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Introduction

Thanks to their outstanding specific strength aifthsss, fiber reinforced plastics (FRP) are
being widely utilized in various fields (aerospaestomotive, marine, civil infrastructure, wind
turbines...) and their usage is constantly increadimgnany of their structural applications, FRP
are often subjected to multiaxial fatigue loadifgr this reason, the study of the fatigue life is a
matter of primary importance for this kind of maaés. In particular, the development of safe and
reliable fatigue design criterions, that is indegm on structure and loading mod, would be of
great help in reducing the time and the cost ofmsive experimental testing.

If the behavior of FRP under uniaxial cyclic stretate has been extensively investigated
(although not fully developed yet), their behiaviamnder multiaxial fatigue loading has been much
less analyzed, despite the importance it has uctstral design: because of the material anisotropy,
in fact, even a uniaxial load applied on a muladtronal laminate induces in its individual laminae
multiaxial states of stress.

The damage evolution of a composite laminate dufaigue life is characterized by the
formation of cracks in the off-axis layers, thatltiply until saturation, followed by delamination
between layers, up to the cracking of the fiberthefon-axis layers, that controls the final fraetu
of the laminate. In order to fully characterize tiehavior of a composite materials under fatigue
loading is then necessary to understand how theagardevelops during cycling (in particular the
evolution of the crack density, that causes st#ndegradation) and to predict the final failure
under general multiaxial loading conditions. Thelsoneeded for this are a multixiality criterion,
that can avoid the carrying out of experiments urdiferent multiaxiality conditions, and an
analytical description of the damage evolution.Boft these tools have to take into account the
effect of various parameters, such as the lamilagteip, the thickness of the individual laminae,
the sequence effect and the stress ratio.

These topics are currently investigated by an matéonal research network, in which
participate the University of Padova (ltaly), Tex&&M University (TAMU), University of Risoe —
DTU (Denmark), University of Lulea (Sweden), andpdala University (Sweden). In particular,
the research team of the University of Padova isking on the development of a multiaxiality
criterion based on damage mechanisms, it worketbsed contact with TAMU for the creation of

a model that can predict the evolution of the crdeksity under in-plane loading conditions, and it



developed an analytical model for correlating tih@ck density to the stiffness degradation of a
composite laminate.

In the present work, the effect of the stress ratiothe fatigue life of composite materials
under multiaxial loading conditions is investigatedth the aim of synthesizing and modeling it.
As mentioned above, this is necessary for the midtiity criterion and the damage evolution
description to be as general as possible. In pdaticwhat is of interest here is how this paramete
influences the matrix dominated behavior of comigosiaterials that undergo fatigue loading.

The present work is structured as follows: Chafites a brief introduction to the multiaxial
fatigue behavior of composite materials, in ordergive the basic knowledge needed for the
comprehension of the following chapters. In Chagtéine experimental results found in literature
concerning the effect of stress ratio are reporsdyell as the attempts made to take the effect of
this parameter into account in the formulation afigue life-predicting models. Chapter 3 is
dedicated to the materials used and the testingeduoes followed in the experimental campaign
that was conducted. Chapters 4 and 5 containsgetgely, the results of the quasi-static tests and
the fatigue tests. In Chapter 6 some of the moftelad in literature are validated against the
experimental data, and in Chapter 7 the conclusimes made together with possible future
developments. In addition, in the Appendix can daenfl the instructions for the use of a Matlab®
program in which is implemented the analytical mpdeentioned above, that correlates the
stiffness degradation to the crack density.



Chapter 1

Generalities of the
multiaxial fatigue behavior

of composite materials

The multiaxial fatigue behavior of composite matkyis a very complex phenomenon, which
makes its full comprehension complicated. This tdraprovides a summary of the main aspects of
this problem, referring in particular to the asgawteded to understand the current research carried
out by the research team of the Department of Memagt and Engineering of the University of
Padova.

