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Abstract

In the present paper a calculation tool for the lifetime prediction of composite materials with focus on local multiaxial
stress states and different local stress ratios within each lamina is developed. The approach is based on repetitiv,
progressive in-plane stress calculations using classical laminate theory with subsequent analysis of the material
stressing effort and use of appropriate material degradation models. Therefore experimentally data of S-N curves are
used to generate anistropic constant life diagrams for a closer examination of critical fracture planes under any given
combination of local stress ratios. The model is verified against various balanced angle plies and multi-directional
laminates with arbitrary stacking sequences and varying stress ratios throughout the analysis. Different sections of the
model, such as residual strength and residual stiffness, are examined and verified over a wide range of load cycles. The
obtained results agree very well with the analyzed experimental data.
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1. Introduction

The growing awareness of climate change and its re-
cognition in many different economic sectors and, as-
sociated therewith, the increasing need of strong light-
weight materials makes the use of composites become
more and more important over a wide range of struc-
tural parts. Thus there is a strong demand for efficient
design and the continuous improvement of material uti-
lization in the field of fibre-reinforced plastics (FRP).
During operation, most structural components are sub-
jected to multiaxial and cycling loads, which make a
closer look to the fatigue material behavior of compo-
sites even more necessary. To estimate the lifetime of
various fibre-reinforced plastic laminates, with arbitra-
ry stacking sequences under complex multiaxial stress
states, a mathematical tool based on plywise-modelling
is developed. The phenomenological comparability bet-
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ween progressive material failure due to quasi-static
loads and failure due to fatigue loads, is the reason why
the model is based on extending the classical laminate
theory (CLT) to fatigue loads. Extensive research in the
field of composite fatigue has been carried out, but, as
described in section 2, there is no overall approach or
tool for investigations on multiaxial fatigue loads and
only few laminates have been previously examined in
mechanistic models under mostly only tension-tension
loads. To provide an instrument for further investiga-
tions on modeling fatigue material behavior of several
layups under varying load conditions, different isolated
state-of-the-art models are considered and put together
in a computational tool written in python. The develo-
ped model consists of multiple individual elements, such
as formulation of S-N curves, the way of interpolating
between stress ratios via constant life diagrams, choice
of (quasi-static) failure criteria, formulations for embed-
ded lamina, a concept of shrinking failure envelope due
to different combinations of transverse and shear stress
ratios and of course stiffness as well as strength degra-
dation models. Considering the level of complexity and
the amount of individual concerns within the model, it



E) (E1)  Elastic modulus in || (1) - direction
E, (E,) Elastic modulus in L (2) - direction
G, (G12) In plane shear modulus
vy  (721)  Major Poisson’s ratio
i (P12)  Minor Poisson’s ratio
Vel Major Poisson’s ratio of fibre
Eg| Parallel elastic modulus of fibre
Mo f Magnification factor
@ Fibre volume fraction
oy (61)  Normal stress in || (1) - direction
oL (6%) Normal stress in L (2) - direction
T (f21)  In-plane shear stress
X, (X;)  Parallel tension strength
X.  (X.) Parallel compression strength
Y %) Transverse tension strength
Yt/ (In-situ) Transverse tension strength
of embedded lamina
Y. A Transverse compression strength
NI (851)  In plane Shear strength
'l” (In-situ) In plane Shear strength
of embedded lamina

Nomenclature

Tm Global mean stress of laminate
0a Global stress amplitude of laminate

Lamina mean stresses
Lamina stress amplitudes

O|lm> O 1ms> Ti|m
OllasTLa>Tl|a

R, Stress ratio of o7 - stresses
Ro, Stress ratio of o, - stresses
Ry, Stress ratio of 7 |- stresses

R Stress ratio of global stresses
Q; (Qi)) Lamina(te) stiffness matrix
Ajj Shell stiffness matrix

Bi; Shell-plate interaction matrix
D;;j Plate stiffness matrix

fe Stress exposure factor

Jw Weakening factor for influence of o

pI”, Py Incline of failure envelope at o7, = 0:
o+ “foro;, >0and,-“foro, <0
28N Incline of failure envelope at o, = O:

.+ “foro, >0and,,-“foro;, <0
A .
R, Fracture resistance due to 7, |
T, Ry, My x Internal line forces

My, My, Ny x Internal line moments

Table 1: Nomenclatur for most important symbols in lamina coordinate system related to the principal material axis of the unidirectional lamina
(]I, L, 1) and in brackets for symbols in laminate coordinate system related to the principal material axis of the laminate (1,2,3)

becomes apparent that a lot of coherent experimental
data is needed. Because of the lack of own data at that
time, the model is validated by comparing the results
with experimental data from the well known Composite
Material Fatigue Database of the Michigan State Univer-
sity - Department of Energy in cooperation with Sandia
National Laboratories (SNL/DOE/MSU - Database) [1]
for first investigations.

2. A brief review of progressive and iterative fatigue
models for composites

The basic idea in terms of a fatigue-extended classical
laminate theory is nothing new and has already been
propagated before in differing ways. In 2000, Shokrieh
and Lessard [2] proposed a progressive model based on
the fatigue failure criterion by Hashin [3] and degra-
dation rules for gradual and sudden change in material
properties. They verified the model with experimental
data of symmetric graphite/epoxy angle-ply laminates
([904/04]5,[04/904]s and [+454/—454]s) under tension-
tension loads with constant stress ratio R=0.1 [4]. After
the onset of a certain failure mode the specific stiffness-
and strength entries were set to zero, while gradual de-
gradation is modeled before any failure occurs. Shokrieh

