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Nowadays, the use of short fiber reinforced composites (SFRC) has become very widespread.
In the meantime, the investigation of the fatigue behavior of this group of composites is a very
demanding topic. In this research, the behaviour of SFRC is computationally studied under
cyclic loading for both aligned and randomly-oriented SFRC. As a novel approach, a
methodology developed for long-fiber composites is adopted for the purpose of fatigue
analysis of SFRC through a micro-macromechanical approach. Namely, the aligned SFRC is
firstly converted into a virtual long-fiber composite at the microscale, and then fatigue
analysis is performed at the macroscale. For a randomly-oriented SFRC composite, the
laminate analogy approach is employed to transform it into virtual long-fiber laminated
composites, and then fatigue analysis is implemented. The estimated results through
computational modelling are compared with available experimental observations in the
literature. The discrepancy between predictions and experimental measurements for aligned
SFRC falls below 10%, implying proper performance of the proposed method for aligned
SFRC. However, some improvements are required for the specific purpose of randomly-
oriented SFRC, since the discrepancy exceeds 25%.
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1. Introduction

The initiation and growth of damage in
laminated composites under static loading and,
more importantly, under cyclic loading is a
complicated process. Failure analysis of
composite multilayers has been one of the
important areas of theoretical and experimental
research by researchers. The degradation
process of mechanical properties in' fiber-
reinforced composites under fatigue gradually
reduces the stiffness/ and 'strength of the
structure. Unlike metals, where a single
macroscopic factor accounts for fatigue failure,
fatigue in polymeric composites initially appears
in the form of microcracks at different points and
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grows to the limit of strength as a result of
damage accumulation. The ~microstructural
mechanisms of damage accumulation include
fiber breakage, resin cracking, debonding of fiber
and resin, transverse layer cracking, and
delamination. | These mechanisms sometimes
occur independently and sometimes
interactively, and the dominance of each is
strongly influenced by material type and working
conditions.

Despite the considerable efforts devoted to
analyzing fatigue phenomena in long-fiber
composites either experimentally or
theoretically [1, 2], very little attention has been
given to the fatigue analysis of short-fiber
composites [2-5]. The fatigue behavior of SFRC is
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quite different from that of long-fiber composites.
Thus, the demand for customized models for
predicting fatigue in short-fiber composites is
clearly recognized [2]. Beside conducted
experimental studies for determining the fatigue
life of short-fiber composites (e.g. [6-9]), limited
computational studies have also been conducted
in the form of numerical and/or semi-empirical
methods.

Wang et al. [10, 11] studied the effect of
fatigue experimentally and analytically in SFRC
and derived equations for the reduction of elastic
mechanical properties based on elliptical crack
growth. They also concluded with the help of
experimental data that there is an exponential
relationship between the degree of 'fatigue
damage and the degree of cyclicloading. Zago and
Springer [12] obtained the stress distributions of
two different geometries for SFRC using a
commercial finite element package. Then, Miner’s
rule was employed to estimate fatigue lives under
different cycling loadings. Kabir et al. [13] used a
micromechanical fatigue damage model on the
basis of a statistical microscopic law described by
fiber failure and fiber-matrix debonding. Then,
numerical methods were used to predict the
failure. Jain et al. [14] used FEM to obtain fatigue
properties of SFRC through a master SN curve
approach. Taking into account various fiber
orientations, local SN curves were obtained using
a combination of micromechanics and- tests,
while damage in the micro-scale was' linked
to macro-scale fatigue properties.
Aforementioned characteristics were
characterized (using - experimental stress-life
diagrams and manufacturing simulation. Jain has
extended ' the master SN curve approach for
multi-axial fatigue modeling in another study
[15] on the basis of characteristic plane and
critical plane approaches. Krairi et al. [16]
presented two multi-scale methods for
estimating the fatigue life of short fiber polymer
composites with glass fibers. In this study, both
viscoelastic and viscoplastic behavior are
considered, and continuum damage mechanics is
used. Laribi et al. [17] used a micromechanical
model and proposed an equation of state where
the local damage rate was related to - the
macroscopic residual stiffness rate relying on
experimental data. They have generalized this
approach to-a multi-scale description of fatigue
damage, leading to the fast determination of SN
curves. Tamboura et al. [18] modelled fatigue life
and residual stiffness of SFRC subjected to
thermo-mechanical loadings. They have used a
combination of micromechanical and
phenomenological models to obtain the progress
of the local damage rate. Then, the evolution of
micro-crack density until failure. Zhang et al. [19]
developed a novel micromechanical fatigue

