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Abstract: Composite materials, like metals, are subject to fatigue effects, representing one of the main
causes for component collapse in carbon fiber-reinforced polymers. Indeed, when subject to low
stress cyclic loading, carbon fiber-reinforced polymers exhibit gradual degradation of the mechanical
properties. The numerical simulation of this phenomenon, which can strongly reduce time and costs
to market, can be extremely expensive in terms of computational effort since a very high number of
static analyses need to be run to take into account the real damage propagation due the fatigue effects.
In this paper, a novel cycle jump strategy, named Smart Cycle strategy, is introduced in the numerical
model to avoid the simulation of every single cycle and save computational resources. This cycle jump
strategy can be seen as an enhancement of the empirical model proposed by Shokrieh and Lessard
for the evaluation of the fatigue-induced strength and stiffness degradation. Indeed, the Smart Cycle
allows quickly obtaining a preliminary assessment of the fatigue behavior of composite structures.
It is based on the hypothesis that the stress redistribution, due to the fatigue-induced gradual
degradation of the material properties, can be neglected until sudden fiber and/or matrix damage is
verified at element/lamina level. The numerical procedure has been implemented in the commercial
finite element code ANSYS MECHANICAL, by means of Ansys Parametric Design Languages
(APDL). Briefly, the Smart Cycle routine is able to predict cycles where fatigue failure criteria are
likely to be satisfied and to limit the numerical simulation to these cycles where a consistent damage
propagation in terms of fiber and matrix breakage is expected. The proposed numerical strategy
was preliminarily validated, in the frame of this research study, on 30° fiber-oriented unidirectional
coupons subjected to tensile—tensile fatigue loading conditions. The numerical results were compared
with literature experimental data in terms of number of cycles at failure for different percentage of the
static strength. Lastly, in order to assess its potential in terms of computational time saving on more
complex structures and different loading conditions, the proposed numerical approach was used
to investigate the fatigue behavior of a cross-ply open-hole composite panel under tension-tension
fatigue loading conditions.

Keywords: fatigue; residual strength; residual stiffness cycle jump strategy; open-hole specimen

1. Introduction

Composite materials are commonly used today in many engineering and industrial
fields and, often, can be considered the first choice for structural load-bearing compo-
nents [1-4]. The scientific community is increasingly interested in robust numerical proce-
dures capable of correctly predicting the mechanical behavior of such innovative materials,
especially in terms of damage propagation. Indeed, failure mechanisms are a major weak-
ness for composites, which hinders fulfilling certification regulations [5,6] and leads to
oversizing of the structures without achieving the promised improvements in terms of
weight reduction.

Materials 2021, 14, 3348. https:/ /doi.org/10.3390/ma14123348

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-7766-8250
https://orcid.org/0000-0002-1222-5683
https://orcid.org/0000-0001-5670-5438
https://orcid.org/0000-0001-7426-6803
https://doi.org/10.3390/ma14123348
https://doi.org/10.3390/ma14123348
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14123348
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14123348?type=check_update&version=2

Materials 2021, 14, 3348

2 0f 23

For decades, robust numerical methods have been developed to investigate the behav-
ior of composite materials subjected to static loading conditions [7-9]. In [10], the damage
behavior of an aerospace stiffened panel made of epoxy resin/carbon fiber material, sub-
jected to static compressive load, was studied experimentally and numerically. Hill [11],
Tsai Wu [12], and Hashin and Rotem [13,14] can be considered pioneers in developing
mathematical models describing the onset of intralaminar damage and evolution of com-
posite materials subjected to static loading conditions. They defined the mode-dependent
failure criteria which allow calculating the fiber and matrix breakages on the basis of the
state of stress and the material strength. Today, such models are implemented in all the
main commercial finite element platforms, and they have inspired most of the damage
prediction methodologies reported in the literature.

The same level of knowledge and confidence has not been reached when cyclic loading
condition are considered. The phenomenon of material property degradation caused by
cyclic loads is called fatigue and, even if discovered in the second half of the 19th century
for metallic materials, this term has been commonly extended to other classes of materials,
including composites. Currently, the knowledge about composite response under fatigue,
particularly carbon fiber-reinforced polymers (CFRPs), has made excellent progress, but
the development of robust computational methods to correctly predict the fatigue life of
structures is still in progress [15].

In recent years, different numerical and experimental models have been proposed to
predict the behavior of composite structures under cyclic loads applied over time. These
models are frequently clustered in two major groups: fatigue life models, which predict
fatigue life without focusing on the property degradation mechanisms of evolution, and
phenomenological models, which predict the evolution of damage and allow evaluating
the residual stiffness and strength degradation over cycles.

The fatigue life models [16-22] make use of experimental data from constant amplitude
fatigue experimental tests, considering different levels of stress, as described by Adam
et al. in [23,24], where the fatigue behavior of T800/5245B composite samples was assessed
in tension, compression, and mixed tension—compression, allowing a prediction of the
so-called S-N curves, correlating the number of cycles to failure to the applied stress level.
The principal drawback of these models is that they need massive experimental data, which
require costly and time-intensive experimental campaigns.

The phenomenological models can describe the stiffness and strength degradations
due to the accumulation of damage. These are based on experimental measurements at
different stress levels and different fractions of their fatigue life. Empirical laws are used
to fit these test data, providing evolution laws that can describe the gradual reduction in
laminate stiffness and strength at a macroscopic level.

Several phenomenological models have been proposed for stiffness degradation [25,26]. For
example, in [27-30], some models were developed to predict the stiffness reduction which
characterizes the types of damage that commonly arise during fatigue, as well as the
strength degradation [31,32] under fatigue loading conditions. Shokrieh et al. [33-38]
proposed an empirical method based on the reduction in strength and stiffness of the
material, called the generalized residual material property degradation model, which
establishes a technique taking into account the fatigue-driven damage caused by arbi-
trary stress ratio, without the need for excessive amounts of testing. More in detail, this
approach integrates the residual strength and stiffness theory with the Hashin fatigue
failure criteria, for different damage mechanisms. The model, named the “residual strength
material properties degradation model”, has been extensively employed by many authors
to implement material user subroutines for use within proprietary and commercial finite
element codes. Naderi and Maligno in [39] proposed a three-dimensional Finite Elements
(FE) model to simulate the fatigue response of AS4/3501-6 carbon/epoxy samples. They
implemented the progressive fatigue model in ABAQUS™ via user subroutines UMAT
(user-defined material) and USDFLD (user-defined field variables). Similarly, Krishnan,
Conway, and Xiao in [40] presented a material user defined routine for ABAQUS™ used
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to simulate fatigue behavior of specimens with a central circular hole. They performed
experimental tests under tensile fatigue loading conditions and monitored the strains and
displacements by a digital image correlation device to validate their numerical models.
Khan et al. in [41] also developed a user material subroutine (UMAT) based on the Shokrieh
and Lessard model. They used a cumulative damage approach to assess the variation in
stress amplitude, resulting from the stress state redistribution after failure.