and Lessard also discussed the shortcoming of the Mi-
ner’s rule for calculations with more than one block load
for the [+454/—454]s-laminate. For the constant block
loading the model achieved good results for the fatigue
life. Noll, Magin and Himmel [5] examined, in particu-
lar, the effect of a nonlinear shear stress-strain (7L ||, v, )
- relation within a progressive composite fatigue model
and the use of the critical element concept. They used
the failure criterion by Puck[6] and a stiffness degrada-
tion model, which reduces some entries in the stiffness
matrix to a certain value after the onset of a specific fai-
lure. Their model was verified calculating the fatigue life
of a vinylester/urethane/carbon quasi-isotropic composi-
te laminate ([45/0/—-45/90],) under variable amplitude
loading with constant stress ratio R=0.1. The compari-
son with experimental data showed that the use of linear
stress-strain behavior and ignoring stiffness degradation
led to overestimation of fatigue life for the examined la-
minate. Kennedy, Bradaigh and Leen [7] developed an
advanced model with the use of Puck’s failure criteria
and the s-shaped damage model by Mao and Mahade-
van [8] to model stiffness degradation in fibre direction
for a unit cell model within a finite element subrou-
tine. Results were examined for a quasi-isotropic (QI)




e-glass/epoxy laminate ([0/90/45/135]5) under tension-
tension loads with constant stress ratio R=0.1. The model
by Kennedy et al. was seen to predict the fatigue life of
the QI-Laminate under R=0.1 very accurately.

In 2016, Neumeister et al. [9] presented a model for
multi-directional laminates, which is based on the failu-
re mode concept-based strength criteria by Cuntze [10]
and calculation of total damage with a linear damage
accumulation model. The stiffness degradation follows
a nonlinear behavior, which is related to the calculated
damage, based on [11]. Neumeister et al. presented first
results of the simulation for a [+45/90],-laminate, but
the model itself was not verified to any experimental data
within the publication.

In 2017, Mejlej, Osorio and Vietor [12] proposed a pro-
gressive model for multi-directional laminates under va-
rying stress ratios. The model is build upon the total
energy based model by Shokrieh [13], the use of Hashin
Failure Criteria and the gradual stiffness degradation by
Shokrieh and Lessard [2]. Mejlej et al. applied a relation
of fatigue life and total input energy, which is based on
fitting parameter to a set of S-N curves, regardless to the
stress ratio and fibre orientation. They used the energy
failure criterion from Sandhu [14] to calculate fatigue
life for various fibre angles and stress ratios. The model
was verified against two sets of unidirectional ([0];,) la-
minate made of carbon/epoxy under both positive and
negative stress ratio. The calculation of fatigue life con-
forms very well to the experimental data under varying
stress ratios for unidirectional material.

Finally the methodology and tool developed by Vassi-
lopoulos et al. [15] for GFRP lamiantes under complex
stress states is briefly mentioned, although it does not re-
ally belong to the iterative models. The model uses cycle
counting methods for spectrum loads, different fatigue
criteria for life prediction, such as e.g. the Fawaz-Ellyin
[16] or Hashin-Rotem Criterion [17], and the linear Mi-
ner rule for damage summation. The model gets along
without the use of stiffness or strength degradation, sin-
ce it calculates allowable numbers of cycles for each
block directly using the mentioned fatigue failure crite-
ria. Differing designs of S-N curves and constant-life-
diagrams were examined within the model. Verificati-
on was carried out for variable amplitude loading on
e-glass/polyester laminates ([0/(£45),/0]y) for alterna-
ting and pulsating stress ratios, focusing mainly on the
comparison of used fatigue failure criteria.

In short, there are quite a few models for different aspects
of fatigue life of composites available. The above men-
tioned models are based on progressive modeling and
vary widely in e.g. used failure criteria or in the way of
describing material degradation of strength and stiffness.

For future research in multiple segments of composite
fatigue, a general model is presented below and a calcu-
lation tool called ,Lifetime Estimation of Composites*
(LEoC - Fig. 1) is developed using the programming
language ,,Python®.
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Fig. 1: Startup-screen of ,,LEoC* for investigations on fatigue of com-
posite

3. Tool and Flow chart for fatigue failure analysis

The simulations are performed on the lamina level using
a representative volume element (RVE) of the laminate,
which represents the corresponding mechanical proper-
ties of a structural part or component as visualized in Fig.
2. Load conditions in terms of internal line forces and
moments are applied to the RVE. The general program
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Fig. 2: Simulation of 2-D (plane stress) representative volume element
(RVE) of exemplary structural component on the lamina level (meso-
scale)

schedule is demonstrated in Fig. 3, without mentioning
which specific models are applied at particular points in
the code. The reason for this is that, in principle, diverse
models can possibly be applied at every main subject.
The divisions along the dashed lines in Fig. 3, which are
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Fig. 3: flow chart for the lifetime estimation of fibre reinforced composites within LEoC



labeled from ,,Sec. 4 until ,,Sec. 8, represent the fol-
lowing sections and the examined areas of focus within
this paper:

* In section 4, the necessary data from quasi-static
material tests for initial conditions of laminate pro-
perties is discussed.

* Furthermore, input needed from cycling material
tests and the design of constant life diagrams, for the
extrapolation of unknown S-N curves at arbitrary
stress ratios, is explained in section 5.

» Using the extrapolated S-N curves, the following
strength degradation according to the current mul-
tiaxial stress state is addressed in section 6.

* In section 7, the failure analysis is considered and
the choice of used failure criteria justified.

* Models for stiffness degradation after the onset of
specific failure modes are discussed and applied to
the model in section 8.

The failure condition with its different types of failure
on the ply-level, as explained in section 7, is checked for
every layer in the current load cycle and as far as failure
did not occur in every existing ply, the next load cycle is
applied to the current laminate condition. The iterative
process is carried on until the laminate failed in every
ply or the number of intended load cycles is reached.

