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Abstract

Anisotropic composite materials have been extensively utilized in mechanical, automotive, aerospace and other engineering
areas due to high strength/weight ratio, superb resistance to corrosion and excellent thermos-mechanical properties. As the
use of composite materials increases, determination of material properties, mechanical analysis and failure of the structure
become essential for the design of composite structure. In particular, the fatigue failure is important to ensure that structures
can survive in harsh environmental conditions. The non-homogeneous character of composites induces diverse failure modes
of the constituent including fiber fracture, matrix cracking, fiber-matrix interface failure, and delamination, which makes their
fatigue behavior very complex in comparison with traditional engineering materials. In this study, based on different failure
modes of a unidirectional ply under multiaxial stress states, a progressive damage theory is extended to simulate fatigue
failure in composite laminates subjected to cyclic loadings. A cycle-dependent material property degradation model was
employed to predict deterioration of the material properties due to arbitrary stress state and ratio. This cycle-dependent material
property degradation rule is implemented into user subroutine USDFLD in ABAQUS through which cycle-dependent material
degradation states are updated over fatigue loading. The present computational implementation is tested by comparing the
experimental fatigue behavior of a 30-degree off-axis specimen with the simulation result obtained by the present implantation.
The comparison between the experimental and simulation results demonstrates the successful simulation capability of the
present implementation.

Keywords Fiber-reinforced composite - Three-dimensional failure - Fatigue life - Material degradation

1 Introduction

The benefits of composite materials, high strength/stiffness-
to-weight ratio, superb thermos-mechanical properties and
exceptional resistance to corrosion, have led engineers and
scientists to continue to push their boundaries and find better
material combinations, better manufacturing methods, and
new design and analysis methods. However, modern engi-
neering composites still present a challenge for analysis and
design even after decades of research and use in manufac-
turing. Unlike metals which are homogenous and isotropic,
composite materials are non-homogenous and anisotropic
and thus their behavior under loading is much more com-
plicated and more difficult to predict. Fatigue life is one area
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where continued research is needed to allow more efficient
use of materials and safer designs.

Degrieck and Van Paepegem (2001) in their 2001 review
of fiber-reinforced composite fatigue damage modeling gen-
erally classified the existing models into phenomenological
models (later further classified into residual strength models
and residual stiffness models in a 2015 review by Sevenois
and Van Paepegem (2015) and progressive damage models
(also known as mechanistic models). Fatigue life models are
generally based on S—N curves that demand extensive exper-
imental work. Additionally, as noted by Burham and Kim
(2018), even with years of experiments, the models vary in
their ability to predict stress ratios and are less flexible for
applying to general scenarios. The phenomenological mod-
els use an evolution law to describe the residual strength and
stiffness as it evolves often using a set of probability statis-
tics that failure will occur after a given number of cycles
(Degrieck and Paepegem 2001) and do not take into account
the specific damage that can occur in composites. In a recent
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paper by D’Amore and Grassia (2019), they used a phe-
nomenological model to look at constant amplitude loading
and found their model to be accurate predictors for the con-
stant loading but other types of loading it would not handle.
The progressive damage models use a damage variable (such
as crack growth or delamination) to quantitatively account for
progression of damage. The drawback of progressive dam-
age models is that the more variables a mode invokes, the
more complicated the equations become and more time it
takes to solve the simulations using finite element analysis
codes. Yet progressive damage models are of interest because
they offer the potential for more robust prediction model with
fewer drawbacks of the other two model.

Although much research on progressive damage mod-
els has already been done, most of these models were case
specific and were analytic or limited in scope due to the com-
putational technology at the time (Degrieck and Paepegem
2001). Shorkrieh and Lessard (2000a, b) combined two
models to propose a “generalized model” for unidirectional
reinforced laminates. This analytic model has a reference
point for a way to combine models or uses it as the base
for their work such as Kennedy et al. who combined mod-
els in a similar way (Kennedy et al. 2013). Pasoce et al.
just look at models for fatigue prediction due to delamina-
tion growth using both phenomenological and mechanistic
models (Pascoe et al. 2013). Modified Shokrieh and Las-
sards empirical models are used in various studies such as
those by Knight (2008) and more recently by Khan et al.
where the authors implement user-defined material subrou-
tine in (UMAT) ABAQUS to conduct fatigue analysis with
good results (Khan et al. 2018). In the study by Babaei
and Mostofi, they used singular value decomposition fatigue
model to investigate fatigue in composites due to dynamic
loading (Babaei and Mostofi 2016). Kaminski et al. presented
a fatigue model for 3D interlock woven polymer matrix com-
posites and ceramic matrix composites that they simulate
in finite element code with results that show the monotonic
and fatigue loading to cause similar damage (Kaminski et al.
2015). There are models that do not fit cleanly in a category
such as the recent model by Dong et al. that uses a novel
model of Puck’s Failure theory and non-linear models of
residual stiffness and strength. Their model can be applied
to multi-directional fiber-reinforce laminates with random
stacking sequences with good results (Dong et al. 2016).