In this work, the Shokrieh and Lessard fatigue empirical model was implemented in
the commercial Finite Elements Method (FEM) software ANSYS® by means of the Ansys
Parametrical Design Language (APDL) with the aim of developing a robust, easy-to-use,
and fast numerical procedure able to preliminary assess the fatigue life of composite
structural components. The main goal of this paper was to validate a cycle jump strategy,
labeled the Smart Cycle strategy, able to predict the cycles where fatigue failure criteria
are likely to be fulfilled, assuming that the stress redistribution, due to the fatigue gradual
degradation of the material properties, can be neglected until sudden fiber and /or matrix
damage is verified at the element/lamina level. Hence, the Smart Cycle strategy is able to
limit the cycles where numerical simulations are needed, allowing to save computational
costs and storage use. The implemented finite element procedure was preliminary validated
against experimental data available in the literature for three different samples and applied
to open-hole specimens under tensile fatigue conditions.

In Section 2, the theory behind the implemented model is introduced, while, in
Section 3, the finite element model and the Smart Cycle strategy implementation are
presented. In Section 4, the developed numerical tool is preliminarily validated against
experimental data on an off-axis unidirectional specimen subjected to tensile-tensile fatigue
and applied to cross-ply open-hole specimens under constant-amplitude tensile fatigue.
The comparison of the obtained numerical results to the literature experimental measure-
ments demonstrates the effectiveness of the Smart Cycle strategy in saving computational
costs without loss of results accuracy.

2. Theoretical Background

As already remarked, the fatigue intralaminar damage evolution approach proposed
in this paper is based on the Shokrieh and Lessard’s residual strength material property
degradation model [34,35]. In Figure 1, the residual strength and S-N curves, referring to
a unidirectional lamina, are shown in one graph. For each state of stress, the S-N curve
intersects the catastrophic failure point of the residual strength curve. Let us consider, in
the schematic curve of Figure 1, the static strength of a unidirectional lamina Ry, which can
also be expressed as the strength at one-quarter of a cycle (1 = 0.25) in fatigue where the
maximum value of the applied stress is reached. Under a constant maximum applied stress
(0), the fatigue strength R(n) decreases until it reaches the magnitude of the maximum
applied stress. At this point, R(N¢) in Figure 1, the lamina fails catastrophically.

R(n)
Ro Wear out
S-N curve Sudden
death

Figure 1. Schematic representation of the strength degradation under variable stress conditions.



Materials 2021, 14, 3348

40f23

The fatigue behavior of a composite lamina depends on the applied stress. Two
different models can be identified: the sudden death model and the wear-out model.

According to Figure 1, when subjected to a high level of stress, the residual strength
as a function of the cycle number is almost constant until it decreases abruptly (sudden
death model). On the contrary, under a low level of stress, the residual strength degrades
gradually (wear-out model). The Shokrieh and Lessard model is capable of capturing both
the “sudden death” and “wear-out” models for failure in laminates.

2.1. Wear-Out Model

To fully describe the generalized residual material property degradation model, three
main expressions must be combined: the normalized residual strength, the normalized
residual stiffness, and the normalized fatigue life model.

Referring to the residual strength of a unidirectional lamina under general uniaxial
fatigue loading conditions, a suitable relationship among fatigue life, state of stress, and
stress ratio is needed. The expression, proposed by Harris et al. [22-24], was rearranged, as
shown in Equation (1), by Shokrieh and Lessard in [34,35].

Bl &
R(n,0,k) = 1—( log(n) = log(0.25) ) (Ro—0)+0 )
log(Nf) —10g(0.25)

Knowing the static residual strength Ry, the state of stress ¢, and the experimentally
determined curve-fitting parameters « and B, the residual strength as a function of the
number of cycles n and stress state ¢, for arbitrary stress ratio k, can be determined. In ad-
dition to the normalized residual strength model, the normalized residual stiffness E(n,c,k)
model is described in Equation (2), providing the residual stiffness of a unidirectional ply
under a certain state of stress o and stress ratio k.

K
E(nok) = |1 | Le8(r) = 10g(025) (ES - U) +Z @)
log(Nf> —10g(0.25) ef ef

According to Equation (2), Es is the static stiffness, and v, A, and ¢ (average strain
to failure) are additional experimental fitting parameters. Even if the experimental fitting
parameters shown in Equations (1) and (2) are stress-independent, the number of cycles to
failure (Njy) is a function of the state of stress and the stress ratio.

Lastly, the normalized fatigue life model as a function of the cycles to failure Ny, at lam-
ina level, is evaluated using the expression in Equation (3), developed by Adam et al. [23].

In(a/f)
u= = A+ Blog Ny, 3
In[(1— m)(c+ m)] & Nf ®)
where m = %ﬁ“”, c = ‘;—:, and a = ‘%f, with o} tensile stress, 0. compressive stress,
Omean = M mean stress, and 0, = (‘7’”“7;7’”’”) alternating stress shown in Figure 2,

where a constant-amplitude loading pattern is represented. The terms f, A, and B are
curve-fitting parameters which can be experimentally determined as described in [35].
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Figure 2. Constant-amplitude loading pattern.

Equations (1)—(3) can be written for each stress direction (longitudinal, transverse,
and shear directions) and, where applicable, for both tensile and compressive loading
conditions, considering the proper stress components, number of cycles to failure, static
strength, maximum stress components, static stiffness, and experimental parameters f, A,
B,a, B,v, A, and &.

2.2. Sudden Death Model

In addition to the gradual degradation of the material properties, described in the
previous paragraph, sudden degradation, occurring as a consequence of failures at lam-
ina level for a specific location, has to be considered to assess the damage mechanisms
developed under fatigue loading conditions.

In order to check for the occurrence of failures, the fatigue failure criteria proposed by
Hashin [13,14] were chosen as reported in Table 1. In the sudden degradation model, all the
properties are reduced one time, instantaneously, to a fraction of the undamaged properties.

Table 1. Hashin fatigue failure criteria.

Failure Modes

Equations Parameters

Tensile fiber failure

Xr(n,0,k) fiber tensile fatigue strength
S(n, o, k) shear fatigue strength

() + (satim) =1

n, o,k

Compressive fiber failure

n, o, k)
o . )2 -1 Xc(n,0,k) fiber compressive fatigue strength

(W

n, o,

Yr(n, 0, k) matrix tensile fatigue strength

. L 2 2
Tensile matrix failure <YT(:17,237, 3} ) + (S(n/,ﬁ;, 3] > =1 S(n, o, k) shear fatigue strength
Compressive matrix failure o 2 + 012 2 -1 Ye(n,o, k), matrix compressive
Yc(n, o, k) S(n, 0, k) fatigue strength

022

According to Table 1, the denominators of the equations are not constants but functions
of the number of cycles, the state of stress, and the stress ratio. By using the expression in
Equation (1) to define the residual strength for each state of stress (¢11, 012, 013, etc.), the
expression in Equation (4) can be obtained, for example, for the matrix tensile failure.

