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a b s t r a c t

The mechanical behavior of polymeric fibrous composites under dynamic loading is not completely
investigated. Therefore, in the preset research, a strain-rate dependent micromechanical constitutive
model is developed to predict the dynamic mechanical behavior and elastic properties of fibrous compos-
ites under arbitrary loading rates. First, strain rate dependent mechanical behavior of matrix and fibers
are experimentally characterized and for each constituent a dynamic empirical material equation is pre-
sented. Then, the bridging matrix micromechanical model in combination with a constitutive equation
for polymers is utilized to predict the elastic properties and mechanical behavior of fiber-reinforced poly-
meric composites under arbitrary applied strain rates. Moreover, the strain rate sharing of each constit-
uent of composites (matrix and fiber) is calculated. In order to validate the present method, results
predicted by the model are compared with the experimental data. It is shown that the present microme-
chanical method is able to simulate the rate dependent elastic behavior of fiber-reinforced composites
with a good accuracy.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The mechanical response of fiber reinforced polymeric
composite materials varies significantly under the strain rate at
which they are loading as compared with the static loading condi-
tions. Since mechanical properties of composites vary significantly
with the strain rate, the use of static properties in the analysis and
design of structures under dynamic loadings can lead to a conser-
vative design or designs with unexpected and untimely fail [1]. In
addition, the dynamic mechanical response of composites is
needed for modeling and analyzing the dynamic phenomena like
impact, crashworthiness, dynamic fracture, etc. However, Charac-
terization of composite materials under different strain rates is
expensive and needs special test apparatus. In addition, it is
required to test a large number of specimens under different strain
rates to investigate the trend of the mechanical behavior of
composites.

The unidirectional (UD) composites are considered as trans-
versely isotropic materials, so it is necessary to investigate the lon-
gitudinal, transverse and in-plane shear properties of composites.

Shokrieh and Omidi [2–5] investigated mechanical properties of
UD glass/epoxy composites under different strain rates up to
100 s�1 and compared them with results obtained by static load-
ing. They have shown that the tensile strength increased signifi-
cantly by increasing the strain rate while the tensile modulus
increased slightly [2]. Considering transverse properties of com-
posites, they have found that the elastic modulus and strength
increased by increasing the strain rate [3]. In-plane shear tests
under different strain rates show that although shear strength of
composites increased by increasing the strain rate, but the shear
modulus decreased slightly [4].

Rotem and Lifshitz [6] investigated the tensile behavior of UD
glass fiber/epoxy composites over a wide range of strain rates from
10�6 to 30 s�1 and found that the dynamic modulus is 50% higher
than the static modulus. The effects of rate sensitivity in the range
of loading speeds from 0.008 mm/s to 4 m/s on the tensile, shear
and flexural properties of glass/epoxy laminate were investigated
by Okoli and Smith [7–9]. They have reported that the tensile
and shear mechanical properties increased by increasing the
applied strain rate [8]. A similar observation was presented by
Armenakas and Sciamarella [10] at various rates of strain
(0.0265–30,000 min�1), and suggested a linear variation of elastic
tensile modulus of UD glass/epoxy composites with the log of the
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strain rate. Harding and Welsh [11] validated a dynamic tensile
technique by performing tests (over a range of 10�4 to 103 s�1)
on carbon/epoxy, glass/epoxy, glass/polyester, carbon/polyester
and Kevlar/polyester composites. It is found that the dynamic
modulus for the glass/epoxy composites was about twice the static
modulus. Experimental studies on effects of strain rate from
3 � 10�5 to 8 � 10�3 s�1 on tensile properties of glass-bead/high
density polyethylene composites were conducted by Bai et al.
[12]. The Young’s modulus of the glass bead/HDPE composite
was found to increase with the strain rate. The influence of strain
rate from 0.1 to 10 s�1 on the tensile properties of glass/phenolic
resin and glass/polyester resin composites was studied by Barre
et al. [13]. They found that the elastic modulus increases with
the strain rate.

