tube. Fig. 11 shows the shape of 31
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Table 3
Material properties for unidirectional E-glass fiber

Longitudinal Trans In-plane Out of plane In-plane Out of plane Failure
Modulus (Gpa) Modulus (Gpa) shear Modulus (Gpa) shear Modulus (Gpa) Poisson’s ratio Poisson’s ratio allowable (Gpa)

Symbol EL ET GLT GTT vLT vTT Xtf
Value 41.40 3.381 5.244 5.244 0.0244 0.3 0.7866

Table 4
Material properties of epoxy resin

Young’s Shear Poisson’s Tensile Compressive Shear
Modulus (Gpa) Modulus (Gpa) Ratio strength (Gpa) strength (Gpa) strength (Gpa)

Symbol Em Gm vm Ytm Ycm Sm
Value 3.45 1.3 0.35 0.1911 0.1911 0.05382

Table 5
Inelastic material properties of epoxy resin

Symbol D0 n Z0 q �m �
(1/s) (Mpa) (Mpa)

Value 1.0E+4 0.5 1030 160 69 0.45

Geometry parameters: Length of the tube = 254 mm, cross-section =50.8 × 50.8 mm, thickness = 1.829 mm, radius of the corner
= 0.0 mm, density = 1.8 gm/cm3, velocity of the rigid wall = 10 mm/ms.

Table 6
Material properties used in model 58 of LSDYNA

(Gpa) (Gpa) (Gpa)

Symbol Ea Eb Ec Vba Xt Xc
Value 41.4 3.381 3.381 0.0244 0.7866 0.7866

Symbol Gab Gbc Gca Yt Yc Sc
Value 5.244 5.244 5.244 0.1911 0.1911 0.05382

Symbol ε11c ε11t ε22c ε22t εgms
Value 0.019 0.019 0.056 0.056 0.011

the tube 10 ms after impact when the displacement of1
the rigid wall reaches 100 mm. Fig. 12 shows the com-
parison of rigid wall force (reaction forces) of present3
model, material model 58, and experimental data. It
can be observed that the result of the present model fits5
the experimental data well. Furthermore, the results
demonstrate that incorporating nonlinearity and strain7
rate dependence into the composite material model

can significantly improve the quality of the analytical 9
predictions.

6. Discussion and conclusion 11

Strain rate dependent constitutive equations based
on the state variable method are formulated to model 13
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Fig. 10. Composite tube [30◦/ − 30◦] at initial condition.

Fig. 11. Composite tube [30◦/ − 30◦] under impact (after 10 ms).

the rate-dependent deformation response of the poly-1
mer matrix. A micromechanics based model which in-
cludes the strain rate dependent behavior of the ma-3
trix is developed for unidirectional fiber reinforced
polymer matrix composite materials. The deformation5
model has been implemented into an explicit dynamic
finite element code LS-DYNA, used for simulating the7
behavior of composite structures under various loads
such as impact and tensile loading. Within the model9
a representative volume cell is assumed. The effec-
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Fig. 12. Comparison of present model, experimental data, and
result of Mat 58 for Eglass/epoxy composite tube crash.

tive stresses in the unit cell were computed given the 11
effective strains. MFC is presented for each material
constituent and failure mode. Examples of compos- 13
ite materials under crash and tensile loading are used
to validate the model. The predicted results compared 15
well to experimentally obtained stress–strain curves.
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