The majority of the papers above ended their conclusions
with a statement that there is more work to be done. With
modern computer technology providing faster computers and
better software, there is still a need for efficient models that
can handle larger structures to be accurately analyzed for
residual and final fatigue failure. In light of furthering how
various models can be applied, it is the objective of the present
work to extend a progressive damage model to efficiently and
accurately simulate fatigue failure in composite laminates
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subjected to dynamic loadings. A cycle-dependent mate-
rial property degradation model was employed to account
for fatigue damage due to arbitrary stress ratio without
performing excessive quantities of testing. This general-
ized cycle-dependent material property degradation model
is implemented into user subroutine USDFLD in ABAQUS
for accurate stress analysis through which material degrada-
tion states are updated over the progressive fatigue loading.
The present computational implementation is tested by com-
paring the simulated results with the existing experimental
data. The comparison between the experimental and simula-
tion results demonstrates the successful simulation capability
of the present implementation.

2 Methods
2.1 Failure analysis for lamina

Failure criteria for laminated composites provide a means to
determine the strength and the mode of failure of a unidirec-
tional lamina under combined loading conditions. Numerous
failure criteria have been proposed subjected to multiaxial
loadings. Among the different failure criteria, the quadratic
failure criterion such as Tsai and Wu is useful for predicting
first ply failure, but cannot distinguish the mode of failure.
Experimental evidence shows that the failure behavior of
a unidirectional ply is different depending on the loading
direction (tension or compression), failure location (matrix
or fiber), and the loading condition (in-plane or out-of-plane
shear loading conditions). In this study, the traditional fail-
ure criteria form for linear cases is modified for the nonlinear
situation by considering the material nonlinearity parameter
(Shokrieh and Lessard 2000a):
For tension failure:

o2 2
2 Ixy 3¢ 4 Oxz 3¢ 4
Oxx 2Exy + 480x)7 2Ey; + 480x2
— | + + >1, (1)
X 53, + 3554 S + 3554
2E., 4%Pxy 2Ey; 4% xz

where o,y 0y, and o, represent longitudinal stress, in-
plane shear stress and out-of-plane shear stress, X7 indicates
the longitudinal tensile strength of a unidirectional lamina
under static tensile stress in the fiber direction, § is material
nonlinearity parameter, which incorporates the shear nonlin-
earity (damage) prior to failure. In Eq. (1), Ey, and E; are
in-plane shear stiffness and out-of-plane shear stiffness, Sy,
and Sy, are in-plane shear strength and out-of-plane shear
strength, respectively.
For compression failure:
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where X ¢ indicates the longitudinal compressive strength
of a unidirectional lamina under static compressive stress.
Fiber-matrix shearing failure:
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where oy is the transverse stress, Y7 and S, indicate static
tensile strength and shear strength in the y—z plane, respec-
tively.

Matrix compression failure:
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where Y indicates the transverse compressive strength of
a unidirectional static compressive stress in the transverse
direction.

Normal tension failure:
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where o, is normal stress and Z7 is the normal tensile
strength of a unidirectional static tensile stress.
Normal compression failure:
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where Z¢ is the normal compressive strength of a unidirec-
tional tensile stress.