model for SFRC accounting for fiber-matrix
debonding. They have shown that the
progressive fatigue damage of each constituent
can be quantitatively analyzed. Abdul Hamid et al.
[20] analyzed the failure of SFRC under static and
fatigue loads wusing continuum damage
mechanics. They have constructed the model at
the scale of macro, relying on ananisotropic
linear elastic assumption, inspired by
experimental observations. The elastic model is
coupled with a damage formulation assuming
that damage is driven by the approach of a state
point in strain space to a Tsai-Hill type failure
envelope. The developed model was fed into a
finite element formulation. Amjadi and Fatemi
[21] studied the multiaxial fatigue behavior of
short glass fiber reinforced thermoplastics using
a critical plane-based damage approach. The
effects of fiber orientation, stress state, mean
stress, stress concentration, temperature, and
frequency on multiaxial fatigue behavior are
taken into account. Zhang et al. [22] proposed a
multi-axial high-cycle fatigue model for SFRC
considering the fiber microstructure. The core
assumption of the model was that fatigue is
triggered by fiber-matrix interface stress at the
critical region. Shokrieh and his co-workers [23]
have recently predicted the fatigue behavior of
SFRC based on the damage-entropy and self-
heating concepts. The developed model
considers the material's viscoelastic energy,
stored energy, and wasted energy.

As observed from the literature review,
investigations into the fatigue phenomenon in
SFRC have gradually shifted from purely
experimental and semi-empirical studies in their
early stages [4-13] to advanced numerical
modeling techniques in the modern era [14-23].

Considerable efforts have been dedicated to
developing accurate computational models for
the fatigue analysis of long fiber composites.
Thus, a robust framework exists for modeling
fatigue in long-fiber composites, encompassing
various approaches such as fatigue life models,
phenomenological models for  residual
properties, physics-based methods, progressive
damage modeling, and continuum damage
mechanics. Itis intended to predict the fatigue life
of SFRC by adapting a procedure originally
developed for long fiber composites. Leveraging
the long fiber composite fatigue foundation, the
main objective is to customize one of these
models and implement it for SFRC.

2. Foundation of Fatigue Modeling

Categorized under the progressive damage
modeling group, the Generalized Material
Property Degradation (GMPD) technique is
chosen in this study as the foundation of fatigue
modeling. GMPD was originally developed by



Shokrieh and Lessard [24, 25] for the long-fiber
composites as the most comprehensive form of
progressive damage modeling for multi-axial
loading. The GMPD model incorporates stiffness
and strength degradation in all material
directions, accompanied by a normalized fatigue
life assessment. This model can be applied to any
arbitrary lay-up configuration, as it only requires
characterization of the behavior of constituent
unidirectional plies. Therefore, full
characterization of each configuration is not
necessary. Since variations of strength are much
less than stiffness variations during cycling
loading, it is reasonable to use a single measure
of stiffness reduction to reduce the runtime of the
analysis significantly. Subsequently, Shokrieh

and Zakeri [26] developed a Cumulative Fatigue
Damage Modeling (CFDM) as a simplified version
of GMPD, where just stiffness degradation is
taken into account for estimating fatigue life. A
more simplified version of CFDM has been
developed by Rafiee and his coworkers based on
employing Classical Lamination Theory (CLT),
and its performance was validated
experimentally [27, 28]. The simplified CFDM
technique is chosen in this study as the core of the
fatigue modeling, and itis briefly explained in this
section.

CFDM consists of three main parts: stress
analysis, damage estimation, and degradation of
material properties. The flowchart of the CFDM
technique is shown in Fig. 1.

