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Discontinuous fiber-reinforced composites have better productivity and formability than
continuous fiber-reinforced composites. However, their strength is remarkably low. Thus,
there is an urgent need to improve the strength of discontinuous fiber-reinforced plastic
composites. In this study, we utilized a unit-cell model that considers microscopic damage
including matrix cracking and fiber breaking, and incorporates constitutive laws of thermo-
setting resin or thermoplastic resin for the matrix. The tensile damage and strength of the
composite were investigated for various fiber lengths and/or matrix properties. We com-
pared the simulated strengths with experiments for carbon fiber-reinforced polypropylene.
The effect of deformation rate on mechanical behavior was also investigated.

Keywords: fiber-reinforced composite material; microscopic damage; strength; discontinu-
ous fiber; numerical analysis

1. Introduction

The production of fuel-efficient automobiles is of high interest because of unstable oil prices.
Fuel-efficient automobiles can be manufactured in several ways, but reducing automobile
weight is one of the most efficient ways to improve fuel efficiency. Two general approaches
may be used to reduce this weight: effectively designing products to remove unnecessary com-
ponents and using lightweight materials in the structural components. This latter approach is
thought to be the best candidate because products are already being effectively designed. Cur-
rently, fiber-reinforced plastic composites show promise. For example, carbon fiber-reinforced
plastic composites have been applied to new aircraft. In this aircraft application, continuous
fiber-reinforced composites are used for the components of structures. However, discontinuous
fiber-reinforced composites are widely applied in automobiles, since continuous fiber-rein-
forced composites have formability and cost performance problems. Because discontinuous
fiber-reinforced composites are not as strong as continuous fiber-reinforced composites, discon-
tinuous fiber-reinforced composites are applied to only components that do not carry much of
a load. Thus, the strength of discontinuous fiber-reinforced composites must be improved.

For fiber-reinforced plastic composites, thermoplastic resin is applied to discontinuous
fiber-reinforced composites and thermosetting resin is applied to continuous fiber-reinforced
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composites. These composites have been studied individually, but how the failure mode
changes due to changes in matrix type and fiber length has not been determined.

Recently, we developed a new simulation scheme for a unit-cell model in order to analyze
the microscopic damage and failure of fiber-reinforced composites [10–13]. In this study, we
use this scheme to investigate changes in failure mode and tensile strength due to changes in
matrix type and fiber length. We also compare our simulated results with those of experi-
ments for discontinuous long carbon fiber-reinforced composites. Deformation rate depen-
dence of composites is also investigated.

2. Computational modeling

2.1. Model

Tensile damage growth in fiber-reinforced composites is numerically simulated using a unit-
cell model. Here, the concept and the structure of the unit-cell model are described briefly.
Since it is very difficult to reproduce damage growth in composites using a whole composite
model, a unit-cell model is widely used to analyze damage that is generated in composites.
The periodic boundary condition is applied to the model in order to remove surficial effects.
Figure 1 presents a schematic of the unit-cell model. This model, which includes fiber and
matrix, is used to reproduce the damage growth in composites. In this analysis, the plane
strain condition is assumed for this model. Here, the radius of fiber �rf is assigned to be half
the real fiber radius in order to reproduce the stress recovery of a broken fiber. We have
confirmed that the analyzed stress recovery for a broken fiber using this fiber radius agrees
well with that of 3D analysis. Fiber and matrix are assumed to be an isotropic body. Here,
nine-node isoparametric elements are used for the fiber and six-node triangular elements are

Figure 1. Unit-cell model for simulating the fracture of fiber-reinforced plastic.
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used for the matrix. This model is based on the Huang-Talreja model [3], which analyzes the
damage growth in a matrix using the Rice-Tracey model [17]. In this model, 10 fibers are
aligned and the distance between them is calculated based on the fiber volume fraction. The
distance between the up and down fibers is assumed to be 4�rf .