A stress state under fatigue loading is less than the maxi-
mum strength of the material, which causes no static mode of
failure. However, as the number of loading cycles increases,
the material properties and strengths degrade and eventu-
ally become lower than the applied stress state, causing
catastrophic failure. Hence, to predict the fatigue failure sub-
ject to fatigue loading conditions, material properties under
static loading conditions need to incorporate suitable mate-
rial degradation rules subjected to fatigue loading conditions.
The material strength R(n) is assumed to be a function of

the number of cycles to failure (n) and its rate of change is
described by a power-law equation:

dR(n)

o= —A(o)/m[Rm)I™!, ®)
n

where A(o) is a function of the maximum cyclic stress
and m is a constant. This model has been used by many
authors (Sendeekyj 1981; Radhakrishnan 1984). By integrat-
ing Eq. (8) from 0 to n cycle and considering that R(n) is equal
to the applied stress at the number of cycles to failure (Ny),
the strength R(n) reduces to (Halpi et al. 1973):

R™(n) — o™ n
R TN ©
s — 0 f

where R; is the static material strength. Similar strength
models have been proposed (Halpi et al. 1973; Broutman
and Sahu 1972; Daniel and Charewiez 1986; Reifsnider and
Stinchcomb 1986; Adam et al. 1986) to predict material
degradation. In this study, we used the degradation model
introduced by Adam et al. (1986) and modified by Shokrieh
and Lessard (2000a):

(R(n) - a)“ . ( log(n) — log(0.25) )ﬁ

(10)
Ry — o log(N ) — log(0.25)

where o and g are fitting parameters that can be found exper-
imentally. In Eq. (10), the equivalent number of fatigue cycle
for a static loading is assumed to be a quarter of a cycle (0.25),
which is a monotonically increasing part of a cycle (quarter
if a cycle) in fatigue.

Similarly, the material stiffness E(n) also degrades as the
number of cycles (n) increases under an alternating stress
o. Experiments shows, however, that the average strain to
failure (¢r) is constant and independent of the stress state and
number of cycles (Hwang and Han 1986). The present study
adopted the similar form of fatigue strength model given in
Eq. (9) using the average strain to failure as

Em =/ \" | _( log(n) — log(0.25) )* a
E;— 9/, ; N log(Ny) —log(0.25) )

where E indicates static stiffness, y and A are experimental
curve fitting parameters.

Material strength and stiffness in Eqgs. (1-7) will be
degraded by Eqgs. (9) and (10) under fatigue loading con-
ditions.

2.2 Constant fatigue diagram
The number of cycles to failure (Ny) is a function of the

applied stress (o) and the stress ratio k (0 min/0 max), requir-
ing an infinite number of experiments to determine for every
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Fig. 1 Constant fatigue diagram

stress states and ratios. To avoid performing an infinite num-
ber of experiments, a constant fatigue diagram was used in
the present study, which quantifies the interaction of alternat-
ing and mean stresses on the fatigue life of a material (Adam
et al. 1986):

a=f(l—-q)"(c+q)". (12)

In Eq. (12), f, u, and v indicate curve fitting constants and a,
q and c are defined by
Oq Om oc

a=—54q=—";¢=—, (13)
or or or

where o7 and o ¢ indicate tensile and compressive stresses,
0 4 alternation stress, and o, mean stress, defined by

Omax — Omiin Omax t Omiin
oy =——andoy, = ——— (14)
2 2

Figure 1 depicts different constant fatigue life curves
described by Eq. (12). Note that u and v are assumed to be
linear function of fatigue life and be equal. This assumption
is based on the observation that the curve-shape asymmetry
of the constant life is not severe (Gathereole et al. 1994):

u=v=A+ BlogN;. (15)

Equation (15) is changed to the following form to determine
fitting parameters A and B:

In(a/ f)

Experiments would be conducted to create a o-logNy curve
for different stress ratios. Based on the data, u versus logNy
curve is extracted from which A and B can be fitted.
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2.3 Material degradation rule and progressive
failure procedure

The present fatigue failure criteria and material degradation
rules are implemented into the commercial finite element
analysis code ABAQUS using user subroutine USDFLD
(Hibbitt and Sorensen 1992). From Eq. (11), elastic prop-
erty degradation can be expressed in terms of a degradation
parameter 1

E(n) = nkEj, 7
where
1
logn —log0.25 \* |7 o o
n=|[1- 1 - + .
log Ny —1og0.25 Esey Eser
(18)

The value of n; is assigned to a field variable (FV) in
ABAQUS used for controlling the elastic properties. The
material degradation parameters can be combined into failure
criteria for multiaxial loading. The failure modes in Sect. 2.1
are considered in the model analyzed. A set of sudden mate-
rial degradation rules are applied for each mode of failure
during computation of ABAQUS as follows:

(1) When the composite fails in fiber compression or fiber
tensile modes, Ey, Ey, E;, Eyy, Ey;, Ex; become zero.