Model preparation

Model updating

Model updating

Stress analysis (CLT)

Reducing material
properties using
Gradual degradation rules

(Egs. 1 to 6)

E/E0=0.68(c/gu)
for shear loading

Reducing material
properties using
Sudden degradation rules
(Eq-7)

E/Eo= o/gu:for
longitudinal or

transverse
loading

Catastrophic
modes of

v

Cycles = Cycles + t,

failure are

Fig. 1. Flowchart of simplified CFDM technique

Prior to fatigue modeling, initial material
properties, maximum and minimum fatigue load,
and the incremental number of cycles are
defined. This is referred to as model preparation.
The induced in-plane stress components in each
layer are computed using CLT at the first stage at
each loading cycle and are fed into the second
stage for damage evaluation.

In the second stage, normalized damage
estimation is utilized to assess the damage
progression at each cycle of loading [26]. This
model takes into account the role of stress ratio
and stress level in damage accumulation and
provides a rational trend of damage growth with

respect to the number of cycles. The normalized
damage parameter ( D) is defined as below [26]:

D = f(0,0u)D (1)

where D is a damage parameter and f (o, gy;;) is
a function of stress state obtained through
experimental data of U-D specimens [26]. ¢ and
0, are applied stress and ultimate strength,
respectively. A complete series of relationships
between the normalized damage parameter (D)
and normalized number of cycles (N) has been
extracted [25, 26]. Normalized number of cycles
is defined using below equation [24]:
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where, n and Ny denotes the number of applied
cycles and cycles to failure, respectively. Ny is
computed using the following equation for a U-D
ply subjected to uniaxial loading [29]:
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Tha-c+o

“,.n

where “u” and “f” are curve fitting parameters
[29]. The parameter “f’ can be taken constantly
as 1.06 [24, 25]. “A” and “B” are also obtained by
linear regression through the obtained data on
the logarithmic scale. Other parameters reflected
in Eq. (3) are introduced as follows:

N =

(2)

= A+ Blog Ny 3)

_ (Umax - Umin) il (Umax + Jmin)
=T o all &P 2

=0on/0:,a =0y/0
q m/ Ot a/ 0 4)
o./0; Longitudinal loading
C =1{0./0. Transverse loading

1 Shear Loading

where 05,4, and oy, are the maximum and
minimum stresses created in the desired U-D
layer. o, and o,stands for tensile and compressive
strengths, respectively.

It has been shown that for the case of shear
loading, Eq. (3) is modified to the following
equation [25]:

o ( In(a/f)
In[(1 - g)(C+q)]

It should be pointed out that corresponding
values of “A” and “B” coefficients for longitudinal,
transverse, and shear loading directions have
been fully characterized and reported for U-D
plies of Carbon/Epoxy [25] and Glass/Polyester
[27].

The third stage is devoted to the stiffness
degradation in the damaged plies employing
gradual or sudden degradation rules. Gradual
degradation of stiffness is accomplished in CFDM
as follows [26]:

>=A+Blong (5)
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where E, and E'represents initial stiffness before
the start of fatigue loading and residual stiffness,
respectively. Therefore, Eqgs. (1-5) is used to
calculate the normalized damage parameter, and
then residual stiffness is computed at each cycle
of loading through Eq. (6).

The stiffness of the U-D ply is gradually
degraded cycle by cycle until they reach to a level
that it cannot tolerate any more loading. This
indicates the occurrence of failure, and the
stiffness of failed plies should be reduced

E(n,o,R) = (1 (6)

suddenly using proper sudden degradation rules
in accordance with the experienced failure mode
[26]. It is worth mentioning that conventional
failure criteria cannot be used here, due to the
fact that only stiffness is reduced, and the
strength reduction is not considered, as
explained before. Therefore, the failure is
assumed to occur along the fiber or matrix
direction when the ratio of instantaneous

stiffness to initial stiffness (S = E—) becomes
0

equal to the ratio of the instantaneous applied
stress to the ultimate static failure (UL). For the
ult

case of shear loading, the aforementioned ratio is
taken as 0.68 based on experimental
observations [25].