1.1 — Generalities of the fatigue phenomenon of com  posite materials

The heterogeneity and the anisotropy of composteerals makes their fatigue behavior a
very complex phenomenon, even more difficult tdyfuinderstand than the one of traditional
materials: if in metals the fatigue damage evohuttmnsists of nucleation and propagation of a
dominant crack, in composite materials the damagegss involves multiple matrix cracking,
fiber-matrix debonding, delaminations and fiberakage, so that the damage is dispread into a
much wider area than the tip of a single crack. édger, the damage process causes, in a
cumulative way, a gradual degradation of the mechhmproperties of the individual layers of a
laminate, and therefore a continuous redistributbrihe stresses. The complexity of this multi-
damage mechanism, together with the inherent diffes of fatigue, have delayed the
establishment of a general fatigue criterion fanposite materials.

1.2 — A model based on damage mechanisms
Not many life-predicting models can be found ier#tture concerning the multiaxial fatigue
behavior of composite materials. In a recent reVigjvxsome of these models were analyzed and

compared with a large amount of experimental datapite of their rather simple formulations,
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which make them attractive in design, they revedtede in some cases inaccurate and non-
conservative, showing the lack of a reliable genéatigue life criterion and in particular the
unreliability of empirical models. In order to déwe a general fatigue criterion, it is necessary to
fully comprehend and describe the damage mechantisatsoccur during fatigue life, and their

dependence on loading parameters.

1.2.1 — A description of damage mechanisms

At a qualitative level, damage processes in cont@asiaterials, subjected to any type of
loading, can be divided in two main classgsmary and secondary damage mechanisms. Primary
damage mechanisms are the ones that involve fibers breakage and ¢beyrol the final failure (i.e.
separation) of a laminate, hence the t@mmary. Secondary damage mechanisms are instead all
those processes that occur before the final faidire laminate, and they include matrix cracking,
fiber-matrix debonding and delaminations. In spifethe termsecondary, these processes are
fundamental in both influencing therimary mechanisms and in producing a progressive
degradation of the mechanical properties of a laibein

As stated above, damage evolution may vary depgratirthe multiaxiality conditions: in the
case of sufficiently high tensile stress along ishehree damage regions can be individuated [2],
reported in Figures 1.1 and 1.2. The presenceanéterse and shear stresses will narrow the scatter
band relative to fiber breakage and make it assamdownward slope, it will increase the

fiber/matrix debonding and reduce the strain neadeadder to initiate the damage.
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Figure 1.1 —Damage regions in the case of high tensile stlesg dibers (taken from [2]).
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Figure 1.2— Fiber-bridged matrix cracking, characteristi¢ted second damage region in the case

of high tensile stress along fibers (taken fron).[1]

If, instead, the tensile stress along fibers iatretly low, the dominant damage mechanisms
are matrix cracking and fiber/matrix debonding,ttaee both driven by transverse and in plane-
shear stresses and therefore directly influencettiyiaxial parameters.

When the tension along fibers is compressive, timecrobuckling becomes the failure-
controlling damage mechanism. In such case, botteime shear and transverse tensile stresses will
contribute to enhance this phenomenon.

A compressive transverse stress alone does notdetadigue failure, unless it is applied at
very high levels. Anyway, combined with tensiledo® along fibers, it increases the axial strain in
the fibers via Poisson’s effect.

At present, it is still missing a quantitative daston of the nucleation and evolution until
final failure of all these different damage meclsams, in particular as functions of multiaxiality
conditions. In a laminate, the first damage medarto occur usually is the nucleation of multiple
cracks in the matrix in the off-axis laminae. Thiseans that in order to establish a fatigue criterio
based on damage mechanisms for a generic lamih&ayecessary to study first the behavior of a
single lamina, in particular under loading condigdhat involve only transverse and in plane shear
stresses so as to understand the matrix and fibaixrinterface controlled failure mechanisms.
The research that is being currently carried outtly research team of the Department of
Management and Engineering of the University of d®adis focused right on the study of the
secondary damage mechanisms under different multiaxial conditions, through exjnental

campaigns and modeling activity [3].