(2) When the composite fails in fiber-shearing modes, E\,
becomes zero.

(3) When the composite fails in matrix tensile and compres-
sion modes, Ey, becomes zero.

(4) When the composite fails in normal tensile or compres-
sion modes, E, becomes zero

User subroutine USDFLD calculates the value of the fail-
ure indices in Eqs. (2—7). When the index exceeds a value
of 1.0, the value of the filed variable is set to 1.0. This value
is also stored as state variable (SD) that is passed into the
next analysis iteration. The value assigned to a field variable
(FV) is used to calculate elastic modus. ABAQUS uses linear
interpolation between data points assigned to a field variable.

Parameters of material strength degradation ¢ are calcu-
lated in USDFLD and stored in the state variables:

R(n) = Ry, (19)
where
logn —log0.25 \” z o o
T [1 ) <long - logo.zs) } (1 B RT) TR
(20)
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Fig.2 Computational flowchart of fatigue failure model
Table 1 Parameters used in the present study
Loading Parameters
Longitudinal tension o] Bi1 A B A1 Y11 ef11
0.473 10.03 1.3689 0.1097 14.57 0.3024 0.0136
Longitudinal compression o Bii
0.025 49.06
Transverse tension o) B2 A By A2 Y22 &2
0.1255 9.5287 0.999 0.096 14.77 0.1155 0.0068
Transverse compression o) B
0.0011 67.36
In-plane shear ap B12 A B A23 V23 ££23
9.11 .16 0.099 0.186 11.0 0.7 0.101
Out-of-plane shear a3 B23 A B3
9.11 .16 0.099 0.111

The stiffness matrix of the finite element model is rebuilt
and the stress analysis is performed in ABAQUS. Stresses
are examined by the present fatigue failure criteria in user
subroutine in each analysis step. If no sudden failure mode is
indicated, the number of cycles () is updated. Figure 2 shows
the computation process for the present progressive fatigue
failure model. Parameter values in Egs. (15-20) of the AS4
graphite/epoxy composite are listed in Table 1. They were

obtained from experimental data available in the literature
(Shokrieh and Lessard 2000b).

3 Numerical results

We simulated the fatigue behavior of composite laminates
made of AS4 graphite/epoxy under fatigue loading. Fatigue
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properties of AS4 graphite/epoxy composite have been char-
acterized in the literature. We first examine fatigue behaviors
of unidirectional plies subject to various uniaxial loading
condition to ensure that the simulated degradation model is
able to fit the decreasing material properties as the number
of fatigue cycles increases. We then simulated the fatigue
behavior of a unidirectional laminate subjected to biaxial
stress state and compared the calculated results with experi-
mental data.

3.1 Strength and stiffness under longitudinal tensile
loading

The present method is utilized to study cycle-dependent
strength and stiffness degradation of unidirectional lamia
under tensile fatigue loading. The material properties and the
failure strength of AS4 graphite/epoxy composite are listed
in Tables 2 and 3.

The unidirectional behavior and residual material proper-
ties of AS4 composite laminate under tension—tension fatigue
loadings were experimentally characterized in the litera-
ture. Details of the experimental procedure are described in
Shokrieh and Lessard (2000b). We performed finite element
analysis (FEA) to predict strength and stiffness of unidi-
rectional lamina deteriorated under tensile fatigue loading.
Figure 3 shows the dimensions of a tensile fatigue test spec-
imen used for FEA simulation. The composite specimen is
meshed using ABAQUS eight-node brick elements (C3D8).
A stress ratio of 0.1 was applied for cyclic loading.