4. Input from quasi-static material tests

One of the decisive initial conditions in these calculati-
ons are the static stiffness and strength properties at the
ply-level as demonstrated in Fig.3 - field section num-
ber 1. Necessary input data of material ,,D155% (Fibre:
Glass fabric -527 g/m?, Matrix: Orthophthalic Polyester
,,CoRezyn 63-AX-051) from [1] is exemplarily shown
in table 2. The initial state of the laminate in every cycle
n is derived using the CLT. The stiffness matrix of each
lamina ,.k* in the lamina (local) coordinate system is
obtained by

Ej(n) vy (nEyn)

1-A(n) 1-A(n)
Qijk(n) = _Eu(m) 0 e))
1-A(n)
(sym.) G.(n)

with A(n) = v (n)v).(n) and experimental data from
quasi-static material tests, as shown in table 2. The re-
duced stiffness matrix of each lamina in the global coor-
dinate system is calculated by

Qi;fk (n) = T;; Qi (MTji 2)

E) E, Gy Vi

[GPa]l [GPa] [GPa] [-]
x  33.60 8.21 4.48 0.29
S 1.80 0.72 1.11 0.01
7] 0.44 0.44 0.40 0.44

X; X Y, Y. NI

[MPa] [MPal [MPa] [MPa]l |[MPa]
x 1012.0 653.0 27.00 122.75 73.2
S 29.0 23.3 1.63 9.91 5.8

%) 0.44 0.41 0.44 0.44 0.44

Table 2: Exemplary static values (X: arithmetic mean, s: standard
deviation and ¢: mean fibre volume fraction) used for simulation input
from experimental data of material D155 [1]

with use of the transformation matrix

cos?(¢) sin* (&) —sin(2€)
Ti; = sin*(€) cos* (&) sin(2€)
0.5sin(2¢) -0.5sin(2¢)  cos(2¢)

The overall global distortions of the laminate are given
by:

&) =&n)+z-%(n) 3)

Herein the distortions are calculated using the strains
and curvatures of the combined shell and plate element,
which are obtained from

( &(n) ) . [ Ann) By ] , ( i ) @
k:(n) ) | B ()" Dj(n) i, b1

where A; p; = {nx, ny, hyy} and My pp = {my, my, myy}
are the internal line forces and moments of the current
block load, as shown in Fig. 2. The extensional- (Ajj),
bending- (D;.*,.) and coupling- (B;‘].) compliance matrices

are calculated by inverting the ABD matrix with the use
of the respective stiffness matrices:

1 no_ Aij, fOI'/\/ =1
Y Z Qijk (Zf - Zf_l) =4Bij, fory=2 ®)
k=1 D;;, for y =3

The global distortions and the transformed stiffness ma-
trix are then used to calculate the global stress vector for
each lamina. The local in-plane stresses are calculated
subsequently with the use of the transformation matrix.

Gik(n) = Qi x(n) - & x(n) (6)
o k(n) = T;;0y 1 (n) @)

where o7 x(n) is the local stress vector, with the entries
o|.k(n) , o x(n) and 7, «(n) for each ply number k.



5. Input from fatigue material tests

Stress calculations (equation 7) are carried out for
two different sets of load conditions #i; 5; and #; p; in
every block load to gain the multiaxial stress ratios
R(,“, R,TL,RTL” for all three present stress components
o, 01, T1||- The present work will focus mainly on simu-
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Fig. 4: Cyclic stresses for one alternating stress ratio (R=-1) and in each
case two pulsating tension (R=0, R=0.5) and pulsating compression
(R=—00, R=2) stress ratios

lations with stress ratios in pulsating tension (0 < R < 1)
and pulsating compressionrange (1 < R < o0), as shown
in Fig. 4. In the following the four sectors of stress ratio
ranges will be referred to as:

* T-T: Tension-tension pulsating range
(O<R<]

e T-C: Tension dominated alternating range
(-1 <R<0

¢ C-T: Compression dominated alternating range
(0o <R<-1)

* C-C: Compression-compression pulsating range
(1 <R < )

Required relations between stress and endured cycles in
terms of S-N curves are obtained by fitting experimental
data to the logarithmic linear relation by Basquin:

N=C-of ®)

where N is the number of cycles, C is the Y intercept,
k is the negative slope and o, is the stress amplitude
of the current block load for each of the three stress
components from equation 7. S-N curves at stress ratio

R=0.1 (representative for R=0) and R=10 (representa-
tive for R=c0) are at least required to interpolate da-
ta at arbitrary stress ratios in pulsating tension-tension
and compression-compression range. Fig. 5 exemplari-
ly shows the fitted S-N curves for experimental data of
material ,D155% from [1].
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Fig. 5: Least required S-N curves for investigations in pulsating ten-
sion and compression range with experimental data for unidirectional
Material D155 [1]

One way to receive unknown S-N curves at other stress
ratios is by using constant life diagrams (CLD), also of-
ten referred to as Haigh-, Goodman- or Smith-Diagrams.
A historical view on the development of CLD can be
found in [18]. For multiaxial stress states of the lami-
na, three independent constant life diagrams for parallel,
transverse and shear properties are necessary.

A comprehensive investigation on the influence of diffe-
rent formulations of CLD for a limited number of multi-
directional glass/polyester laminates has been carried out
by [19]. The linear model, which is based on using only
one experimental S-N curve, at e.g. stress ratio R = —1,
underestimates the strength of the materials in almost all
cases for any stress ratio and leads to extremely conser-
vative results. Still it is often used, e.g. in wind turbine
certification [20] for the fatigue of FRP, or simply becau-
se of the lack of data. The nonlinear fatigue life diagram
by Kawai [21], the parametric constant-life model by
Harris [22], the multislope model by Boerstra [23] and
the piecewise linear (PWL) model by Philippidis and
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data from [1]

Vassilopoulos [24] showed to give very accurate results
for most of the examined fatigue data. Vassilopoulos et.
al especially pointed out the sensitivity of Kawai’s mo-
del to the choice of input data and the sensitivity of the
models by Boerstra and Harris to the fitting of model
parameters. Furthermore the model by Kawai tends to
often lead to overestimation of the material and there-
fore non-conservative results. Of all of these models,
the PNL seems to be the most stable, since it depicts
the S-N behavior by linear interpolation between known
S-N curves without any preliminary assumptions. Vassi-
lopoulos et al. also improved their formulation in terms
of a piecewise nonlinear (PNL) constant life diagram
formulation [25] based on the use of two (PNL-2R) or
three (PNL-3R) S-N curves. The accuracy of the non-
linear formulation was very considerable for the same
examined data as in [19].