1.3 — Design parameters influencing the multiaxial fatigue behavior of

composites.
An analysis conducted by Quaresimin and Susmelspjwed that the most important
parameters in the design of composite materialseumdultiaxial loading conditions are the

following:

- off-axis angle (lay-up in the case of laminates)

- biaxiality ratios (see paragraph 1.5)

- degree of non-proportionality of the applied strigslsl (out-of-phase stresses)
- stress intensity factors (if any)

- stress ratio

- frequency

For what concerns the biaxiality ratios, of majoportance are the ones in the material frame

of reference 4, =o0,,/0,,,4, =0,,10,,.A, =0,10,,), since it is the local stress state that

governs the fatigue strength.

In their extensive analysis of literature data, @gamin, Susmel and Talreja [1] pointed out
that the influence of; on the fatigue strength of composite materialmisimal, whereas much
larger is the effect of,: an increase of the shear component induces iraeleolp of the fatigue life
that is much more dramatic than the addition afess component normal to the fibess)(In the
same work, the authors hypothesize that the coribimaf a shear stress and a compressive stress
could cause an even more dangerous condition éomtkterial.

From an experimental point of view, the problendealing with all the above parameters is
that it is sometimes difficult to uncouple the etfe of every single one on the global fatigue
strength, and this implies the need to conductadeld experimental programs for identifying the

effect of each of them.

1.4 — External multiaxiality and inherent multiaxia  lity

Multiaxiality loading conditions, in the case ofmposite materials, can be induced in two
different ways: one is by testing conditions thatalves an opportune combination of external
loads (“global” or “external” multiaxiality), thetber is induced by the material itself due to its
intrinsic anisotropy (“local”, or “inherent” multiaality). An example of the latter condition is an
unidirectional laminates having off-axis angle Erghan zero and subjected to uniaxial fatigue

loading. As deeply investigated in [5] and confidne [4], there is no reason for hypothesizing that
6



the effect on the fatigue damage are differenth@ tase of external or inherent multiaxiality,
therefore it can be stated that the fatigue danmg&pected to be the same independently of the

type of source of multiaxiality, as long as thedstress fields remain the same.

1.5 — Preliminary definitions

In order to make more understandable all the falgwdiscussion on the theme of multiaxial
fatigue behavior of composite materials, all tharities involved in stress analysis are defined in
the following. Consider the specimen geometry regméed in Figure 1.3, that is the one that was
used in the experimental campaign. The frame @reseice denoted by the x,y,z axes is defined as
the “geometrical (structure) coordinate system”ewdas the one denoted by the 1,2,3 is the
“material coordinate system”, and they are botherenl at the same point @, the angle between

the x direction and the 1 direction is generalkened to as the “off-axis angle”.

=yt
ﬂ 6x(t)

Figure 1.3 —Description of the adopted frames of referendbénspecimen geometry used in the

experimental campaign.

The external loading conditions are considerechtiuce a plain stress state in the material,

reported always in Figure 1.3. The “geometricaless components arg, (t),0,(t),7,,(t) with

tOT (T is the period of the applied cyclic load). Acdimg to [1], the degree of multiaxiality can be

measured in terms of biaxiality ratios, that fa& leometrical stress components are defined as:

Ac == (1.1)



A = (1.2)

in which the subscripta denotes the stress amplitude. Anyway, it is mamevenient to study
cyclic loading conditions in the material coordmat/stem (1,2,3), because the geometrical stresses
do not give the real degree of multiaxiality of {beal stress fields. For cyclic plain stress sttte
relationship between material and geometrical sé®ss the following:

o,(t) =m’o(t) +n’o, (t) + 2mnT, (t)
g,(t) =n’o,(t) + m?o, (t) - 2mnT, (t) (1.3)

O5(t) = —mno, (t) + Mg, (t) + (m* —n*)7, (1)

where m = cos@) and n =sin(@). The degree of multiaxiality can therefore be dtii@a by the

following stress ratios:

g
A =22 (1.4)
01,
g
A, =22 (1.5)
a-l,a
g
A, =—22 1.6
2=y (1.6)