In unit-cell modeling, displacements and strain increments are divided into two parts, the
global component and the local component:

u ¼ uG þ uL; ð1Þ

De ¼ DeG þ DeL; ð2Þ

where the subscripts G and L denote the global and local components. The global strains are
independent of the local coordinate in the unit cell, and they are assigned as constants. The
volume average of strain ɛ for the unit cell should be equal to ɛG. Thus, the volume average
of strain ɛL in the unit cell must be zero.

2.2. Constitutive law for matrix

In this study, two types of matrix are addressed, thermosetting resin and thermoplastic resin.
The constitutive law for thermosetting resin based on the continuum damage mechanics with
damage parameter D is given as follows [10]:

Dr ¼ 1� Dð ÞCep : De� DD
1� D

r; ð3Þ

Cep ¼ Ce � 9l2

3lþ H

1

�r2 r
0 � r0; ð4Þ

where the elastic-plastic constitutive law based on the J2 flow is used. Here, r is the stress
tensor, Ce is the constitutive tensor, r0 is the deviatoric tensor, �r is the equivalent stress, l
represents the lame constants, and H is the strain hardening parameter. In Equation (3), D is
the damage variable based on a strain-equivalent configuration, and it has a scalar quantity.
This parameter enables us to account for matrix damage in the composites. We calculate the
evolution of D with the applied stress as

DD ¼ 1� Dð ÞC Depm
� �þ B0 þ B1Dð ÞD�e p; ð5Þ

C Depm
� � ¼ AD D

rmh i
ry

� �2
" #

: ð6Þ

The first term represents the extension of existing voids or defects due to plastic volumetric
expansion strain epm; and the second term represents damage extension due to shear failure. Here,
rm is the hydrostatic pressure. A and B denote dimensionless constants obtained by Nishikawa
[10] and are listed in Table 1. The brackets\[ in Equation (5) are called as Macauley brackets.
The meaning of the bracket\[ is Xh i ¼ X ðX � 0Þ; 0 ðX\0Þ.
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For the constitutive law of thermoplastic material, we utilized the constitutive model of
a polypropylene (PP) matrix proposed by Kobayashi et al. [6]. They formulated a
one-parameter damage mechanics model based on strain-equivalent configuration [8] to
address the initiation and propagation of matrix cracks. We explain this constitutive model
below. Within the framework of thermodynamics, the noncoaxial constitutive equation of a
viscoplastic polymer with damage evolution is

_r ¼ ð1� DÞCv
m : _e� ð1� DÞ 3l _�e

p
cos d
�r

r0 �
_D

1� D
r; ð7Þ

where

Cv
m ¼ H

H þ 3l
Ce

m þ 3l
H

3kþ 2l
3

I� Iþ 3l
r0 � r0

�r2

� �� 	
;

H ¼ 1

1� D

�_r
_�e pk

; �r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
r0 : r0

r
; �_r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
_r0 : _r0

r
;

where σ is the stress tensor, ɛ is the strain tensor, r0 is the deviatoric stress, Ce
m is the fourth-

order tensor of the elastic constitution law, λ and μ denote Lamé constants, and � denotes the
time derivative. The equivalent strain rate _�ep is defined by the following hardening rule for
the PP matrix (Murakami et al. [9]):

_�ep ¼ _er
�r

gð�epÞ
� �1

m

; ð8Þ

where gð�e pÞ ¼ rr tanhðk1�e pÞ þ k2 þ Heð�e p � erÞk3ðexp �e p � exp erÞf g; m is the rate-sensitiv-
ity parameter, _er is the reference strain rate, er is the reference strain at rehardening, and rr is
the initial yield stress. In addition to these parameters, k1, k2, and k3 are determined as mate-
rial constants; and Heð�Þ is the Heaviside step function. The noncoaxial angle δ in Equation
(7) between deviatoric stress r0 and deviatoric plastic strain ep0 changes with the varying
direction of the rate _r0 of deviatoric stress, according to the following empirical relationship.

sin d ¼ k sin a; ð9Þ

k ¼ p1 sin p
2

m
p2

� �
ð0 � m � p2Þ

p1 tanh �p3ðm� p2Þ½ � þ 1f g ðp2 � mÞ

(
:

Table 1. Material properties of epoxy matrix [13].