Nonetheless, in the present work the piecewise linear
(PWL) model by Philippidis and Vassilopoulos [24] will
be preferably used for first investigations on fatigue life
(see Fig. 6). Of course, the PNL proves to be only very
accurate for a reasonable amount of known S-N curves
(at least three S-N curves, each one preferably at the
border of every sector (T-T/T-C, T-C/C-T and C-T/C-C).
Thus, at least three S-N curves at stress ratios R=0.1, R=-
1 and R=10 are most commonly used for a separation

into four sectors . Thus, for the design of three piecewi-
se linear CLD a designated number of S-N curves and
the static compression and tension strengths in parallel,
transverse and shear direction (X;, X¢, Y;, Y. and S ) are
needed.

The calculation of stress amplitude o, at R*, if R* is
in between R=1 and the first known stress ratio moving
counter clockwise (R} ccw), is defined as follows:

. Xi
Ta Xt o (1 + Rl,ccw) (9)
(1 - Rl,ccw)

Ta,l,ccw
with o1 being the stress amplitude at R; ¢y and r* =
(1+ R")/(1 — R"). If R* is in between R=1 and the first
known stress ratio moving clockwise (R, ¢w):

Xe
o, = 10
“ X, * (1 + Rl,cw) (10)

(1 - Rl,cw)
where 0,1 is the stress amplitude at Ry . If R* is

located in between any of two used stress ratios R; and
Rii:

Ta,l,cw

0'2 _ a—a,i(rt:_riﬂ) (11

153
(ri = ) === + (r* = ris1)
Ta,i+l




where 0, ; and 0, ;.1 are the stress amplitudes at the two
known stress ratios and r;(;+1) = (1+R;+1))/(1=Ri(i+1))-
Fig. 7 shows the piecewise linear constant life formu-
lation for a multi-directional laminate with stacking se-
quence [90/0/+45/0];. Three S-N curves at stress ratios
R=0.1, R=-1 and R=10 are used for linear interpolati-
on, and another three S-N curves at stress ratios R=0.8,
R=0.5 and R=2 are plotted for comparison purposes.
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Fig. 7: PWL constant life diagram for laminate ,,DD16* with stacking
sequence [90/0/+45/0] from [1]

6. Strength degradation

First of all, there are possibly two ways to do justice
to the degradation of strength in laminates: linking the
decrease in strength to a physical meaning like micro
mechanical damage, e.g. (inter-)fibre failure, or on the
other hand connecting it to the number of cycles endured.
A large number of residual strength models have already
been proposed. Most of the state-of-the-art models have
been examined by Philippidis and Passipoularidis [26].
A common way to model the residual strength is the use
of S-N curves to set a loss in strength and the actual num-
ber of endured cycles as well as the sustainable number
of cycles into a certain relation. To begin with, the loss
in strength in each step is defined as

Spi = Srict = ASyi (12)

where S, ; and S, ;1 represent the five residual strengths
{X:, X, Y1, Y, S1 )} at the actual and the last step respec-
tively. AS,; is the drop of residual strength in the i-th

cycle and is calculated from

N
oG o

where S, is the specific static strength, 07,4y, is the
maximum stress of the ith cycle, n; and n;_; are the
number of cycles at the actual and the last step, N; is the
maximum number of cycles and «; and §; are material
parameters given by curve fitting of residual strength
data.

By varying values of «; and §3; different material beha-
vior can be achieved. With @; and 8; being both zero,
there won’t be any strength degradation of the addressed
strength. For @; = 1 and §; = 1 equation 12 and 13
can be rearranged to the mostly used linear degradati-
on rule by Broutman and Sahu [27]. Almost all present
calculations of residual strength under fatigue loads use
the linear model and it is well known that it gives con-
servative results on the safe side. For arbitrary values
of @; with §; = 1 the model represents the nonline-
ar one-parameter model by Schaff and Davidson [28].
The strength degradation is then simulated with either
a steep loss of strength at the beginning (“Rapid initi-
al loss in strength®) or at the end (“Sudden death®) of
the laminate lifetime. For all other values of a; and ;
the equation refers to the ,,normalized residual strength
model (NRSM)“ by Stojkovic et al. [29]. The advanta-
ge of the NRSM model is that the typical initial loss
of strength followed by slow degradation as well as the
sudden decrease in strength at the end can be modeled
very well.

For the iterative calculation of residual strength within
the subroutine, the strength degradation of every ply
needs to be defined. For the case of a three piecewise
CLD, there are only theoretical 40 parameters eligible
in LEoC to overcome all five strength parameters within
every sector of the constant life diagram. This of course
makes little sense for a practical application. Thus, lin-
king a few comparable degradation behaviors might be
an advantage in reducing the amount of experimental da-
ta needed. Since the present work focuses only on pulsa-
ting stresses, the amount of data is considerably reduced
anyway. Particularly because of the lack of experimental
data of unidirectional lamina for material used from [1],
the linear degradation of all five strength parameters will
preferably be used for calculations of fatigue life. None-
theless, results for all presented residual strength models
will be discussed in section 10. Fig. 8 demonstrates the




use of equation 13 for a multi-directional laminate with
stacking sequence [90/0/+45/0];.