2 2

712

=

Iog(Nf22 ) —log(0.25

log(n)—1log(0.25)

B2
)

Jr

“22

(YT . 0,22) T om log(n)—1log(0.25)

P12 ] @2
IOg(Nfu)—zog(o.z@) (Sxy —012) + 012

=
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where ay; and B, are experimental parameters measured from transverse tensile fatigue
tests, and aq and By are experimental parameters measured from the in-plane shear
fatigue tests.

When failure occurs, a degradation factor k is considered to degrade the appropriate
material property. Actually, properties are not reduced to 0 in order to avoid ill-conditioning
of the stiffness matrix and convergence problems. However, sensitivity analysis can be
performed to select the degradation factor.

3. Finite Element Model and Smart Cycle Strategy Implementation

The residual strength material property degradation model was implemented in
the ANSYS® Finite Elements software (v18.0, 2018, Ansys, Inc., Canonsburg, PA, USA)
by means of the Ansys Parametric Design Language (APDL). A flowchart schematically
representing the FEM implementation is presented in Figure 3. According to Figure 3, as a
first step, the finite element model is defined (geometry, material proprieties, boundary
conditions, minimum and maximum fatigue loads, maximum number of cycles, and
cycle increments). Then, a first static analysis, under displacement mode control, can be
performed to assess the ultimate static failure load, if the value has not been obtained
experimentally, by determining the number of cycles to failure using Equation (3) The
stress analysis is subsequently performed, by applying the proper load, cycle by cycle.
Once the convergence is achieved within a cycle, the next cycle is selected considering a
predefined cycle increment 7 (which can be balanced considering the load percentage and
the number of cycles to failure), and the proper gradual material degradation rules are
applied to all the elements at lamina level. If damage is detected within an element, the
mechanical properties are instantaneously degraded, according to the sudden death model,
considering a degradation factor k = 0.1. Successively new stress analysis is performed
with the degraded material properties until the maximum cycle number or the number of
cycles to failure is reached. All the information about the fatigue life, the damage, and the
residual material properties, for all the elements of each lamina, is stored in a database for
every cycle and load step.

START SMART
CYCLE

MODEL DEFINITION
| CYCLE=1 |

| I EXIT SMART CYCLE:
CYCLE=L STATIC FAILURE I

| | | EXIT SMART CYCLE:
CYEp1 FATIGUE FAILURE |

STRESS ANALYSIS
CONVERGENCE

CHECK FOR
FAILURE AT
cle=CYCLI

YES

GRADUAL
DEGRADATION
STRENGTH
DEGRADATION

1° + én FATIGUE

CYCLE

Figure 3. Flowchart of the numerical procedure.
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With the aim of avoiding the simulation of every single cycle and saving computational
resources, a cycle jump strategy, named Smart Cycle, was introduced into the numerical
model. The main aim was to understand the validity of the key hypothesis of negligible
effects of the stress redistribution due to the gradual degradation of material properties
before sudden damage onset on the overall fatigue behavior and on the determination of
the fatigue life.

The Smart Cycle routine is able to predict the cycles where fatigue failure criteria are
likely to be verified. Hence, only the numerical simulations to the cycles where damage
propagation (in terms of fiber and matrix breakage) is expected are carried out.

The Smart Cycle strategy assumes that the stress redistribution, due to the fatigue
gradual degradation of the material properties, can be neglected until sudden fiber and/or
matrix damage is verified at the element/lamina level. Hence, as a function of the first
fatigue cycle stress distribution, the relationships in Table 1 are checked in each lamina of
each element considering the degraded material fatigue strengths. This check is repeated
for each cycle, adopting the stress of the first fatigue cycle until a sudden fiber or matrix
failure is detected.

Strategies to Reduce Computational Time

To save computational time, the matrix failure criteria are not evaluated if fiber failure
is detected within an element. When a matrix or fiber failure in a lamina is verified, the
mechanical properties related to the damaged elements are instantaneously degraded,
while the gradual degradation of material properties is applied to all the other elements.
Then, the numerical simulation is performed for the selected cycle. The same procedure is
repeated starting from the cycle where sudden damage is detected, searching for the next
cycle with a sudden damage onset and updating the gradual degradation just in case a
sudden failure is detected, as shown in the flowchart in Figure 4.

MODEL DEFINITION

STRESS ANALYSIS
CONVERGENCE
YES

HECK FOR
FAILURE AT
cle=CYCl

CYCLE >1

CYCLE=1 H STATIC FAILURE ‘

FATIGUE FAILURE ‘

YES

GRADUAL
DEGRADTATION OF
THE STRENGTH

SMART CYCLE
YES

NO CYCLE= MAX MAXIMUM
CYCLE? STOP CYCLE
YES w NO NO
$ YES | cvele=ovete +1

ELEMENT=
ELEMENT +1

Figure 4. Flowchart of the numerical procedure with the introduction of the Smart Cycle strategy.

In order to further decrease the computational cost, it is possible to do the following:

e  choose the number of elements where the Hashin criteria needs to be satisfied (default
setting is =1) to perform a full numerical analysis with sudden degradation in damaged
elements and gradual degradation in all the other elements. This would allow reducing
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the number of numerical simulations to be performed by grouping the sudden damage
for the selected number of elements in one fatigue cycle. This further option would,
surely, save additional computational cost but would, probably, cause a decrease in
accuracy with an underestimation of the damage evolution;

e choose the AN cycles where the check of the Hashin failure criteria is performed
(default setting is =1). This would allow speeding up the smart cycle check with a de-
crease in the computational cost but would also decrease the accuracy in determining
sudden damage onset.

Such additional computational cost-saving features would be useful when analyzing
the fatigue behavior of complex structures or when very low load levels are used in
fatigue cycles.

On the other hand, the accuracy of the Smart Cycle strategy can be improved (with an
increase in computational costs) by performing additional stress analyses with application
of gradual degradation of the material properties in all elements a few cycles (the number
could be set in input, default is set = 0) before the sudden damage onset is expected
according to the Hashin failure criteria check.

In this paper, the basic Smart Cycle strategy (with default values for additional
parameters related to computational cost-accuracy balance) was investigated.