Young’s modulus Em 3.4GPa
Matrix Poisson’s ratio νf 0.31
Yield stress σy 73MPa
Hardening modulus H 76.7MPa
Damage evolution law A 0.5
B0 0
B1 0.5
Dini 0.01
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Here, p1, p2, and p3 are material constants; α is the angle between deviatoric stress r0 and the
rate _r0 of deviatoric stress and satisfies the following relationship.

cos a ¼ _�r
�_r
: ð10Þ

Finally, D in Equation (7) denotes the damage variable causing stiffness degradation.
Here, the damage variable is defined as a scalar quantity. Microscopic failure characteris-
tics can be incorporated into the evolutionary equation of the damage variable. The fol-
lowing evolutionary equation of the damage variable is used to address crazing evolution
and annihilation [6].

_D ¼ Að1� DÞ _epm
� �þ B

€�e
p

_�e
p : ð11Þ

The first term represents craze growth due to plastic volumetric expansion strain epm [9], while
the second term represents craze initiation and annihilation. Here, A and B are nondimen-
sional constants. The rate _epm of volumetric plastic strain is related to the hydrostatic pressure
rm by Kobayashi et al. [6], utilizing the preliminary finite element analysis:

_epm ¼ ðq1DÞ coshðq2rm rr= Þf g�; ð12Þ

where q1 and q2 are material constants. The craze initiation condition is also considered by
the stress criterion proposed by Kawagoe and Kitagawa [4].

rb � A1 þ ðB1=3rmÞ; ð13Þ
rb ¼ r1 � mr2 � mr3;

Here, σ1, σ2, and σ3 are three principal stresses; ν is Poisson’s ratio; and A1 and B1 are mate-
rial constants. We assume _D ¼ 0, if this stress criterion is not satisfied. The material parame-
ters for this model are listed in Table 2 [6].

A matrix crack for both materials is judged at the integration point of each finite element.
When D approaches one, the contribution to the stiffness matrix approaches zero, and some-
times numerical instability occurs. Therefore, we eliminated the corresponding element when
the averaged D in the element reached Dcr. In this study, we set Dcr = 0.9. The successive
elimination process yielded free nodes. For stability purposes, we searched for such nodes
and excluded them from the equilibrium equations of the finite element analysis. With this
procedure, we can simulate the initiation and propagation of the matrix crack.

2.3. Modeling of fiber breaks

Our simulation considers fiber breaks based on the Weibull model. Potential points for the fiber
break are positioned at regular intervals in the finite element model. The paths for fiber breaks
are set perpendicular to the fiber axis. We set a sufficiently large number of those paths for all
fiber lengths, and the interval is sufficiently small (50 μm) even for the longest fibers
(lf= 2.0mm).
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With the Weibull statistical distribution of breaking strengths, a fiber break is assumed to
follow a maximum stress criterion. In the Weibull model, the cumulative failure probability
of a fiber segment of length D is given as

Pf ðrÞ ¼ 1� exp � D
L0

� �
r
r0

� �q� �
; ð14Þ

where q is the Weibull modulus and r0 is the characteristic strength of the fiber with length
L0. The strength properties for glass fibers used in this study are listed in Table 3 [14]. The
actual strength ri for the ith fiber point is then chosen by selecting a random number Ri

within (0,1) and solving Ri ¼ Pf ðri; r0Þ. We assign the fiber strength at each potential break
point. During the simulation, fiber axial stress at the potential break points is searched. When
fiber axial stress reaches the critical stress given by the Weibull model, a fiber break is intro-
duced by eliminating the nodal force that acted on the corresponding surface.