Exp. Data for a=0.21 a=0.72 a=1
X 0,=1080MPa "~ =028 B=1 T B=1
800
1
600
£ 400 {
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10° 10! 102 100 N

Fig. 8: Comparison of linear, 1 parameter and 2 parameter formulation
to residual strength data for [90/0/+45/0]¢ laminate ,,DD16* from
(1]

For example, for a constant amplitude o, = 108 Mpa
and stress ratio R=0.1 residual strength the data at 7.5
%0, 19% and 30 Y% life fraction is available for the MD
laminate ,,DD16%. The upper graph in Fig. 8 shows the
residual tensile strength plotted against the life fraction.
The reserve factor of X, ,.s is also shown in the up-
per right-hand corner, for a better visualization of the
two-parameter formulation. The lower semi-logarithmic
plot in Fig. 8 illustrates the degradation behavior of a
laminate plotted against the number of endured cycles.
It is evident that the two-parameter fitted equation by
Stojkovic et al. accurately depicts the initial loss of the
laminate at the relatively early life stage. Yet, there is no
large difference observed until 30 % of life for the exami-
ned laminate and the linear- and one-parameter model
also capture the residual strength very well to this point.
The five measured strength parameters are obtained from
experiments with isolated lamina. To do justice to the
increase of transverse tensile (¥;) and in-plane shear
strength (S, ) when being embedded in a laminate, the
in-situ formulation by Wang and Karihaloo [30] is used:

Y, :Y,[l+%ft(A®)], (14)

’

C
Sy =Suf1+ 5 (80) | (15)
where ¥, and S;H are the increased transverse tensile
strength and in-plane shear strength, {A, B,C, D} are
material parameters, N is the number of plies of a given
thickness in the unidirectional embedded lamina and
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f: (A®) is given by

in>(A® in>(A®
fi(A®) = min| SM80a)__sin(A8) |y
1 +sin“(AB@,) 1 + sin“(A®p)
in*(A20, in>(A20
£:(A®) = min Sm_(z ) Sm.(z v | 7y
1 +sin“(A20,) 1 + sin“(A20)

where A®;, and A®y, are the ply angle differences of both
adjacent plies. The increased transverse tensile (Yt') and
in-plane shear strength (S/l H) are both used in the failure
criteria formulation, as Dong et al. [31] already have
stated the benefits of improving Puck’s failure theory
with the in-situ formulation.

7. Failure Criteria

The prediction of static failure strengths of fibre reinfor-
ced plastic laminates received massive attention over the
last decades and a wide range of various failure crite-
ria have been developed. Within the World-Wide Failure
Exercise (WWFE) [32] nineteen different failure crite-
ria have been examined over twelve years to establish
the current status of theories for predicting static failure
of laminates under several multiaxial stress states. The
exercise provides strength and weaknesses in predicting
strength and deformation of specimen in various test ca-
ses for a lot of the leading theories [33]. Nonetheless
the results of the WWEFE clearly show that there is no
all-encompassing solution for arbitrary multi-directional
laminates even in static analyses [34].

The approach for the lifetime estimation of laminates,
as presented in Fig.3 - field section number 7, can ge-
nerally be based on any static failure criteria, which
distinguishes between fibre- and matrix failure. Thus a
lot of different models can possibly be implemented in-
to the routine. Since the present paper mainly aims to
demonstrate the procedure in general, only the failure
criteria by Puck [6] is used for first investigations. This
can be reasoned with the fact, that Puck’s failure criteria
performed very well for most of the experimental results
in the WWFE and was awarded with the highest num-
ber of Grade A’s (64/125)! of all participating theories.
Therefore the use of the failure criteria by Puck seems
to be a good choice for initial examinations. One benefit
of Puck’s failure criteria is the very detailed subdivision
into three concurrent matrix failures. In Fig. 9 the sec-
tioning into the failure modes due to transverse tension

LGrade A was awarded, if the prediction lies within + 10 % of the
experimental value [32]



Fig. 9: Failure envelope at o = 0 [6]

stress (Modus A), low transverse compression and high
shear stress (Modus B) and high transverse compression
and low shear stress (Modus C) on the o, 7, -plane
(o) = 0) is shown. The inter fibre failure f, of the uni-
directional lamina due to transverse tension (Modus A)
within the validity range: o, (n) > 0 is described accor-
ding to

(m|<n>)2 . (1 A )2(tn(n))2
5., Ps m) \ Y

+ o.(n)
A

= ferrra(n) (18)
The inter fibre failure f, for Modus B for o, (n) < 0 and
0 < |/t ()| < |RY (n)/721,¢(n)| is calculated
according to

; \/7'2 (n) + (p’ O'J_(n))2 +pou(n)
S\ VT L L
= ferrrp(n) (19)

where the fracture resistance R4 | (n) is calculated by

Sy (| Ye(n)
I 2 e _
2p7, ( 1+ pL”SlH(”) l)

and the shear stress at the turning point between modus
B and C of the failure envelope at o = 0 is defined as

R (n) = (20)

T1,0(n) = S;_”(n) V1+2p,, (21
where the incline p7 | is calculated by
—_ p_
Piy Ll 22)

Rfi (I’l) ) S;_ Il (n)
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The inter fibre failure f, for Modus C for o7, (n) < 0 and
0 < |r(m)/oL(m)] < |m21.c(n)/RE (n)]) is calculated
according to

() ’ L[ 1 vm
2(1+p1,) S, (m) Ye(n) | | (=oi(n))
= ferrc(n) (23)
Failure conditions for fibre failure is calculated by
o(n) —viy(n) —ve (n)E”—(n)m o.(n)
Xt,c(n) 1 L fLll Efl\(”) of VL
_ fe,FFT(n) with X; foro >0 (24)
B fmppc(n) with X, for o <0

where mq s is a stress magnification factor, which takes
micromechanical effects due to the different moduli of
fibre and resin into account. Puck [6] recommends the
values msy ~ 1.3 for glass fibre and msr ~ 1.1 for
carbon fibre. With myy = 1, vy = vy and Ef) = E)
the simplified fibre failure condition is achieved. In the
present paper, the recommendation by Puck is used for
all of the investigations. For the downsizing of the failu-
re envelope with endured cycles the parameter p? PP
and pt, are held constant for simplicity and lack of
data. In Figure 10, two shrunken failure envelope af-

R4, (101
pij=02 i A(A ! 3
1007 pyy = | R 107
Py =01 [ I
t,=025 AT
— p1,=0.
g A
£ [
_ R
E 50 1
0 T
-150 -100 -50 0 50
o, [MPa]
— N=10° ¢ [+40]3 ¢ [£70]s ¢ RI
-——- N=10® ¢ [%50]; (2801 R
—.= N=10° ¢ [%60]3