4. Smart Cycle Strategy Validation

The proposed Smart Cycle strategy was preliminary validated on 30° fiber- oriented
unidirectional coupons subjected to tensile-tensile fatigue loading conditions. The numeri-
cal results were compared with the standard fatigue method (considering the predefined
increment) and experimental data from the literature in terms of number of cycles at failure
for different percentages of static strength. Lastly, in order to assess its potential in terms of
computational time saving on more complex structures and different loading conditions,
the Smart Cycle was used to investigate the fatigue behavior of a cross-ply open-hole
composite panel under tension-tension fatigue loading conditions.

4.1. Off-Axis Tensile Specimen

The implemented ANSYS MECHANICAL® APDL procedure was preliminary val-
idated by comparing the numerical results with the literature experimental data of the
off-axis unidirectional specimen subjected to tensile-tensile fatigue in [35].

The numerical model, with the geometrical dimensions, is shown in Figure 5a. The
specimen was discretized by means of four-node SHELL181 ANSYS layered elements with
a reduced integration scheme. The discretization was chosen according to a previously
made mesh convergence analysis which is not reported here for the sake of brevity [30]. A
unidirectional AS4/3501-6 carbon fiber/epoxy matrix material system has been considered,
with a ply thickness of 0.146 mm. The finite element model is shown in Figure 5b.

a) b)
203.2 mm
N
o
X Iy
3
3
Aluminium S
oblique tab 3 = e
—— i v—l—v¢ ::‘:: 12d
—_— o] ey g
43.2 mm ;g
3
3

Figure 5. Off-axis tensile specimen: (a) numerical model; (b) Finite Elements model.
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The boundary conditions, representing the tensile—tensile fatigue load, are shown in
Figure 6.

Uxz0

Uy=0

Uz=0
ROTx =0
ROTy =0
Fully constrained ROTz=0

AR S S—— —_—
S SN e A
S S, e mm
S, AR BB R R T
SSSS =~ SSSSS A e e =~ —ly

Figure 6. Off-axis tensile specimen: Boundary conditions.

The AS4/3501-6 carbon fiber /epoxy matrix material system properties taken from [35]
were considered in our numerical model. In Table 2, the mechanical properties are reported,
while the experimental fitting parameters, extrapolated as described in [35], can be found
in Figures 4, 5, 7, 9-11, 13, 15-17, 19, 20 and 22 of [38] for different loading directions
and conditions.

Table 2. Material properties.

Property Value
Eqq 147,000 MPa
Ex = Es3 9000 MPa
Gy = Gz 5000 MPa
Gy 3000 MPa 3
V12 Vjs V13 00432(('_)) /;ibre direction
Xr 2004 MPa 1 ?
Xc 1197 MPa
Yr=2Zr 53 MPa
Yo =Zc 204 MPa
Sxy = Sxz 137 MPa
Syz 42 MPa

Fatigue simulations were performed with R = 0.1 and maximum load corresponding
to 80, 75, 70, and 65% of the maximum static tensile load. The maximum number of cycles
was fixed to NTOT =1 x 10° with an iteration increment of 5n = 100 cycles for the standard
fatigue simulation. The obtained numerical results, both with standard fatigue simulation
and with the application of the Smart Cycle strategy, were compared to experimental
data from the literature [35]. In Figure 7, the S-N curves numerically evaluated (with
standard and Smart Cycle strategy) were compared to the experimental data by Shokrieh
and Lessard in [35] (the black dotted line represents the fitting of the experimental points
on the graphs). Good agreement was found in terms of number of cycles to failure for all
the analyzed applied load levels. In particular, both methods provided excellent agreement
at the maximum load case, while, for the other loads, a slight overestimation up to 20%
was found between experimental and numerical data. This demonstrates the robustness of
the implemented procedure (whose basic empirical model has been extensively validated
in the literature) and highlights the fairness of the proposed Smart Cycle strategy and the
assumptions on which it is based. Indeed, from Figure 7, it can be observed that the Smart
Cycle strategy is able to mimic the physical structural behavior of the specimen under
fatigue by providing a response very similar to the standard and computationally heavy
fatigue procedure with constant cycle increments.
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STIFENESS (N/mm)

STIFFNESS {N/mm)

9.00E+03

S-N CURVE

8.50E-01

=4=&n = 100

8.00E-01 =o—~SMART CYCLE

7.50E-01 . = EXPERIMENTAL

7.00E-01 L]

LOAD PERCENTAGE

6.50E-01

6.00E-01
1.00E+03 1.00E+04 1.00E+05 1.00E+06
LOGN

Figure 7. Off-axis tensile specimen: S-N curves.

Figure 8 compares the material stiffness degradation due to fatigue loads as a function
of the number of cycles, obtained with the Smart Cycle strategy and with the standard
procedure with constant én = 100 cycle increments, for all the investigated load levels.
According to this figure, the stiffness curves obtained with the standard fatigue simula-
tion show a decreasing trend due to the gradual degradation of the mechanical material
properties as the number of cycles increases before a consistent decrease of stiffness due
to the sudden degradation. On the other hand, only a sudden drop in the stiffness can be
observed with the application of the Smart Cycle strategy, which, as already remarked, is
based on the hypothesis of negligible effects of the stress redistribution due to the gradual
degradation of material properties in the cycle prediction phase. Actually, Figure 8 shows
that an overestimation from 8 to 18% in the prevision of the number of cycles to failure
can be obtained with the application of the Smart Cycle strategy, which is within the
experimental data scatter. This discrepancy is associated with the neglection of the gradual
degradation of material properties in the prediction phase of the Smart Cycle strategy;,
which causes, in case of comparison with a small constant-cycle increment strategy, a delay
in the sudden degradation and, consequently, in final failure.

STIFFNESS vs NUMBER OF CYCLES STIFFNESS vs NUMBER OF CYCLES (75% maximum load)
——&n =100 =——SMART CYCLE =—6n =100 =——SMART CYCLE

9.00E+03

8.00E+03
7.00E+03
6.00E+03
5.00E+03
4.00E+03
3.00E+03
2.00E+03
1.00E+03

0.00E+00
1.00E-00

1 8.00E+03 .
E 7.00E03

6.00E+03

5.00E+03

4.00E+03

3.00E+03

STIFENESS (N/m

2.00E+03
1.00E+03
0.00E+00

1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+00 1.00E+01 1.00E+02 1.00E-03 1.00E+04

NUMBER OF CYCLES NUMBER OF CYCLES
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Figure 8. Off-axis tensile specimen: stiffness vs. number of cycles.
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The comparisons of the two considered strategies in terms of damaged area evolution
as a function of the number of cycles are presented in Figure 9 for all the analyzed load
levels. The extent of damaged area at failure is almost identical to the two analyzed
numerical strategies. This is also confirmed in Figure 10, where the damage propagation
status at final failure, obtained with the two investigated strategies, is shown to be exactly
the same (red elements represent the matrix failure and gray elements represent the fiber
failure; an element is reported as broken when at least one lamina is broken according to
the specific failure mode).