2.4. Finite element formulation

Finally, the formulations of the finite element procedure are presented for the thermosetting
and the thermoplastic composites. The virtual work for the analytical region with fiber region
Vf and matrix region Vm is

Z
Vf

r : dedV þ
Z
Vm

r : dedV ¼
Z
St

f � dudS: ð15Þ

Table 2. Material properties of PP matrix [6].

Matrix Young’s modulus Em 1.8GPa
Matrix Poisson’s ratio νf 0.33
Initial yield stress σr 11.0MPa
Reference strain at rehardening er 0.175
Reference strain rate _er 0.893 (/s)
Rate-sensitivity parameter m 0.041
Material constants
Hardening rule k1 100
k2 1.85
k3 2.37
Noncoaxial angle p1 sin (π/8)
p2 0.0001
p3 10
Damage evolution law A 1.0
B 0.0095
Volumetric plastic strain rate q1 0.018
q2 1.5

Table 3. Material properties of glass fiber [12].

Young’s modulus Ef 76GPa
Poisson’s ratio νf 0.2
Fiber radius rf 6.5 μm
Weibull scale factor σ0 1550MPa
Gage length of the single fiber specimen L0 24mm
Weibull modulus ρ 6.34
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Here, u is the displacement vector, f is the external force vector on the prescribed boundary
St, and δ is the virtual component. We considered a quasi-static rate formulation by expanding
the virtual work equation at time t′= t+Δt around the (assumed known) state prevailing at
time t to linear order in Δt as

Dt
Z
Vf

t _r : dedV þ
Z
Vm

t _r : dedV

 !
¼
Z
St

t0 f � dudS �
Z
Vf

tr : dedV þ
Z
Vm

tr : dedV

 !
: ð16Þ

In Equation (16), the constitutive law of fiber elements is given by

_r ¼ Ce
f : _e for fiber; ð17Þ

where Ce
f is the elastic constitution law of the fiber. For matrix elements, the constitutive law

described above is used. This formulation was coupled with periodic-cell simulation [12] to
perform simulations using the periodic-cell model. Following the routine operation employed
in homogenization [13,14], for thermosetting resin, Equation (16) is then transformed into the
following equation.

R
Vf

Ce
f : DeL

� �
: dedV þ RVm ð1� DÞCep

m :DeL

 �

: dedV

¼ � RVf þVm

tr : dedV þ RVm DD
1�D ðtr : deÞdV � RVf Ce

f :DeG
� �

: dedV

� RVm ð1� DÞCep
m :DeG


 �
: dedV :

ð18Þ

For thermoplastic resin, Equation (16) is transformed into the following equation.

R
Vf

Ce
f : DeL

� �
: dedV þ RVm

ð1� DÞCv
m : DeL


 �
: dedV

¼ � RVf þVm
tr : dedV þ RVm ð1� DÞ 3lD�e p cos d

�r ðtr0 : deÞdV þ RVm

DD
1�D ðtr : deÞdV

� RVf Ce
f : DeG

� �
: dedV � RVm ð1� DÞCv

m : DeG

 �

: dedV :

ð19Þ

Here, the traction boundary St in Equations (18) and (19) does not exist in the present peri-
odic-cell simulation. The global strain increment ΔɛG should be controlled to achieve various
loading conditions in the periodic cell.

Finally, the discretized form of Equations (18) and (19) gives the following matrix equa-
tions. If the matrix is thermoset, the equation is

ðtKf þ tKmÞDUL ¼ �ðtQf þ tQmÞþ tQdam � ðDQf ;G þ DQm;GÞ; ð20Þ

where

Kf ¼
X
e

Z
Ve
f

BeTDe
fB

edV ; Km ¼
X
e

Z
Ve
m

ð1� DÞBeTDep
mB

edV ;
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Qf ¼
X
e

Z
Ve
f

BeT r̂dV ; Qm ¼
X
e

Z
Ve
m

BeT r̂dV ;

Qdam ¼
X
e

Z
Ve
m

DD
1� D

BeT r̂dV ;