Fig. 10: Comparison of shrunken failure envelopes and experimental
data for material D155 [1]

ter different number of endured cycles (n; = 10° and
ny = 10%) are compared to experimental data of va-
rious balanced angle plies from [1]. To plot the results
in the o, 7, -plane the data of final laminate failure is



recalculated on the ply level by CLT. Data points of the
same color in Fig. 10 represent either residual tensile or
residual compression tests of the same laminate lay-up
configuration. The data points are obtained from tests at
stress ratios R=10 for the compressive transverse stress
domain, R=0.1 in the tensile transverse stress domain
and R=0.1 for the pure shear shear stress. Only data of
laminates, which are mainly affected by transversal and
shear stresses ([+40]s, ..., [£90]3), is projected on the
01,7, -plane to avoid significant influence of higher
fibre-parallel stresses (max. a’ﬁ'/RlJlr ~ 12, 5% and max.
O'”_/Rﬁ ~ 17,7% in [£40]3). The fibre volume of used
lamina varies between 37% and 40%.

8. Stiffness degradation models

Lots of different models for the stiffness degradation
of composite laminates exist in the literature, such as
the well known stiffness reduction of graphite/epoxy la-
minates by Whitworth [35, 36], damage accumulation
model by Brondsted et al. [37] or material degradation
model used by Shokrieh and Lessard [2]. In the pre-
sent work Puck’s model for the stiffness degradation of
perpendicular and shear values due to inter-fibre frac-
ture [38, 39] is preferred in the first instance. The model
is used for stiffness degradation in progressive failure
analysis in combination with Puck’s failure criteria due
to static loads, but has already been examined for the
modeling under fatigue loads [40].

Knops stated that a degradation of the major Poisson’s
ratio is not necessary for static calculation [41], [42] and
Adden and Horst assumed it for degradation under fa-
tigue as well [40]. Since v, stays constant the minor
Poisson’s ratio v||. has to be linked to both degraded
Young’s moduli £, (n) and E(n). Since the Young mo-
dulus in fibre direction does not decrease very much
in early lifecycles, v|, decreases mainly with chosen
values for E, (n). The mechanical properties after each
cycle are then derived by the following equations:

E (n) n.(n)- E, 5

G| _ | nuy(m) - Gy 25)
Vi const.

vjL(n) vy - (EL(n)/E)(n))

where 17, (n) and 17, ||(n) are calculated for each fracture
mode A,B or C separately as recommended for static cal-
culations in [43]. The parameters are derived according
to the following equation:
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nun) = k% b
1 - r,L
1+ ci(forpr(n) — 1)5:
1-n,
nuy(n) = - T (26)

L+ ¢y ((forpr(n) = 1)%4

In the following the same parameters have been used
for degradation after fracture mode A,B or C due to
the limited number of experimental data. The assigned
values at the ply level are displayed in Figure 11. The
degradation of parallel Young’s modulus E) is carried
out similar to the residual strength formulation. The main
contrast to the procedure in Equation 13 is, that the
dependence on the endured number of load cycles is
replaced by the actual tensile or compression fibre failure
value.

E\iv1 = Eri — AE)-; 27
where E,; and E|, ;, are the parallel elastic modulus
at the actual and the next step and AE),.; is the drop
in modulus in the ith cycle, which is calculated by the
following equation:

AE)iv1 = (Ejst = Ejf (Oimax)) -

(1= (for)) = (1= (foir)) | 28)

Thus the holistic approach is to model all of the stiff-
ness degradation as a function of (inter-)fibre failure, as
shown in Fig. 11. Equation 28 provides the same bene-
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Fig. 11: Application of stiffness degradation models for parallel elastic,
transverse elastic and shear moduli.

fits as it does for residual strength calculations. Arbitrary



material behavior with steep drop in stiffness at the be-
ginning as well as sudden drop at the end of life can be
modeled.

9. Experimental data

Fatigue data from experimental tests under tension-
tension and compression-compression loads are ta-
ken from the Composite Material Fatigue Database of
the Michigan State University - Department of Ener-
gy in cooperation with Sandia National Laboratories
(SNL/DOE/MSU - Database) [1]. All of the evaluated
coupons were tested at frequencies between 2 and 20
Hz. Each material configuration consists of ,,Knytex* e-
glass fabrics with varying grammages and a resin system
made of orthophthalic polyester (CoRezyn 63-AX-051).
The Laminates were fabricated using the Resin Transfer
Moulding (RTM) technique: Material #1 - Material #3
is cured at 20°C for 24h and post cured at 60°C for 2h.
Material #4 and Material #5 is cured at 20°C for 6h and
post cured at 60°C for 2h [1]. The following laminates
are chosen to be examined:

9.1. Mat. #1 - Balanced Angle Plies

The first examined material configurations are balan-
ced angle plies, named ,,D155B, 45D155, 50D155,
60D155, 80D155, 90D155, with stacking sequences
[0]s, [%45]3, [£50]3, [260]3, [+80]3, [£90]3, from [1].
The laminates are made from 100 % Knytex e-glass
fabrics ,,D155“ (grammage: 527g/m?), which are orien-
tated to the respective balanced angles. Average volume
fraction varies between 37.1 % and 40.4 % and average
thickness between 2.70 mm and 3.32 mm.

9.2. Mat. #2 - [90/0/+45/0]

The first examined multi-directional laminate is material
,DD16% from [1], with the laminate stacking sequence:
[90/0/+45/0];. It consists of 79 % Knytex e-glass Fa-
brics ,,D155% (grammage: 527g/m?), with 53 % in paral-
lel and 26 % in transverse direction, and of 21 % Knytex
e-glass fabrics ,DB120 * (grammage: 393g/m?) orien-
tated in +45. The average volume fraction is 33.3 % and
the average laminate thickness is 4.62 mm.