DAMAGED AREA vs NUMBER OF CYCLES (80% maximum load) DAMAGED AREA vs NUMBER OF CYCLES (75% maximum load)
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Figure 9. Off-axis tensile specimen: damaged area vs. number of cycles.
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e
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Figure 10. Off-axis tensile specimen: comparison of the final damage state obtained with the Smart Cycle strategy and with
constant 6n = 100 cycle intervals.
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a)

The damage evolution, as the number of cycles increased (matrix damage initiation
at fatigue cycle 1343, intermediate growth at fatigue cycle 1488, fiber damage initiation at
fatigue cycle 1658, intermediate growth at fatigue cycles 2255 and 2257, and final damage
state at fatigue cycle 2259), for the configuration with 80% of the maximum static load, is
shown in Figure 11.

b)

c)

d)

- L - - i N
- h Y
) f)

- Y W -
““‘T““ -
e et s
- - . h N

Hl MATRIX FAILURE
B FIBER FAILURE

Figure 11. Off-axis tensile specimen: damage status at cycles number (a) 1343, (b) 1488, (c) 1658 (d) 2255, (e) 2257, and
(f) 2259 at 80% of the static load using the Smart Cycle strategy.

In Figure 12, the distributions of the material properties (stiffness and strength) at the
end of the analysis, taking into account the gradual fatigue degradation, obtained with the
Smart Cycle routine, are shown. It is clear that, even if the Smart Cycle routine neglects the
gradual degradation of material properties when searching for the next fatigue cycle to be
simulated, the reduction in material properties with cycles is taken into account when the
fatigue stress analysis is performed.

With the aim of assessing the advantage of the Smart Cycle strategy, comparisons in terms
of simulation time and memory allocation are presented, respectively, in Figures 13 and 14.
Simulation time and memory allocation were normalized with respect to the maximum values
obtained for the simulation at 65% of the static load.

From Figures 13 and 14, the advantages of the Smart Cycle strategy with respect to
the standard procedure with constant cycle intervals can be appreciated. Actually, even
with the approximation introduced by neglecting the gradual degradation in the prediction
phase, the Smart Cycle strategy is able to lower the simulation times tenfold and memory
allocation 20-fold with respect to the standard procedure with constant cycle intervals.
Indeed, relative differences up to —92% in the simulation time and 95% in the memory
allocation are achieved with the proposed strategy. The advantages of the Smart Cycle
strategy, in terms of simulation time and memory allocations, increase when performing
fatigue simulations at lower max loads.



Materials 2021, 14, 3348 13 of 23

Shear modulus G,
1852.71
2199.08
2545.44
2891.81
3238.18
3584.54
3930.91
4277.28
4623.64
4970.01

, =

JRRN[E] ]

Longitudinal modulus £,

b) —_—

| Saniny |

Transversal modulus £,

90

1080
2070
3060
4050
5040
6030
7020
8010
9000

o}

Fibre tensile strength X,

1002
d]

1113.33
1224.67
1336
1447.33
1558.67
1670
1781.33
1892.67
2004

[ [

Matrix tensile strength ¥,
-
- 14.7351
e) h - E‘.ﬁ 29.4702
| 44.2085
58.9405
' 73.6756
| 88.4107

— 103.146
E 117,881
132616

Fibre compressive strength X,

598.5
665
731.5
798
B864.5
931
997.5
1064
1130.5
1197

f)

RECONEENN

Matrix compressive strength ¥,

667

g 333

ga L k3

0.667
13333

et IR R =]

L
=

158667
181.333

204

0 JE00E

Figure 12. Off-axis tensile specimen with gradual degradation of material properties using the Smart
Cycle strategy: (a) shear modulus (MPa), (b) longitudinal modulus (MPa), (c) transversal modulus
(MPa), (d) longitudinal tensile strength (MPa), (e) transversal tensile strength (MPa), (f) longitudinal
compressive strength (MPa), and (g) transversal compressive strength (MPa).
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Figure 13. Off-axis tensile specimen: (a) simulation time bar chart, (b) simulation time vs load percentage.
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Figure 14. Off-axis tensile specimen: (a) hard disk memory allocation bar chart; (b) hard disk memory allocation vs.

load percentage.

4.2. Cross-Ply Open-Hole Tensile Specimen

The presence of cutouts within composite structures is needed for running electrical
cables and fuels or just for lowering the weight of the structure. However, holes develop
a high stress concentration, which can cause premature collapse of the structure. Hence,
the study of the fatigue behavior of components characterized by the presence of cutouts
becomes mandatory for structural design.

An AS4/3501-6 carbon/epoxy laminate, with a central circular hole and (0,,90,)s
layup, subjected to tensile fatigue loading conditions, is analyzed in this subsection, and the
numerical results in terms of elastic strain and fatigue damage progression, obtained with
the Smart Cycle strategy and with the procedure using standard constant cycle intervals,
are compared to experimental results by Krishnan et al. in [40] to further validate the Smart
Cycle Strategy.

The geometry of the investigated open-hole tension specimen is shown in Figure 15a.
The laminate was discretized by using four-node SHELL181 ANSYS layered elements with
reduced integration (see Figure 15b). The fatigue test at Pmax = 25 kN, corresponding to the
56.8% of the static tensile strength, and R = 0, was considered.
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(O 910 mm

227 mm

Figure 15. Cross-ply open-hole specimen: (a) geometrical model; (b) FEM model.

A photo of the numerically predicted maximum first principal strain contour plot at
the numerical cycles to failure Ny = 30,784 cycles, obtained with the Smart Cycle strategy,
is shown in Figure 16a. The numerical final damage status, obtained with the procedure
based on standard constant cycle increments (67 = 100 cycles) and with the application
of the Smart Cycle strategy, are respectively presented in Figure 16b (Ny = 33,500) and
Figure 16¢ (Ny = 30,784).

a)

B Matrix damage
M Fibres damage

Figure 16. Cross-ply open-hole specimen: (a) numerical maximum principal strain; (b) final damage
status obtained by considering constant cycle increments dn = 100; (c) final damage status obtained

by using the Smart Cycle strategy.

From Figure 16, the shear out damage pattern predicted by the implemented numerical
models is in good agreement with the experimentally observed damage pattern, which can
be found in Figure 10a of [40] by Krishnan et al. The same can be said for numerical cycles
to failure (Ny = 30,784 with the Smart Cycle strategy and Ny = 33,500 with the constant cycle
increments) and experimental cycles to failure (N = 35,000).