DQf ;G ¼
X
e

Z
Ve
f

BeTDe
fDeGdV ; DQm;G ¼

X
e

Z
Ve
m

ð1� DÞBeTDep
mDeGdV :

If the matrix is thermoplastic, the equation is

ðtKf þ tKmÞDUL ¼ �ðtQf þ tQmÞþtQv þ tQdam � ðDQf ;G þ DQm;GÞ; ð21Þ

where

Kf ¼
X
e

Z
Ve
f

BeTDe
fB

edV ;Km ¼
X
e

Z
Ve
m

ð1� DÞBeTDv
mB

edV ;

Qf ¼
X
e

Z
Ve
f

BeTr̂dV ;Qm ¼
X
e

Z
Ve
m

BeTr̂dV ;

Qv ¼
X
e

Z
Ve
m

ð1� DÞ 3lD�e
p cos d
�r

BeT r̂
0
dV ;

Qdam ¼
X
e

Z
Ve
m

DD
1� D

BeT r̂dV ;

DQf ;G ¼
X
e

Z
Ve
f

BeTDe
fDeGdV ; and

DQm;G ¼
X
e

Z
Ve
m

ð1� DÞBeTDv
mDeGdV :

Here, U is the nodal displacement vector, Kf and Km are the tangential stiffness matrices of
fiber and matrix elements, Qf and Qm are the nodal forces corresponding to the element
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stresses, B is the strain-displacement matrix, D is the constitutive matrix, and F is the
externally applied nodal force. The effect of the constitutive law for the matrix (Equation
(7)) is included in the expression in the matrix stiffness Km and the added nodal forces Qv

and Qdam. Here, ΔQf,G and ΔQm,G are the contributions by the predetermined global strain
increment ΔɛG. Equations (20) and (21) are the basic equations for the present periodic-cell
simulation.

With these procedures, we performed periodic-cell simulations for progressive damage. In
an incremental step in the simulation, we first calculated the displacement increment ΔUL by
solving Equations (20) and (21) under periodic boundary conditions. The total strain incre-
ment Δɛ was calculated by adding the predetermined ΔɛG to ΔɛL. Composite stress was
defined as the average stress over the unit cell. In order to increase the stable time step, the
rate tangent formulation of Pierce et al. [15] was used for the thermoplastic composites. In
the simulations of this study, the rate of applied tensile strain was set to 1.0 × 10�4 (/s) and
time step Δt was set to 0.1 s.

In this study, the increment of applied global strain ΔɛG is given by

DeG ¼ ðDexx;Deyy;DexyÞG ¼ að�0:3; 1:0; 0:0Þ; ð22Þ

to reproduce the tensile loading condition.

3. Results and discussion

3.1. Damage growth and strength of glass fiber-reinforced thermosetting composites

Thermosetting resin is generally employed for continuous glass fiber-reinforced composites.
Here, we investigated changes in strength and damage growth of glass fiber-reinforced
thermosetting matrix composites with increased fiber length. Epoxy resin was assumed as
a typical thermosetting resin. Material properties for fiber are listed in Table 3, and those
for the matrix are listed in Table 1. The volume fraction is set as 54.2% in order to
compare simulated results with experimental results for continuous glass fiber-reinforced
composites. The fiber length is varied from 50 μm to 2mm. Figure 2 presents the simu-
lated results when the fiber length is 1mm. A matrix crack is generated when the applied
strain is 1.12%. This crack is trapped by neighboring fibers (Figure 2(b)). The fiber is
then broken due to stress concentration by the matrix crack. Catastrophic failure of the
composites occurs when the applied strain is 3.35%. The process of damage growth is
similar to that of the continuous fiber-reinforced plastics. Figure 3 presents the simulated
results when the fiber length is 200 μm. A matrix crack occurs at the fiber edges when
the applied strain is 2.1%. This crack is not trapped by neighboring fibers, but it propa-
gates into the matrix. The connections of those cracks cause catastrophic failure of the
composites. Thus, when the fiber is short, the failure mode changes from fiber breaking
to matrix cracking. The simulated stress–strain curves are presented in Figure 4. As the
fiber becomes shorter, the maximum stress in the curve decreases. In contrast, failure
strain increases due to the transition of the failure mode. The transition length of the
failure mode is 200 μm. Figure 5 depicts the relationship between tensile strength and
fiber length. The solid black plots denote the fiber breaking mode and open plots denote
matrix cracking. When the fiber is longer than 300 μm, the strength is close to that of
continuous fiber-reinforced composites. In contrast, when the fiber is shorter than 300 μm,
strength decreases as fiber length decreases.
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3.2. Damage growth and strength of glass fiber-reinforced thermoplastic composites