After the occurrence of the failure, the
properties of the failed ply are suddenly
degraded using one of the following rules based
on the experienced failure mode in the context of
the ply-discount method, as per Table 1.

Table 1. Sudden degradation rules [27, 28]

Failure

mode EL Es VLT Es
Fiber
breakage g 0 0 0
Fiber
buckling 0 0 0 0
Matrix
tension EL 0 VLT Es
Matrix EL 0 Vi Es
compression
Shear failure EL Er 0 0

After reducing the stiffness of constitutive U-
D plies either gradually or suddenly, the model is
updated considering new mechanical properties,
and the whole three-stage procedure repeats. As
can be seen in Table 1, fiber breakage and fiber
buckling- failure modes are considered as
catastrophic failure modes where the failed ply
cannot accommodate any more loading at all. It
should be noted that for those cases where
mechanical properties are required to be reduced
to zero, a very small value close to zero is chosen,
avoiding  numerical instability in  the
computational procedure.

3. Fatigue Modeling Methodology for
Aligned SFRC

It is intended to use the introduced simplified
CFDM technique in the previous section for
analyzing the fatigue behavior of SFRC. For this
purpose, the strategy of converting the
Representative Volume Element (RVE) is
employed. Thus, the RVE of an aligned SFRC is



converted into a RVE of a virtual long fiber
composite as depicted in Fig. 2.

In both RVEs shown in Fig. 2, the fiber length
and the mechanical properties of both the fiber
and resin are kept constant. In this conversion,
the RVE of SFRC is transformed into an
appropriate RVE for long-fiber composites by
adjusting the fiber volume fraction while
maintaining the fiber length and the properties of
the fiber and resin.

L0 >

Fig. 2. Converting the RVE of SFRC to the RVE of a virtual
long-fiber composite

For the purpose of obtaining fiber volume
fraction in the adopted virtual long-fiber RVE, the
Young’s modulus of the RVE of SFRC is firstly
estimated using the following micromechanical
rule [30]:

21 Er
E,  1+CpmVi" g1t ,
Em_ 1_77va5h ’nL_&_FZ_l ()
E, d

where V" stands for fiber volume fraction in the
RVE of SFRC.

The Young’'s modulus of long-fiber RVE can be
estimated using a simple rule-of-mixture as
below [31]:

B = (V) +[(1 = V;")En] 8)

where lcfg stands for fiber volume fraction in the
RVE of a long-fiber composite.

Having in hand the mechanical properties of
fiber and resin and also the fiber volume fraction
of SFRC, the longitudinal modulus of SFRC is
estimated using Eq. (7). Substituting the obtained
longitudinal Young’s modulus into Eq. (8) with
the same mechanical properties for fiber and
resin, the corresponding fiber volume fraction for
the RVE of long-fiber composite is obtained
accordingly. In other words, Eqgs. (7) and (8) are
set equal, because EL should be the same for both
RVEs depicted in Fig. 2. Then, the unknown value
of lgfg is calculated. Therefore, the RVE of aligned

SFRC is converted into the RVE of a virtual long-
fiber composite.

After obtaining the fiber volume fraction of
the long-fiber RVE, other mechanical properties
and also initial strength properties of the adopted
virtual long-fiber RVE are also required to be
extracted as the requirements of the model
preparation stage in Fig. 1. For this purpose, the
following micromechanical rules are used [30,
31]:

Er
ey ()
T m P T E
(1-n:1) (E—f + 2)
m
G
il
(1 + nSVflg) (Gm )
Es = Gy I Ms = Gf
(1 - ns]{f ) (m 43 1)
" .2 9
vir = VeVeT + vl
E
f
Xp= K0V + Ve ]
XC = O.SXT, YT = anngm; YC = V‘ﬂlng,m

G
Ss=[1- ( 1419) — V9 - é)sm

where Ef, Em, Gt and Gm represent fiber modulus,
matrix modulus, fiber shear modulus, and matrix
shear modulus, respectively. vi and vm denote
fiber and matrix Poisson’s ratios. Ei, Et, Es, and vit
represent longitudinal modulus, ~transverse
modulus, shear modulus, and major Poisson’s
ratio of long-fiber RVE, respectively. X, Xm, X'm,
and Sm imply the tensile strength of fiber, the
tensile strength of resin, the compressive
strength of resin, and the shear strength of resin,
respectively. X1, Xc, Y, Y¢, and Ss are the initial
longitudinal tensile strength, longitudinal
compressive  strength, transverse tensile
strength, transverse compressive strength, and
in-plane shear strength of long-fiber RVE,
respectively.