Table 2 Elastic properties of AS4 graphite/epoxy composite (GPa)
(Shokrieh and Lessard 2000b)

Eqi E» E3  vip vz v G  Giz  Gn

147.0 9.0 9.0 0.3 0.3 043 5.0 5.0 3.0

Table 3 Strength of graphite composite (Shokrieh and Lessard 2000b)

Xr Xc Yr Yc Si2 Sa3
(MPa) (Mpa) (Mpa) (Mpa) (Mpa) (Mpa)
2004 1197 53 204 137 42

2.22 mm—¥,

4 12.7 mm
<> 1
F F
152.4 mm

Fig. 3 Uniaxial fiber specimen under longitudinal fatigue loading
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Figure 4 shows experimental and simulated results of
material strength vs the number of fatigue life results on the
normalized scale of

(XT/C(H) — U) vs < log(n) — log(0.25) >
Xr/c(5) — O “\log(Ny) —1og(0.25) )

2

In the experimental work (Shokrieh and Lessard 2000b),
to measure the residual strength and stiffness, two different
stress states (80% and 60% of the longitudinal tensile static
strength) were selected. A stress ratio of 0.1 was applied with
a frequency below 10 Hz. In the simulation, stress states of
80% and 60% were also selected. Also a stress ratio of 0.1
was applied for load cycle. It is evident that although the load
ratio is constant, the residual strength varies with the number
of fatigue life cycles.

Next, degrading stiffnesses of a unidirectional lamina
specimen under longitudinal tensile fatigue loading were cal-
culated and plotted on the normalized scale of

— Eyx(n) =9
( log(n) — log(0.25) > w n fes '\ )
log(Ny) — log(0.25) Eors — G/gxxf

Again, the two different stress states (80% and 60% of the
longitudinal tensile static strength) were chosen with the
stress ratio of 0.1; high and low levels of stresses are consid-
ered by selecting these two states of stresses. It is clear from
Fig. 5 that the FEA modeling simulated the decreasing part
of the degradation trend well.

3.2 Strength and stiffness under loading
in the matrix direction

Fatigue behavior of AS4 graphite/epoxy composite under
matrix tensile and compressive loadings has also been stud-
ied. An FEA study is conducted to predict strength and
stiffness of unidirectional lamia degraded under matrix ten-
sile and compressive fatigue loadings. Figure 6 shows the
dimensions of the specimen used for the FEA.

ABAQUS C3D8 elements were used to model the com-
posite specimen. Tensile—tensile and compressive—compres-
sive loading conditions were applied with the 0.1 load
ratio. The results of experiments for measuring the resid-
ual strength (Shokrieh and Lessard 2000b) and FEA results
are presented in Fig. 7 on the normalized scale of

( log(n) — log(0.25) ) vs <YT/C(n) — 0)

(23)
log(Nf) — log(0.25) Yric(60 — 0

To measure the residual strength under tensile—tensile,
two different states of stress (60% and 40% of the tensile
transverse static strength) were selected. For compressive—
compressive loadings, 70% and 50% of the transverse static
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Fig. 4 Normalized strength of a unidirectional lamina under a longitudinal tensile fatigue loading and b longitudinal compression fatigue loading

(Shokrieh and Lessard 2000b)
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Fig. 5 Normalized stiffness of a unidirectional lamina under longitudi-
nal tensile fatigue loading (Shokrieh and Lessard 2000b)

strength were selected. ABAQUS results match well with
experimental residual strength for both high and low stress
levels.

Next, the results for the residual stiffness of a unidirec-
tional 90° ply under tensile—tensile cyclic loading in the
matrix direction is plotted on the normalized scale of

_ Eyy(n) =g
( log(n) — log(0.25) )vs. »y /en_f . 24)
log(N f) — log(0.25) Eyys = ey s

Figure 8 shows experimental data [27] and FEA simula-
tion results of decreasing of the residual stiffness. It is evident
that the degradation model is able to fit the decreasing stiff-
ness as the number of fatigue cycles increases.

. A
T - 2.22 mm

152.4 mm

|12.7 mm

F

Fig.6 Uniaxial fiber specimen under transverse fatigue loading

3.3 Strength and stiffness under in-plane loading

To study fatigue behavior of unidirectional lamia under in-
plane shear loading, FEA of pure shear mode of deformation
was conducted.