This section describes strength and damage growth of glass fiber-reinforced thermoplastic
composites. Hereafter, the matrix is assumed to be PP. The material properties of PP are listed
in Table 2. To compare the results for glass fiber-reinforced thermoplastic composites with
those for glass fiber-reinforced thermosetting composites, the volume fraction is set as 54.2%.
The simulation is performed with fiber length variation from 50 μm to 2mm.

Figure 2. Simulated fracture process of glass fiber-reinforced epoxy (Lf= 1mm).
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Figure 6 depicts the simulated damage growth when the fiber length is 500 μm. For ther-
mosetting resin, as described in the previous section, the main damage is fiber breaking when
the fiber is longer than 300 μm. In contrast, for thermoplastic resin, the damage is matrix
cracking. Figure 7 depicts the relationship between tensile strength and fiber length. As stated

Figure 3. Simulated fracture process of glass fiber-reinforced epoxy (Lf = 200 μm).

Figure 4. Stress–strain curve for glass fiber-reinforced epoxy.
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Figure 6. Simulated fracture process of glass fiber-reinforced PP (Lf = 500 μm).

Figure 5. Composite strength vs. fiber length for glass fiber-reinforced epoxy (Vf = 54.2%).
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in the previous section, solid black plots denote fiber breaking and open plots denote matrix
cracking. Strength rapidly decreases as fiber length decreases when the main damage is
matrix cracking. The transition length for thermoplastic composites is 1mm, which exceeds
that for thermosetting composites. Thus, thermoplastic composites require longer fibers than
thermosetting composites to improve their strength because yielding stress for thermoplastic
resin (30MPa) is much lower than that for thermosetting resin (75MPa).

Next, the effect of volume fraction on strength and damage growth is examined. Figure 8
depicts the relationship between tensile strength and fiber length with fiber volume fractions
of 5, 10, and 20%. The transition lengths are 700 μm for 20%, 1mm for 10%, and 1.5mm
for 5%. Thus, both strength and transition length depend on the fiber volume fraction. The
critical length calculated using the Kelly-Tyson model [5] is 562.8 μm. The Kelly-Tyson
model yields critical length, which does not depend on the fiber volume fraction. However,
the simulated transition lengths are affected by the fiber volume fraction. When the fiber
volume fraction is low, the simulated transition lengths are quite different from the critical

Figure 7. Composite strength vs. fiber length for glass fiber-reinforced PP (Vf = 54.2%).

Figure 8. Composite strength vs. fiber length among various fiber volume fractions.
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length. Figure 9 presents the simulated equivalent stress distributions for 5 and 20% fiber vol-
ume fractions. When the fiber volume fraction is 20%, the neighboring fibers prevent matrix
plasticity from progressing in the composites. When the fiber volume fraction is 5%, matrix
plasticity easily spreads in the composites, and thus causes an increase in simulated transition
length. The simulation implies that the critical length given by Kelly-Tyson is inaccurate for
estimating the transition length of the damage mode.

3.3. Strength of carbon fiber-reinforced thermoplastic composites

This section describes the simulation for carbon fiber-reinforced thermoplastic composites. We
have reported on experiments for continuous carbon fiber-reinforced composites [2]. Here, we
perform a simulation for this composite. The simulated composite is T700S/PP. The material
properties for carbon fiber are listed in Table 4. The fiber volume fraction Vf is 20% and orien-
tation factor η = 0.375 is used. Here, the composite strength rcomp is calculated by using

rcomp ¼ g Vf rUD þ 1� Vf


 �
rm

� �
; ð23Þ

Figure 9. Equivalent stress distribution for Vf = 20 and 5%.