After model preparation, the remaining stages
of the fatigue modeling are performed in
complete accordance with the explained
procedure under section (2) and the presented
flowchart in Fig. 1.

4. Fatigue Modeling Methodology for
Randomly-Oriented SFRC

For modeling fatigue in randomly oriented
SFRC, the laminate analogy is utilized. In this
process, a randomly-oriented SFRC ply is
transformed into a long-fiber composite
consisting of four layers containing continuous
fiber with a lay-up configuration of [0/90/+45].
In other words, a randomly-oriented SFRC is
replaced with a quasi-isotropic long-fiber
composite, while the total thickness of the long-
fiber composite is the same as the thickness of the
SFRC ply. The conversion procedure
accomplished through the laminate analogy
approach is schematically shown in Fig. 3. The
laminate analogy approach was originally
developed by Halpin and Pagano [32] for the
purpose of estimating the mechanical properties
of randomly oriented SFRC. However, it was



successfully applied by Rafiee and Ghamarzadeh
to predict the creep response of SFRC [33].
Therefore, predicting the fatigue life of an SFRC is
examined by relying on the laminate analogy
approach.

After this conversion, the fatigue life of the
aforementioned long-fiber laminated composites
is predicted using simplified CFDM techniques
outlined under section (2).

Fig. 3. lllustration of the laminate analogy approach

5. Results

The numerical example presented in this
section for the validation purpose of the
developed modeling for predicting fatigue life of
aligned SFRC is motivated by the experimental
investigations carried out by Mortazavian and
Fatemi [34]. They measured the fatigue life of
Glass/PBT.! ' composites subjected to cyclic
loading along the longitudinal or transverse
directions with different stress levels.

Following the explained procedure under
section (3), the RVE of SFRC is converted into a
RVE of virtual long-fiber composites with a fiber
volume fraction of 19%. The mechanical
properties, as the output of the model
preparation stage, are reflected in Table 2.

Table 2. Mechanical properties of Glass/PBT

Property Value
EL [GPa] 8.8175
Er [GPa] 3.262
Es 1.2566
Urr 0.34
Xt [MPa] 110
Xc [MPa] 55
Yt [MPa] 58.6
Yc [MPa] 91.6
Ss [MPa] 37.3

Rafiee and Eslami [27] ' Treported
corresponding “A” and “B” coefficients reflected
in Egs. (3) and (5) for Glass/Polyester
composites, and they are used here.

Implementing the proposed approach under
section (3) in combination with the simplified
CDFM technique outlined in section (2), the
obtained results are compared with experimental
observations in Table 3. In Table 3, the
normalized stress level denotes the ratio of
maximum stress to ultimate tensile strength. It
indicates how close the cyclic peak stress is to the
material’s ultimate strength. Fiber orientations of
0° and 90° in Table 3 imply applied loading along
fiber and transverse directions, respectively.

Table 3. Results comparison for fatigue analysis of aligned SFRC

. Fiber_ Loading Normalized Estimated life Experimental life Discrepancy
orientations stress level cycle cycle [34]
0° Longitudinal 0.3272 2,296 2,488 7.7%
0° Longitudinal 0.2772 17,659 19,611 9.9%
90° Longitudinal 0.3295 923 943 2.2%
90° Longitudinal 0.3839 3,317 3,444 3.7%

As can be seen from Table 3, A very good
agreement is observed between predicted and
experimentally measured fatigue lives. This
implies the efficiency of the proposed model for
fatigue modeling in aligned SFRC. Considered as
one of its advantages, the model underestimates
the life cycle in all cases, categorizing the
proposed approach as a conservative method.