In a general multiaxial loading condition, it isgstble that the stress components are not all
in phase respect to each other. Therefore, makiegassumption that the geometrical stress
components are sinusoidal, the expression of thergeloading condition is:

o,(t)=0,,0)+0,,sin(at)
ot)=0,,()+0,,sin@-7,,) (1.7)
T, =17,.()+7,,sin(@-7J,,)

where « is the angular velocityg, , and J, , the phase shifts between (t) and o, €), and

betweenr, (t) ando, () respectively, and the subscriptdenotes mean stresses. The stresses in

the material coordinate system can therefore bttenri
8



01 (t) = Ul,m (t) + Ul,a Sln(a‘t)
a,(t) = Uz,m(t) t0,, sin(at - 52,1)
ag(t) = O6m t)+ O¢a sin(at - 56,1)

(1.8)

where the meaning of the symbols are analogoutetones of the equations (1.7).

It can be noticed that multiaxiality of the locadtess state can be induced either by the

external loading conditions or by the local ori¢ioia of the fibers respect to the loading direction

(or even, of course, by both of them), as discuss@dragraph 1.4.

As a reference, the meaning of all the symbols Uead and in the following chapters are

reported in Table 1.1 (in brackets there are thdetsoin which they are used).

me

E,.E,,G,, | elastic moduli (O geometrical (structure) frame of reference
O, material frame of reference 6 off-axis angle
0,,0,,0, geometrical normal stresses Ty, T, T,, | geometrical shear stresses
£ £ € normal stresses calculated in the VrrVior V shear stresses calculated in the material
X1y Tz material frame of reference rixer7yz | frame of reference
normal stresses calculated in the shear stresses calculated in the material
0,,0,,0, , 0,,0,,0;
material frame of reference frame of reference
normal strains calculated in the shear strains calculated in the material fra
£, €50 &, , E4rEsy Eg
material frame of reference of reference
/10 AC = ay,a/ax,a /11' AT = z-xy,a/a-x,a
/]1 A, = JZ,a/Ul,a /12 Ay = JG,a/Jl,a
Ao Ay =04,/0;. O, max fatigue maximum stress, (i = 1,2,...,6)
T min fatigue maximum stress (i = 1,2,...,6)| T, fatigue mean stress, (i=1,2,...,6)
O Ao, fatigue stress amplitude (i =1,2,...,6)| & nax fatigue maximum strain, (i=1,2,...,6)
& min fatigue maximum strain (i=1,2,...,6) | & fatigue mean strain, (i = 1,2,...,6)
E Ag, fatigue strain amplitude (i = 1,2,...,6) R stress ratioR = Ui’min/ai max (i=1,2,...,6)
N number of cycles N, number of cycles to failure
t time T period of the applied cyclic load
a angular velocity v phase shift betweea, (t) and 0, (t)
Oy phase between, (1) ando,(t) 0y, phase shift betweed, (t) and g, (t)
O, phase shift betweedr, (t) and o, (t) | dWi,mage Damage accumulation (EI Kadi-Ellyin)