Table 4. Material properties of carbon fiber.

Young’s modulus Ef 230GPa
Poisson’s ratio νf 0.2
Fiber radius rf 3.5 μm
Weibull scale factor σ0 4316MPa
Gage length of the single fiber specimen L0 25mm
Weibull modulus ρ 5.55
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where rm is the matrix stress and rm = 25 is assumed. Figure 10 illustrates the relationship
between the simulated results and the experimental results. The simulated results agree well
with the experimental results.

3.4. Rate dependence of mechanical behavior of glass fiber-reinforced thermoplastic
composites

Thermoplastic resin depends strongly on deformation rate. The energy absorption of compos-
ites also depends on deformation rate. This section investigates the rate-dependent behavior
of glass fiber-reinforced thermoplastic composites.

The simulated composite is E-glass/PP. The fiber volume fraction is 10%. The strain rates
used in the simulations are 1.0 × 10�2, 1.0 × 10�4, and 1.0 × 10�6 (/s). Figure 11 plots the
stress–strain curve when the fiber length is 100 μm. The main damage is matrix cracking.
Therefore, the stress–strain curve of the composites depends strongly on the properties of the
matrix and the composites depend on deformation rate. Figure 12 presents the stress–strain
curve when the fiber length is 2mm. The main damage is fiber breaking. Therefore, the

Figure 10. Composite strength vs. fiber length for carbon fiber-reinforced PP.

Figure 11. Effect of tensile strain rate (Lf = 100 μm).
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stress–strain curve of the composites depends strongly on the properties of the fiber and the
composites do not depend on deformation rate.

Therefore, matrix properties can be changed to improve the rate dependence only when
the fiber is short.

4. Conclusions

This study addresses tensile damage growth in fiber-reinforced plastic composites with a peri-
odic unit-cell simulation that considers the constitutive law of the matrix, matrix cracking,
and fiber breaking. In this simulation, thermoplastic or thermosetting resin is assumed as a
matrix. The effects of fiber length, matrix and fiber properties, and fiber volume fraction on
damage growth and strength are investigated. The obtained conclusions are summarized as
follows.

(1) Tensile damage growth and strength of discontinuous fiber-reinforced thermosetting
composites are investigated. When the fiber length is 300 μm, the main damage mech-
anism transitions from matrix cracking to fiber breaking. The strength of discontinuous
fiber-reinforced composites tends to approach that of continuous fiber-reinforced com-
posites as the fiber length increases. If the fiber is shorter than 300 μm, strength drasti-
cally decreases as the fiber length decreases.

(2) Tensile damage growth and strength of discontinuous glass fiber-reinforced thermo-
plastic composites are investigated. The transition length is shorter than that of ther-
mosetting composites because the yielding stress of thermoplastic resin is lower than
that of thermosetting resin.

(3) The effect of volume fraction on the failure and damage of discontinuous glass
fiber-reinforced thermoplastic composites is investigated. Results indicate that both
strength and transition length depend on the fiber volume fraction. The critical
length calculated using the Kelly-Tyson model is inappropriate for estimating
transition length because critical length does not depend on the fiber volume
fraction.

(4) We compare the simulated results with those of experiments for discontinuous carbon
fiber-reinforced thermoplastic composites. The simulated results agree with experiments.

(5) The deformation rate dependence of the mechanical behavior of glass fiber-reinforced
thermoplastic composites is investigated. When the fiber length is 100 μm, the stress–

Figure 12. Effect of tensile strain rate (Lf = 2mm).
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strain curve of the composites strongly depends on the properties of the matrix. In
contrast, when the fiber length is 2mm, the behavior of composites is independent of
deformation rate.
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