Figure 9 shows the dimensions of the FEA specimen
model. Results of the shear strength of the specimen predicted
by the present method were compared to the experimental
result. The experimental result of a composite plate loaded
with an in-plane load is presented in Reference [27]. In
the experimental work, two different stress states (59% and
40% of static strength) were selected to measure the residual
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Fig.7 Normalized strength of a unidirectional lamina under a) transverse tensile fatigue loading and b) transverse compression fatigue loading

(Shokrieh and Lessard 2000b)

strength. The residual strength and the residual fatigue life
of the composite specimen were plotted on the normalized
scale of

< log(n) — log(0.25) ) <Sxy(n) — a)
vs.| —— ).
log(N ) — log(0.25) Sxys) — O
The composite plate is meshed using C3D8SR elements.
In the simulation, stress states of 59% and 40% were also
selected. Figure 10 shows the data characterizing the residual
shear strength of the unidirectional composite plate experi-
mentally and numerically.
The degrading stiffness of the composite subjected to pure

shear deformation was calculated and plotted on the normal-
ized scale of

(25)

( log(n) — log(0.25) ) Co ="fens\ g
V —_—
log(Ny) — log(0.25) Exys = /e,
1.2
Y i o uo,
A A ge
Zos | 26
£ 6
iz ®
806 |
N
E
Zo 04 1 O Experiment (60%)
A Experiment (40%)
02 F o Simulation (60%)
B Simulation (40%)
O 1 1 1 It @ m
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Normalized number of cycles

Fig. 8 Normalized stiffness of a unidirectional lamina under transverse
tensile fatigue loading [27]
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The experimental and numerical results of residual shear
stiffness of the unidirectional composite plate are shown in

100 mm

150 mm

Fig.9 Uniaxial fiber specimen subjected to pure shear deformation

A
08 " a _O
= A O aA®m 8 o
B A
2 6 o
206 s 8,
iy )
o
N
<04 |
B
2 O Experiment (59%)
0.2 | A Experiment (40%)
@ Simulation (59%)
B Simulation (40%)
0 &
0 0.2 0.4 0.6 0.8 1 1.2

Normalized number of cycles

Fig. 10 Normalized shear strength of a unidirectional composite plate
under in-plane shear loading [27]
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Fig. 11 Normalized shear stiffness of a unidirectional composite plate
under in-plane shear loading

Fig. 11. Simulated data well represented the degradation
behavior of the strength and the stiffness for AS4 composite
laminate subjected to in-plane shear loading.

3.4 Fatigue behavior of a unidirectional ply
under biaxial state of stress

The cumulative fatigue damage method implemented into
ABAQUS based on cycle-dependent material property degra-
dation model is evaluated with an angle-ply laminate and
validated by an experimental result. A set of static and
fatigue experiments were reported in the literature with 30°
off-axis specimens made from AS4 graphite/epoxy mate-
rial (Shokrieh and Lessard 1997). The AS4 graphite/epoxy
material is fully characterized and presented in Sect. 3. The
off-axis unidirectional specimen under uniaxial tension load-
ing is shown in Fig. 12. Applying a uniaxial loading on the
off-axis specimen induces a biaxial state of stress in the
on-axis direction. The experimental static strength of the
specimen is 160.6 MPa. Tension—tension fatigue tests were
conducted with the load ratio (Fin/Fmax) of 0.1.

ABAQUS predicted the number of cycles to failure under
various applied stress conditions. A stress ratio of 0.1 was
applied as cyclic loading. The composite specimen is meshed
using C3D8 elements. The laminate stacking of the compos-
ite specimen model is [60/60/60/60]. The results obtained
by the present method were compared with the experimen-
tal results (Fig. 12). The experimental S-N data [27] and
simulated S—N values are shown by empty circles and filled
circles, respectively. As shown in the figure, the present
method reasonably simulated the behavior of the unidirec-
tional ply under biaxial state of stress (Fig. 13).
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Fig. 12 Off-axis unidirectional specimen under tensile loading
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Fig. 13 Applied stress vs fatigue life (S-N) cure of the 30° off-axis
specimen

4 Conclusion

This study presented a numerical modeling approach to simu-
late the behavior of composite laminates subjected to fatigue
loadings. The present approach is based on accurate stress
analysis, material degradation rule, and failure analysis.
The model is implemented into ABAQUS using USDFLD
User Subroutine. Numerical tests of material characteriza-
tion of the unidirectional composite lamina were performed
for tension and compression for fiber and matrix direction
and in-plane shear loadings and the results were compared
to experimental data. Simulated data well represented the
degradation behavior of the strength and the stiffness. The

@ Springer
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present model is able to predict the residual strength and
stiffness and provide a final fatigue life of the composite
laminates subjected to multiaxial fatigue loading conditions.
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