n

n

AW, ppiied Stored Energy (El Kadi-Ellyin) dQ Heat loss (El Kadi-Ellyin)
dw. Recoverable part of stored energy (Bl AW? Strain energy for positive stress in fatigue
recoverat | Kadi-Ellyin) cycles (El Kadi-Ellyin)
AW- Strain energy for negative stress in W Maximum monotonic strain energy under
fatigue cycles (El Kadi-Ellyin) f tensile load (EI Kadi-Ellyin)
- Maximum monotonic strain energy Normalized strain energy for positive streg
W, under compressive load (El Kadi- Uk i fati I | ?jy I P
Ellyin) in fatigue cycles (El Kadi-Ellyin)
Normalized strain energy for negative . . .
W- stress in fatigue cycles (EI Kadi- W Totql strain energy in fatigue cycles (El
; Kadi-Ellyin)
Ellyin)
k(6) Intercept of the fatigue curve (El Kadj- a(6) Exponent of the fatigue curve (El Kadi-
Ellyin) Ellyin)
S Eﬁ;iil)o n of the reference curve (Fawaz; Slope of the reference curve (Fawaz-Ellyin
b Intercept of the reference curve R Stress ratio of the reference curve (Fawaz
r (Fawaz-Ellyin) Ellyin)
P Smith-Wattson-Topper parameter, o Maximum fatigue normal stress at in the
N Py = 0,& (Plumtree-Cheng) 22max fracture plane (Plumtree-Cheng)
I Maximum fatigue shear stress at the £ Maximum fatigue normal strain at in the
12max fracture plane (Plumtree-Cheng) 22max fracture plane (Plumtree-Cheng)
y Maximum fatigue shear strain at in the AW, * Modified SWT parameter for normal stress
12max fracture plane (Plumtree-Cheng) 1 (Plumtree-Cheng)
AW, * Modified SWT parameter for shear AW * Total modified SWT parameter (Plumtree-
2 stress (Plumtree-Cheng) tot Cheng)
f Frequency (Miyano et al.) T Temperature (Miyano et al.)
o Failure stress for the stress rd#o W * Normal component of the fatigue paramet
f:R (Miyano et al.) 1 (Petermann-Plumtree)
W * Shear component of the fatigue W * Unified fatigue parameter (Petermann-
2 parameter (Petermann-Plumtree) tot Plumtree)
« Damage variable (Kawai-Suda) K Material’s constant (Kawai-Suda)
. —_ ol
k Material’s constant (Kawai-Suda) ) Fatigue strength parametsR = Oy,
(Kawai-Suda)
o Non-dimensional effective stress X Y S Longitudinal, transverse and shear strengths
max (Kawai-Suda) v (Kawai-Suda)
n(R) Eﬁgg?ent of the fatigue curve (Kawai- ] Fatigue strength ratio (Kawai)
Modified fatigue strength ratio . . .
Wy (Kawai) gg Experimental static strength (Kawai)
O g Predicted static strength (Kawai) 5 * Modified non-dimensional effective stress
P (Kawai)
n* Expor_ler’lt of the fatigue curve, ult Ultimate (Shokrieh-Taheri Behrooz)
material’'s constant (Kawai)
Contribution to the fatigue parameter I . .
AW * given by longitudinal stress (Shokrieh- AW, * Contribution to the fatigue parameter giver
! . I by normal stress (Shokrieh-Taheri Behroo
Taheri Behrooz)
Contribution to the fatigue parameter . . .
AW, * given by shear stress (Shokrieh-TaheridAWg * Fatigue parameter (Shokrieh-Taheri
i STB Behrooz)
Behrooz)
Contribution to the fatigue parameter Contribution to the fatigue parameter giver
AW, given by matrix cracking (Varvani AW, by matrix-fibers debonding (Varvani
Farahani et al.) Farahani et al.)
Contribution to the fatigue parameter
AW, given by fibers cracking (Varvani AW Fatigue parameter (Varvani Farahani et al
Farahani et al.)
D \I?va;]rgﬁg)e during fatigue cycling (Cher- F..Fz.F; | Corrective functions (Chen-Whang)
a,c Experimental parameters (Chen- oc Static compressive strength (Kawai-

10



Whang)

Teranuma)

Static tensile strength (Kawai-

o1 Teranuma) X Critical stress ratio (Kawai-Teranuma)

: : : K n a b,
v, Fatlgug strength ratio associated wjith "“x Fitting parameters (Kawai-Teranuma)

X (Kawai-Teranuma) W
x(L)

. . Shape change rate adjusting parameters

ALs AR Auxiliary stress ratios kr ke (Kawai-Teranuma)
Principal fatigue strength for Parameter accounting for the different effe

X, i S longitudinal, normal and shear stress| 4/ of shear in tension and compression (Kaw

(Kawai-Teranuma)

Teranuma)

Table 1.1 —Meaning of the symbols used in the present work.
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Chapter 2

Previous works on the effect of stress ratio
on the matrix-dominated fatigue behavior of

composite materials

In this section a review is made of several wodknfl in literature concerning the effect of
the stress ratio (R &,,,/ 7,,.,) on the matrix-dominated fatigue behavior of cosifmaterials,
focusing on two main aspects: the experimentalcefbé different stress ratios, in terms of S—N

curves, and the way in which authors account fgr éffect in their fatigue life-predicting model of

composite materials.