The numerically predicted strains at N = 1000 and N = 5000 are shown in Figure 17
(first principal elastic strain) and Figure 18 (XY shear elastic strain).
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Figure 17. Cross-ply open-hole specimen: maximum first principal strain at 1000 and 5000 cycles.
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Figure 18. Cross-ply open-hole specimen: XY shear strain at 1000 and 5000 cycles.

According to Figures 17 and 18, an acceptable agreement was found between the
numerical results and the experimental data presented in Figure A2 and Figure 13 by
Krishnan et al. in [40] by means of the digital image correlation during the tensile-tensile

fatigue experimental test.

In Figure 19, the first principal and the tangential shear strain evolution, near the hole
normally to the load application direction, is compared to the Digital Image Correlation
(DIC) measured strain evolution. A good correlation between predicted and measured
strains, for both strain components, was found up to the numerical fatigue failure phase
(between Nf = 25,000 and Nf = 30,784/ Nf = 33,500), demonstrating the ability of the
implemented numerical models (particularly the Smart Cycle model) to correctly predict

the strain evolution under fatigue loading conditions.
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Figure 19. Cross-ply open-hole specimen: strain vs. number of cycles.

The damage propagation patterns, obtained with the Smart Cycle strategy and the
procedure based on standard constant cycle increments (with én = 100 cycles), are compared
in Figure 20, where the red elements represent the matrix failure and the gray elements
represent the fiber failure. Again, according to Figure 20, an element is reported as broken
when at least one lamina is broken following a specific failure mode. Four different
damaged maps are compared, corresponding to four different fatigue cycle numbers
(N=1, N =4500, N = 10,200, and N = 30,000). The final damage states predicted with
the two numerical strategies are compared in Figure 21. An 8.8% difference in predicted
number of cycles to failure was found between the results obtained using the Smart Cycle
procedure and using the procedure based on standard constant cycle increments. This
difference is similar to that found when analyzing the previous test case. However, in this
case (characterized by large constant cycle increments), it can be stated that the neglection
of the gradual degradation in the prediction phase of the Smart Cycle procedure induced a
slight underestimation of the number of cycles to failure.



Materials 2021, 14, 3348 18 of 23

a) 1° fatigue cycle b) 4,500° fatigue cycle

én =100

SMART CYCLE

c) 10,200° fatigue cycle d) 30,000° fatigue cycle

én =100

SMART CYCLE

Figure 20. Cross-ply open-hole specimen: damage status at cycle numbers (a) 1, (b) 4500, (c) 10,200, and (d) 30,000.

6n =100 SMART CYCLE

33,500° fatigue cycle 30,784° fatigue cycle

Figure 21. Cross-ply open-hole specimen: comparison between the final damage state obtained with the Smart Cycle
strategy and dn = 100 cycles.

In Figure 22, the stiffness degradation and the damaged area trends as a function of the
number of cycles, for the two investigated numerical procedures, are presented, where very
slight differences can be observed. This figure confirms that the Smart Cycle procedure
slightly underestimates the number of cycles to failure with respect to the procedure based
on large constant cycle increments.

In order to highlight the differences in material property degradation at different
specimen locations during fatigue, in Figure 23, the degradation of the shear modulus E1»
as a function of the fatigue cycles in two finite elements is shown. The first element did
not experience fiber failure; hence, the shear modulus decreased by up to 5.3% during the
analysis. The second element underwent fiber failure at fatigue cycle 18,824 according
to the Smart Cycle procedure and 25,600 according to the procedure based on standard
constant cycle increments (with én = 100).



Materials 2021, 14, 3348 19 of 23

30,000

25,000 L

20,000

15,000 —SMART CYCLE

(a) —&n =100

STIFFNESS (N)

10,000

5000

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
NUMBER OF CYCLES

5000
4 500

4 000
—SMART CYCLE

—56n =100

3500
3000
2500
(b)

2000
1500

DAMAGED AREA (mm?)

1000
500

0
1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05
NUMBER OF CYCLES

Figure 22. Cross-ply open-hole specimen—comparison between Smart Cycle and standard procedure:
(a) numerically predicted stiffness vs. number of cycles; (b) numerically predicted damaged area vs.
number of cycles.
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Figure 23. Cross-ply open-hole specimen—comparison between Smart Cycle and standard procedure: shear modulus E1;
vs. number of cycles.
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The comparison in terms of simulation time and hard disk memory allocation, reported
in Figure 24, gives an idea of the advantages gained with the Smart Cycle strategy if
compared to the procedure based on standard constant cycle increments (with én = 100).
In this case, when compared with the procedure based on large constant cycle increments,
the Smart Cycle strategy still showed advantages in terms of simulation time and hard
disk memory allocation. The performances of the Smart Cycle strategy can be increased,
as mentioned in the previous subsection, by tailoring the cycle intervals at which the
prediction of damage cycles should be performed.

ANALYSIS TIME

1.2

v —25%
g % 0.8
c .0
F= ]
o5 0.6
gE
A
0.2
0 én =100
HARD DISK MEMORY ALLOCATION SMART CYCLE
1.2
5. ~11%
g wv 1
g <
% 9 0.8
25 oo
£E
§ el 04
0.2
0

Figure 24. Cross-ply open-hole specimen—comparison between Smart Cycle and standard procedure:

simulation time and memory allocation.

5. Conclusions

This work dealt with the fatigue response of composite materials, and it was based on
Shokrieh and Lessard’s residual strength material property degradation model. A finite ele-
ment methodology was implemented in the commercial software ANSYS MECHANICAL®
(v18.0, 2018, Ansys, Inc., Canonsburg, PA, USA) through the Ansys Parametrical Design
Language (APDL) to obtain a robust and easy-to-use numerical procedure for the prelim-
inary assessment of the fatigue life of composite structural components. Shokrieh and
Lessard’s model was enhanced with a novel cycle jump strategy, called the Smart Cycle
strategy, to estimate the cycles where fatigue failure criteria are presumably verified and to
reduce the computational costs in terms of time and memory allocation. The Smart Cycle
strategy’s principal hypothesis is that the stress redistribution, due to the fatigue-induced
gradual degradation of the material properties, is negligible until sudden fiber and/or
matrix damage is verified at the element/lamina level due to cyclic loading. Hence, the
number of fatigue stress analyses is considerably reduced if compared with the standard
fatigue literature models, where a predefined cycle increment is considered, without loss
of result accuracy. This is the main added value of the proposed fatigue damage approach.

A preliminary validation of the developed procedure was performed by comparing
numerical results from the Smart Cycle strategy to standard numerical models based on
constant cycle increments and literature experimental data. First, the tensile-tensile fatigue
behavior of an off-axis specimen, considering an applied load fraction (80, 75, 70, and
65%) of the static maximum tensile load, was simulated. The numerically predicted S-N
curve, compared to the experimental data by Shokrieh and Lessard in [35], showed good
agreement, in terms of number of cycles to failure, particularly for 80% of the maximum
load. A slight overestimation (up to 20%) of the Smart Cycle strategy prediction, due to
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the neglection of gradual fatigue degradation in the prediction phase of the module, was
noted when compared to procedures with small constant cycle increments.