9.3. Mat. #3 - [0/+45/0]s and [90/+45/90]
Multi-directional laminates ,,DD5SP*“ (stacking se-
quence: [0/+45/0]s) and ,,DD5SPT* (stacking sequence:
[90/+45/90];) from [1] consist of 72 % Knytex e-glass
fabrics ,,D155 in parallel or transverse direction and
28 % Knytex e-glass fabrics ,,DB120 “ in +45-direction.
Average volume fraction is 37.2 % and average thickness
is 3.02 mm.
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9.4. Mat. #4 - [£45/0,/+45];

Multi-directional laminate ,,CH14‘ [1] (stacking se-
quence: [+45/0,/+45];) contains of 39 % Knytex e-
glass fabrics ,,D155% in parallel direction and 71 % Kny-
tex e-glass fabrics ,,DB120 “ in +45-direction. Average
volume fraction is 39.2 % and average thickness is 2.49
mm.

9.5. Mat. #5 - [0/+45/0,/+45],

Multi-directional laminate ,,CC3“ [1] (stacking se-
quence: [0/+45/0,/+45];) contains of 63 % Knytex e-
glass Fabrics ,,D100 “ (grammage: 339g /m?) in parallel
direction and 37 % Knytex e-glass fabrics ,,DB120 “ in
+45-direction. Average volume fraction is 44.4 % and
average thickness is 2.74 mm.

10. Results and Discussion

In the first instance, the fatigue life of various balanced
angle plies under pulsating tension and pulsating com-
pression stresses is calculated. Fig. 12 shows S-N curves
from fitted to experimental data in comparison to the
simulated fatigue life data points in logarithmic scale.
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Fig. 12: Lifetime estimation of various angle ply laminates (Mat. #1)
under tension-tension (R=0.1) and compression-compression (R=10)
fatigue loads compared to experimental data from [1]
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Fig. 13: Lifetime estimation of several multi-directional laminates (Mat. #2 - Mat. #5) under various loading conditions compared to experimental

data from [1]

The results for fatigue life estimation of unidirectio-
nal material [+0]3 and [+90]; are apparently very ac-
curate, under both tension-tension and compression-
compression loads, over the whole lifetime period. Whi-
le results for laminate layups [+£50]3, [£60]3 and [+80]3
show very good agreement with the experimental data,
the simulation of fatigue life for [+45]3 shows substanti-
al, non-conservative deviations in the late-stage. In this
context it must be recalled that large deviations appear
to be even smaller in logarithmic display. One of the re-
asons behind this might be the asymmetric CLD of 7
for the basic material ,,D155% (see also S-N curves at
R;,,=0.1and R; =10 in Fig. 5) and thereby the better
fatigue conditions under negative shear stresses. In glo-
bal T-T loads the [+45]3-laminate has the highest local
shear load of all the examined balanced angle plies, as
can be seen in Fig. 10, and of course fails due to inter
fibre failure modus A (following equation 18). While the
fracture plane in positive orientated plies (+45°) is cal-
culated from local stress ratios R, = 0.1 and Rn” =10,in
negative orientated plies (—45°) it is calculated with S-N
curves at R =0.1 and R = 0.1. The higher allowable
shear load in those plies definitely makes a difference
and leads to higher fatigue life in —45° orientated plies.
The effect is reduced with further increasing orientation
angle and decreasing local shear loads. This demons-
trates how important precise fatigue material tests and
formulation of constant life diagrams is within the pro-
posed model. Another main reason for the differences is
that, from the author’s point of view, the shape of the
shrunken failure envelope might change with endured
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cycles. Considering Fig. 10, the adjustment of failure
envelope parameters with the endured number of cycles
might deserve further attention. Beside the simulation of
[+45]3, the model seems to give very satisfactory results
for the other balanced angle plies.

In the next step, the fatigue life of various multi-
directional laminates is examined. In Fig. 13, the cal-
culated S-N curves are displayed in four different plots
for a better overview. Results for Material #3, #4, and
#5 for constant amplitude loads at stress ratio R=0.1
are shown in the two left plots. The upper right plot
demonstrates the results for Material #2 under three dif-
ferent tension-tension stress ratios (R=0.1, R=0.5 and
R=0.8) and the lower right plot shows results for the sa-
me material under two compression-compression stress
ratios (R=10 and R=2). The model seems to achieve ve-
ry accurate results for mainly-unidirectional laminates,
which mainly consist of fibres aligned in the loading
direction (such as Mat. #3 ([0/+45/0]y with 72 % in
0°-direction and Mat. #5 [0/+45/0,/+45], with 63 %
in 0°-direction). Results for Mat. #3, loaded in the trans-
verse direction ([90/+45/90];), are slightly conservati-
ve. Fatigue life calculation for Mat. #4 ([+45/0,/+45];),
where 71% fibres are aligned in +45-direction, is subject
to the same effect discussed in the simulation of Mat #1
for [+45]5. Fig. 13 apparently shows the growing devia-
tions between calculated and measured fatigue life with
increasing number of cycles endured for Mat # 4. It is
important to note that the model as well gives results on
the non-conservative side for this specific case. Material
#2 ([90/0/+45/0],) is examined for different stress ra-



tios in pulsating stress range. Calculations at the border
of the tension-tension sector, with R=0.1 (close to R=0),
R=0.8 (close to R=1) and R=10 (close to R=00), show
very good agreement with experimental data. The simu-
lation for R=0.5 shows significant discrepancies between
calculated and measured data starting from 10* cycles.
Results at stress ratio R=2 are quite conservative at low
cycle fatigue and tend to move to non-conservative pre-
dictions at high cycle fatigue. A reason for this is probab-
ly the use of only three S-N curves for the basic material.
The constant life diagram for Mat. #2, as shown in Fig.
7, seems to confirm this suspicion for the above mentio-
ned stress ratios. Extrapolated data for stress ratio R=0.5
is constantly located in the non-conservative area of the
constant life diagram in Fig. 7, but with growing devia-
tions in higher cycles. This agrees with the behavior of
simulated data in Fig. 13. Especially the calculated re-
sults at stress ratio R=2, in terms of the change from con-
servative to non-conservative predictions, can be traced
back very well to the experimental data in Fig. 7. This
clearly shows the importance of constant life diagram
formulation within the presented model as well.