! parabean Book Tension

Since normalized life curves for Glass/PBT
were not available, a generic behavior was
estimated based on the pattern of decreasing
mechanical properties observed in
Glass/Polyester. It can be seen that this generic
behavior is appropriate. However, it is important
to note that, even though the generic method
functions adequately, a more complete treatment
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would involve extracting the normalized life
curve and other necessary parameters
specifically for the type of Glass/PBT used in this
study.

Motivated by the experimental program
conducted by Laribi and his colleagues [17, 18],
the modeling procedure is executed for the same
investigated randomly oriented SFRC. They have
fabricated randomly oriented Glass/Polyester
composites through the sheet molding compound
process and measured the fatigue life cycles of
three specimens [17, 18]. The thickness of the
investigated ply was 3 mm, so it is converted into
a four-layer long-fiber composite where the
thickness of each ply is assumed to be 0.75 mm in
accordance with the laminate analogy. The
simplified CFDM model is executed on the
equivalent quasi-isotropic laminate, and the
results are presented in Table 4.

Table 4. Fatigue results for randomly-oriented SFRC

S B e &
5 g5 5 2 =}
E 5 £ 5 3
S g 2 s £ o
Q =0 ) B =}
& S 5 = 4l 2
Z W ﬁ a
1 36,860 2%
2 0.48 52,015 27.7%\
3 47,055 37,607 20.19%V
Average: h
45,310 179%V

As can be seen from Table 4, the proposed
technique for randomly oriented SFRC is not
reliable enough, and the level of discrepancy
between the estimated and measured live is high.
This can originate from the generic behavior
considered for normalized life curves for
Glass/Polyester [27]. Moreover, the proposed
approach is suffering from a fundamental
limitation where it fails to capture associated
fatigue damage mechanisms with randomly-
oriented SFRC, like fiber pull-out and fiber-end
stress concentration. As another shortcoming,
the simplified CFDM technique considers a
homogenous material, which is not pertinent to
the case of randomly oriented SFRC, due to the
random distribution of discontinuous fibers. It is
expected that the performance of the simplified
CFDM technique and the laminate analogy
approach can be improved by taking into account
the length of the fiber as a random variable. This
necessitates stochastic modeling. For this
purpose, the material region of randomly
oriented SFRC is required to be partitioned into
different blocks with different fiber volume
fractions, and then the laminate analogy is
implemented on each block. This is the subject of

ongoing research by the same authors to
overcome the aforementioned shortcomings.

6. Conclusions

In this study, the behavior of SFRC is analyzed
computationally under cyclic loading conditions
for both aligned and randomly-oriented fibers.

Due to the strong background of available
models for fatigue analysis of ‘long-fiber
composites, one of the sophisticated progressive
damage modeling techniques is tailored for SFRC.
Originally developed for long-fiber composites,
the CFDM technique is first simplified to reduce
the runtime of analysis. Then, a novel two-scale
model is proposed where SFRC is transformed
into a virtual long-fiber composite at the
microscale, and then simplified CFDM is utilized
for estimating the fatigue life at the macro scale.
Consequently, a simple yet efficient approach is
proposed for fatigue analysis of SFRC.

Two separate strategies are suggested for
converting SFRC into long-fiber composites. For
aligned short fibers, the microscale RVE of SFRC
is converted into an equivalent virtual long-fiber
RVE based on adjusting fiber volume fractions.
For randomly-oriented short fibers, a randomly-
oriented SFRC is mapped into a quasi-isotropic
long-fiber ' laminated composite relying on
laminate analogy techniques.

The performance of the proposed techniques
is examined by comparing their outputs with
available experimental data in the open
literature. The results reveal that while the
proposed approach for aligned SFRC performs at
a very acceptable level of accuracy, the accuracy
of the suggested strategy for randomly oriented
SFRC requires further enhancement and
improvement in the modeling procedure to
achieve higher precision. In other words, the
proposed approach for modeling fatigue of
randomly-oriented SFRC'based on a combination
of a laminate' analogy and the CFDM technique
fails, to predict fatigue lives of this type of
composite.
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