Then, a cross-ply sample with circular cutout, subjected to constant-amplitude tensile
fatigue, considering a load of 56.8% of the static tensile strength, was investigated. A
good correlation was found when comparing experimental and numerical results from the
standard procedure with constant cycle increments to the Smart Cycle strategy numerical
results. Indeed, acceptable agreement was found in terms of strains by comparing the
literature measurements obtained by digital image correlation (DIC) and the numerically
predicted ones, demonstrating the capability of the implemented approximated numerical
strategy to correctly predict the physical damage pattern. For this second test case, an
underestimation of the number of cycles to failure of about 8% was found with respect to
the procedure based on large constant cycle increments.

For the two considered test cases, the Smart Cycle strategy was found able to decrease
the simulation time and the memory allocation size up to tenfold with respect to the proce-
dures based on large and small standard constant cycle increments, providing affordable
results within the range of 8-18% in terms of number of cycles to failure. Hence, the
developed procedure enables obtaining a preliminary assessment of the fatigue behavior
of composite materials with the same accuracy of literature standards and with excellent
reduction in terms of computational costs. This may be useful in the preliminary design
phase of composite material structure.

Author Contributions: Conceptualization, A.R. (Angela Russo), P.C., AS,, S.S., VA., and AR.
(Aniello Riccio); methodology, A.R. (Angela Russo), P.C., A.S,,S.S., VA, and A.R. (Aniello Riccio);
software, A.R. (Angela Russo), P.C., AS.,S.S., VA, and A.R. (Aniello Riccio); validation, A.R. (Angela
Russo), P.C., AS,, S.S.,, VA, and A.R. (Aniello Riccio). All authors have read and agreed to the
published version of the manuscript.

Funding: The research results presented in this paper were generated in the frame of the NICOP
project FT-SMXB: Numerical Prediction of Delamination Growth under Fatigue Loading Conditions
(Award number N62909-20-1-2042) funded by the Office of Naval Research (ONR) and supervised by
Anisur Rahman and William Nickerson.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw/processed data required to reproduce these findings are
available throughout the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

Vinson, J.R.; Chou, T.W. Composite Materials and Their Use in Structures; Halsted Press: New York, NY, USA, 1975.

Rana, S.; Fangueiro, R. Advanced Composite Materials for Aerospace Engineering; Woodhead Publishing: Sawstone, UK, 2016;
pp- 1-15.

Skoczylas, J.; Samborski, S.; Ktonica, M. The Application of Composite Materials in the Aerospace Industry. . Technol. Exploit.
Mech. Eng. 2019. [CrossRef]

Pinto, F.; Meo, M. Design and Manufacturing of a Novel Shear Thickening Fluid Composite (STFC) with Enhanced out-of-Plane
Properties and Damage Suppression. Appl. Compos. Mater. 2017, 24, 643—-660. [CrossRef]

Talreja, R.; Singh, C.V. Damage and Failure of Composite Materials; Cambridge University Press: Cambridge, UK, 2012; pp. 1-304.

Chamis, C.C. Mechanics of composite materials: Past, present, and future. J. Compos. Technol. Res. 1989, 11, 3-14.

Rohwer, K. Models for Intralaminar damage and failure of fiber composites—A review. Facta Univ. Ser. Mech. Eng. 2016,
14,1-19. [CrossRef]

Rizzo, F.; D"Agostino, T.; Pinto, F.; Meo, M. High-velocity impact response on advanced hybrid composite structures. Int. Soc.
Opt. Eng. 2019, 10973, 109730T.

Lo Cascio, M.; Milazzo, A.; Benedetti, I. Virtual element method for computational homogenization of composite and heteroge-
neous materials. Compos. Struct. 2020, 232, 111523. [CrossRef]

Sellitto, A.; Riccio, A.; Russo, A.; Zarrelli, M.; Toscano, C.; Lopresto, V. Compressive behaviour of a damaged omega stiffened
panel: Damage detection and numerical analysis. Compos. Struct. 2019, 209, 300-316. [CrossRef]

Hill, R. Mathematical Theory of Plasticity; Clarendon: Oxford, UK, 1950; pp. 317-321.


http://doi.org/10.35784/jteme.73
http://doi.org/10.1007/s10443-016-9532-1
http://doi.org/10.22190/FUME1601001R
http://doi.org/10.1016/j.compstruct.2019.111523
http://doi.org/10.1016/j.compstruct.2018.10.105

Materials 2021, 14, 3348 22 0f 23

12.
13.
14.
15.

16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tsai, S.W.; Wu, E.M. A General Theory of Strength for Anisotropic Materials. J. Compos. Mater. 1971, 5, 58-80. [CrossRef]
Hashin, Z.; Rotem, A. A Fatigue Failure Criterion for Fiber Reinforced Materials. ]. Compos. Mater. 1973, 7, 448—464. [CrossRef]
Hashin, Z. Failure Criteria for Unidirectional Fiber Composites. ASME ]. Appl. Mech. 1980, 47, 329-334. [CrossRef]

Bak, B.L.V,; Sarrado, C.; Turon, A.; Costa, ]. Delamination under fatigue loads in composite laminates: A review on the observed
phenomenology and computational methods. Appl. Mech. Rev. 2014, 66, 060803. [CrossRef]

Shokrieh, M.M.; Taheri-Behrooz, F. A unified fatigue life model based on energy method. Compos.Struct. 2006, 75, 444—450. [CrossRef]
Ellyin, F; El-Kadi, H. Predicting crack growth direction in unidirectional composite laminae. Eng. Fract. Mech. 1990,
36, 27-37. [CrossRef]

Ellyin, F; El-Kadi, H. A fatigue failure criterion for fiber reinforced composite laminae. Compos. Struct. 1990, 15, 61-74. [CrossRef]
Parrinello, F; Gulizzi, V.; Benedetti, I. A model for low-cycle fatigue in micro-structured materials. Key Eng. Mater. 2020, 827,
134-140. [CrossRef]

Mori, T.; Tanaka, K. Average stress in matrix and average elastic energy of materials with misfitting inclusions. Acta Metall. 1973,
21,571-574. [CrossRef]

Fawaz, Z.; Ellyin, E. Fatigue failure model for fibre reinforced materials under general loading conditions. J. Compos. Mater. 1994,
28, 1432-1451. [CrossRef]

Harris, B. Fatigue Behavior of Polymer-Based Composites and Life Prediction Methods; AIB-Vingotte Leerstoel, 2 maart 1995; Nationaal
Fonds voor Wetenschappelijk Onderzoek: Brussels, Belgium, 1985; p. 28.