The in-plane shear behavior of composite materials is controlled
by the matrix of composites. Polymeric matrices have rate
dependent mechanical behavior, so the shear modulus of polymeric
composites is sensitive to the loading rate [4]. Daniel et al. [14]
attempted to characterize the effect of strain rate up to 500 s�1

on in-plane shear properties of carbon/epoxy composites using
the 10� off-axis rings under internal pressure. The results obtained
from tension tests of rings indicated that the in-plane dynamic
shear modulus and strength increased significantly over static val-
ues. Hsiao et al. [15] investigated the in-plane shear behavior of 45�
off-axis UD carbon/epoxy specimens at strain rate up to 1200 s�1

using a split Hopkinson pressure bar and found that the initial shear
modulus increased with the strain rate from the quasi-static value
by up to 18%. In addition, it was found that the shear strength
increased sharply by increasing the applied strain rate. Papadakis
et al. [16] studied the effects of strain rate on in-plane shear prop-
erties of ±45� glass/polypropylene composite specimens. The
experimental results indicated that the shear modulus had a
decrease by increasing the strain rate. Daniel and Liber [17] charac-
terized different fibrous composites whereas epoxy is the matrix,
under strain rate up to 20 s�1. Based on the obtained results from
intra-laminar shear experiments, the shear modulus of Boron/
epoxy and Carbon/epoxy increased by increasing the strain rate sig-
nificantly; while no significant increase of in-plane shear modulus
were noticed for S-glass/epoxy and Kevlar 49/epoxy.

Micromechanics is a method to study the macroscopic response
or the mechanical properties of reinforced composites based on the
properties and the geometrical occupations of its constituent
materials [18]. There are several researches which attempt to sim-
ulate the dynamic mechanical behavior of fibrous composites
micromechanically [19–23]. While, there are more material mod-
els presented in the literature which are empirical [24]. Goldberg
[23] presented a strain rate dependent micromechanical model
for neat polymers and then extended it for fibrous composites. In
his model, the unit cell method is implemented to predict the
mechanical properties of fibrous composites. However, he assumed
that fiber is strain rate independent and there is no difference
between the total applied strain rate and strain rate sharing of each
constituents. Tabiei et al. [19–22] developed a finite element
method to consider the nonlinearity and dynamic sensitivity in cal-
culating mechanical properties of fibrous composites by using the
Goldberg model for polymers [25]. Koyanagi et al. [26] studied the
strain rate dependent transverse tensile of UD composites numer-
ically. Although the fiber, matrix and interface have been modeled
individually, but the aim of their study was investigating the
failure modes of UD composites under strain rate dependent trans-
verse tensile loadings.

In the present research, the strain rate dependent mechanical
properties of constituent materials of composites (fibers and
matrix) have been considered to develop a strain rate dependent
micromechanical constitutive model. The present micromechanical
constitutive model is able to simulate the stress–strain behavior

and the elastic properties of UD composites under various strain
rates. Therefore, dynamic mechanical properties of fibers and
matrix are presented by an empirical material equation. Further-
more, the strain rate sharing of fibers and matrix in the fibrous com-
posites are determined based on the loading type and rate. Finally,
the results predicted by the model are compared with the available
experimental data at quasi-static and intermediates strain-rates,
ranging from 0.001 to 100 s�1.

2. Problem statement and modeling strategy

Determination the stress–strain constitutive equation and these
mechanical properties at quasi-static and dynamic strain rates
requires different types of characterization tests at several loading
rates. In addition, there are various characterization test methods
which have different advantages and limitations and should be
chosen appropriately to produce good experimental results [27].
Also, characterization of composite materials at dynamic loading
rates is expensive and difficult. Moreover, it should be mentioned
that any change in the constituent of composite materials and their
volume fractions, requires the repetition of all mentioned tests.

Several micromechanics methods have been developed to
understand the elastic, inelastic and failure behaviors of compos-
ites by using their constituent properties and geometric parame-
ters at static loading condition [28]. In the present research, in
order to use a micromechanics method to predict the strain-rate
behavior of composites, the strain rate dependent mechanical
properties of its constituent materials are used in a micromechan-
ical equation. Fig. 1 shows a schematic diagram of the modified
micromechanical model to predict the strain rate depended
stress–strain constitutive model of fibrous composites. According
to this diagram, a micromechanics model such as bridging matrix
micromechanical model [29,30] is selected and developed to pre-
dict the rate dependent mechanical behavior of fibrous composites.
The strain rate sensitivity of polymeric matrix is also considered by
using a strain rate dependent constitutive equation developed by
Goldberg et al. [25]. Furthermore, the rate dependent mechanical
behavior of the matrix material and reinforcement are studied
experimentally. Also, the sharing of applied total strain rate
between the constituents (fiber and matrix) is considered.

3. Strain-rate dependent micromechanical constitutive model

In this section, required steps to model the mechanical behavior
of fibrous composites under dynamic loading conditions, based
on the strain rate dependent micromechanical approach are

Fig. 1. Schematic diagram of the present method to predict the strain rate
dependent stress–strain curve of composites.
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