Few experimental data for residual strength of laminate
#2 is plotted against simulations with varying residu-
al strength parameters at the lamina level in Fig. 14.
Four different combinations of parameter a/;:k and ,8:,(
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Fig. 14: Comparison of calculated residual strength, for four different
combinations of residual strength parameter alf and ,8;' at the lamina-
level, with experimental data of residual laminate strength from [1]

are examined, whereby the parameter are the same for

every degradation of Ry, R} and R in each lamina.
There is no degradation of compressive strength Rﬁ and
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R7 modeled for tension-tension loads. The slight decre-
ase in compressive strength at the very beginning is a
result of the damaged +45° and 90° plies. In Fig. 14
the dashed line represents the fitted two-parameter cur-
ve from 8 for Material #2. The results indicate that the
the two-parameter model by Stojkovic, with parameters
azk = 0.5 and ﬁZk = 0.2, captures the residual strength
of the laminate very well over a wide range of load cy-
cles. Even the sudden drop of strength near the end of
fatigue life is very accurately displayed. The use of linear
strength degradation ;, = 1 and B, = 1 gives very
satisfying results as well, but leads to a steady drop in
strength near the end. Both of the other used parameter
combinations lead to greatly over- or underestimated re-
sults concerning the residual strength. Obviously, all of
the examined parameter combinations differ only very
little in the calculated fatigue life:

. Nf(a:k = 1.0 and ﬁZk = 1.0) = 94200
* Ny(af, = 0.5and g, =1.0) = 99100
* Ny(ef, =0.5and gf, = 0.2) = 102000
* Ny(ef, =2.0and g, = 0.2) = 100700

This is due to the fact that equation 13 satisfies the frac-
ture condition S,(n = N) = 0pay in any given case of
] and B, except of course if no degradation is applied
with @ = 0. Nonetheless, earlier strength degradation,
as for example in linear degradation, leads to slightly
earlier inter-fibre failure (equations 18, 19, 23) in some
plies and earlier stress redistribution into neighboring
plies associated therewith.

In Fig. 15 the calculated residual stiffness of two lami-
nates is compared with experimental data for Material
#3. Stacking sequence [0/+45/0]; is tested at stress ratio
R=0.1 with amplitude 6, = 124 MPa and [90/+45/90]
is tested at stress ratio R=0.1 with amplitude &, = 10.3
MPa. Data for stiffness degradation from [1] is plotted
against calculated data for both laminates in Fig. 15 (a).
Stress exposure for failure mode A within the 90° and
+45° orientated plies, as well as stress exposure factor
in fibre failure due to tension in the 0° plies, is shown in
the central plots (b). In the lower plot the change of the
stiffness controlling parameter 7, is plotted (c).

While the calculated initial stiffness of the [0/+45/0]s-
laminate seems to be greatly overestimated, the calcula-
ted stiffness in later cycles is more satisfying. The mate-
rial behavior is mainly characterized by two key points,
numbered as {1} and {2} in the upper plot. In {1}, there
is an extremely early drop in stiffness due to premature
inter fibre failue in +45°-orientated plies. The steep in-
crease of the stress exposure factor in f, jrra can be
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Fig. 15: Comparison of calculated and experimental residual stiffness
and for Material #3 from [1]

observed in Fig. 15 (b). Afterwards, the stiffness stays
nearly constant over a wide range of cycles until a sudden
drop in {2}. This is obviously coupled with the incre-
ase of fibre failure, as shown in the central figure. Of
course, the behavior at later cycles is strongly dependent
on the initial values, which indicates that the differences
between calculation and experimental data are mainly
caused by the overestimated static stiffness.

Stiffness degradation of the transverse tested Material
#3 is calculated considerably better. The static stiffness
as well as stiffness at higher cycles is captured very well.
The curve is characterized by two main points, numbered
as {3} and {4}, too. Due to a steady increase of f. jrra
in the +45°-orientated plies at lower cycles, stiffness is
decreased after the onset of failure mode A in {3}. Also,
in the +£90°-orientated plies, there is a rapid rise in fibre
failure in {3} due to stress redistribution. Afterwards,
there is a continuous decrease in laminate stiffness until
global failure in {4}.

11. Conclusions and future work

After a brief review of literature, a model for fatigue
life analysis is introduced, which is characterized by
its iterative and progressive procedure for the calcula-
tion of the current laminate conditions at every load
cycle. Different sectors and models applied within the
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methodology are described in detail. Afterwards, va-
rious multi-directional fibre reinforced plastic laminates
are calculated and presented. Fatigue life for several ba-
lanced angle ply laminates under pulsating tension and
compression loads is calculated and compared to expe-
rimental data. A quantity of multi-directional laminates
with arbitrary stacking sequences under different stress
ratios are examined and verified, too. Furthermore, re-
sidual strength and stiffness of different laminates are
considered in more detail. Altogether, the predictions of
the model showed a good correlation with most of the
experimental data. Any discrepancies or unusual materi-
al behaviors are traced back to certain input parameters
or known issues, which will be addressed in future work.
To sum up, the model tends to be capable of simulating
fatigue life of multi-directional laminates under complex
multiaxial loads with different stress ratios accurately.
Still the findings leave questions for the future, which
will be addressed in forthcoming works:

* As it is crucial to know the laminates capacity of
carrying further loads after a certain time period,
a more in-depth analysis of residual strengths mo-
dels and their application within the model will
be carried out next. Detailed strength degradation
after certain combined loads, particularly in mul-
tiaxially loaded multi-directional laminates, will be
addressed.

* As the investigations in the present paper have
shown, a deeper look on the failure envelope for
multiaxial fatigue might be an advantage for further
simulations of fatigue life. For deeper investigati-
ons of off-axis plies, failure envelope characteri-
stics after certain number endured cycles will also
be addressed.

* Since the shape of the failure envelope changes si-
gnificantly with the used boundary conditions in
terms of S-N curves of R}, R} and R 1| at vary-
ing stress ratios, the influence of non-proportional
loads will be taken into consideration in future
works.
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