Adam, T.; Gathercole, N.; Reiter, H.; Harris, B. Life prediction for fatigue of T800/5245 carbon-fibre composites: II. Variable
amplitude loading. Int. |. Fatigue 1994, 16, 533-547. [CrossRef]

Gathercole, N.; Reiter, H.; Adam, T.; Harris, B. Life prediction for fatigue of T800/5245 carbon-fibre composites: I. Constant
amplitude loading. Int. |. Fatigue 1994, 16, 523-532. [CrossRef]

Salkind, M.]. Fatigue of composites. In Composite Materials Testing and Design (Second Conference); Corten, H.T., Ed.; ASTM STP
497; American Society for Testing and Materials: Baltimore, MD, USA, 1972; pp. 143-169.

Schulte, K. Stiffness reduction and development of longitudinal cracks during fatigue loading of composite laminates. In
Mechanical Characterisation of Load Bearing Fibre Composite Laminates, Proceedings of the European Mechanics Colloquium 182, Brussels,
Belgium, 29-31 August 1984; Cardon, A.H., Verchery, G., Eds.; Elsevier: Amsterdam, The Netherlands, 1984; pp. 36-54.

Schulte, K.; Baron, C.; Neubert, H.; Bader, M.G.; Boniface, L.; Wevers, M.; Verpoest, I.; de Charentenay, F.X. Damage development
in carbon fiber epoxy laminates: Cyclic loading. In Proceedings of the MRS Symposium Advanced Materials for Transport,
Strasbourg, France, 26-29 November 1985; p. 8.

Schulte, K.; Reese, E.; Chou, T.-W. Fatigue behaviour and damage development in woven fabric and hybrid fabric composites.
In Proceedings of the Sixth International Conference on Composite Materials (ICCM-V1I) and Second European Conference on Composite
Materials (ECCMII), London, UK, 20-24 July 1987; Matthews, EL., Buskell, N.C.R., Hodgkinson, J.M., Morton, J., Eds.; Elsevier:
Amsterdam, The Netherlands, 1987; Volume 4, pp. 489-499.

Hwang, W.; Han, K.S. Cumulative damage models and multi-stress fatigue life prediction. J. Compos. Mater. 1986,
20, 125-153. [CrossRef]

Hwang, W.; Han, K.S. Fatigue of composites—Fatigue modulus concept and life prediction. ]J. Compos. Mater. 1986,
20, 154-165. [CrossRef]

Chou, P.C.; Croman, R. Residual Strength in Fatigue Based on the Strength-Life Equal Rank Assumption. J. Compos. Mater. 1978,
12,177-194. [CrossRef]

Chou, P.C.; Croman, R. Degradation and sudden-death models of fatigue of graphite/epoxy composites. In Composite Materials:
Testing and Design (5th Conference) ASTM STP 674; Tsai, S.W., Ed.; American Society for Testing and Materials: Philadelphia, PA,
USA, 1979; pp. 431-454.

Shokrieh, M.M. Progressive Fatigue Damage Modeling of Composite Materials. Ph.D. Thesis, McGill University, Montréal, QC,
Canada, 1996.

Shokrieh, M.M.; Lessard, L.B. Multiaxial fatigue behavior of unidirectional plies based on uniaxial fatigue experiments—I.
Modeling. Int. J. Fatigue 1997, 19, 201-207. [CrossRef]

Shokrieh, M.M.; Lessard, L.B. Multiaxial fatigue behavior of unidirectional plies based on uniaxial fatigue experiments—II.
Experimental evaluation. Int. J. Fatigue 1997, 19, 209-217. [CrossRef]

Shokrieh, M.M.; Lessard, L.B. Residual fatigue life simulation of laminated composites. In Proceedings of the International
Conference on Advanced Composites (ICAC 98), Hurghada, Egypt, 15-18 December 1998; pp. 79-86.

Shokrieh, M.M.; Lessard, L.B. Progressive fatigue damage modeling of composite materials, Part I: Modeling. J. Compos. Mater.
2000, 34, 1056-1080. [CrossRef]

Shokrieh, M.M.; Lessard, L.B. Progressive fatigue damage modeling of composite materials, Part II: Material characterization and
model verification. J. Compos. Mater. 2000, 34, 1081-1116. [CrossRef]

Naderi, M.; Maligno, A.R. Fatigue life prediction of carbon/epoxy laminates by stochastic numerical simulation. Compos. Struct.
2012, 94, 1052-1059. [CrossRef]


http://doi.org/10.1177/002199837100500106
http://doi.org/10.1177/002199837300700404
http://doi.org/10.1115/1.3153664
http://doi.org/10.1115/1.4027647
http://doi.org/10.1016/j.compstruct.2006.04.041
http://doi.org/10.1016/0013-7944(90)90093-V
http://doi.org/10.1016/0263-8223(90)90081-O
http://doi.org/10.4028/www.scientific.net/KEM.827.134
http://doi.org/10.1016/0001-6160(73)90064-3
http://doi.org/10.1177/002199839402801503
http://doi.org/10.1016/0142-1123(94)90479-0
http://doi.org/10.1016/0142-1123(94)90478-2
http://doi.org/10.1177/002199838602000202
http://doi.org/10.1177/002199838602000203
http://doi.org/10.1177/002199837801200206
http://doi.org/10.1016/S0142-1123(96)00074-6
http://doi.org/10.1016/S0142-1123(96)00068-0
http://doi.org/10.1177/002199830003401301
http://doi.org/10.1177/002199830003401302
http://doi.org/10.1016/j.compstruct.2011.11.013

Materials 2021, 14, 3348 23 0f 23

40. Krishnan, A.; Conway, A.; Xiao, X. Assessment of a Progressive Fatigue Damage Model for AS4/3501-6 Carbon Fiber/Epoxy
Composites Using Digital Image Correlation. Appl. Compos. Mater. 2019, 26, 1227-1246. [CrossRef]

41. Khan, A.L; Venkataraman, S.; Miller, I. Predicting Fatigue Damage of Composites Using Strength Degradation and Cumulative
Damage Model. |. Compos. Sci. 2018, 2, 9. [CrossRef]


http://doi.org/10.1007/s10443-019-09777-3
http://doi.org/10.3390/jcs2010009

	Introduction 
	Theoretical Background 
	Wear-Out Model 
	Sudden Death Model 

	Finite Element Model and Smart Cycle Strategy Implementation 
	Smart Cycle Strategy Validation 
	Off-Axis Tensile Specimen 
	Cross-Ply Open-Hole Tensile Specimen 

	Conclusions 
	References