2.1 — Experimental data on unidirectional laminae

Only a few authors in literature conduced experitaletests in order to observe the effect of
the stress ratio (R) on the fatigue behavior of posite materials. In particular, only two satisfyin
investigations were found concerning unidirectiotzahinae, made respectively by El Kadi and
Ellyin [6] and by Kawai and Suda [11]. In this deqt their results are reported in different forms
(fatigue curves at constant R, fatigue curves astantd, andc, max 62,m ando, & 62y, diagrams)

and commented.

2.1.1 — Experimental data by El Kadi and Ellyin (19 94)
El Kadi and Ellyin [6] tested flat specimens of tReglass/epoxy system “Schotchply
Reinforced Plastic type 1003” (a 3M product), under= 0.5, 0, -1, for fibers angles

6= 0,19 45 71 9C¢° and at a frequency of 3.3 Hz. F8=0°, an anti-buckling guide was used

for R = -1, since the specimens were thinner fag flibers angle. The experimental results are
shown in Figures 2.1 to 2.17 (x indicates the |daéction). In the present work the interest is

13



focused on the matrix dominated behavior of contpssihence the data fa#=0° are not

reported.
300
0=19
©
o
=3
b><
R =05
eR =0
AR=-1
30 1 Lol 1 Lol 1 Lol 1 Lo o3l L1
1E+01 1E+02 1E+03 1E+04 1E+05 1E+06

Nt

Figure 2.1 —Experimental data by El Kadi and Ellyin fér=1% at R = 0.5, 0, -1.

14



200

:9:49 R =05
eR=0
© AR=-1
o
=3
b><
A
20 L1l 1 11l L1l L1yl [ 111l L1
1E+01 1E+02 1E+03 1E+04 1E+05 1E+06
N;
Figure 2.2 —Experimental data by El Kadi and Ellyin fé=45°at R = 0.5, 0, -1.
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N

Figure 2.3 —Experimental data by El Kadi and Ellyin fér=71°at R = 0.5, 0, -1.
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N;
Figure 2.4 —Experimental data by El Kadi and Ellyin fé=90°at R = 0.5, 0, -1.
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@0 =45°
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Figure 2.5 —Experimental data by El Kadi and Ellyinat R = @68 = 19 45 71, 9C°.
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Figure 2.6 —Experimental data by El Kadi and Ellyin at R =00 # = 19 45 71 90°.
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Figure 2.7 —Experimental data by El Kadi and Ellyin at R fet 6= 19 45 71 9(°.
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From Figures 2.1, 2.2, 2.3 and 2.4 it is possibleliserve that, as a general trend, the higher
the stress ratio is, the higher the fatigue lifeisTbehavior is shown also by metallic materials.
However, if this trend is evident fd# =19, the others fibers angles exhibit fatigue curueRk & 0
and R = -1 that are very similar, sometimes evegrlapped, while the fatigue curves at R = 0.5
remain separated. The slope of the fatigue curppsas to become steeper at lower stress ratios,
with the exception od =90, that may be caused anyway by the statistical siedigtering. From
this observation, it is possible to state thatdfiect of different stress ratios is larger at loveads
(higher number of cycles to failure).

Figures 2.5, 2.6 and 2.7 show that the fatiguedifertens as the off-axis angle grows. Only
marginal variations of the slope is observed, cdibfeawith statistical data scattering.

Figures 2.8 to 2.12 report the experimental dat&lbiadi and Ellyin in terms of stress amplitude
Versus mean stress;(x o2 m, Haigh-type or “constant fatigue life” diagram$)y all the tested
fibers angles and also for N =°10 is possible to observe that for all fibersentations (with the
exception ofd =45’), at a macroscopic level and for a fixed numbecyafles to failure, a lower
stress ratio enables to bear higher stress ameé$ituall the curves appear to converge to the point
representing the static strength in x directioronfFithe constant fatigue life diagram for N =10
(Figure 2.12), it is possible to observe that, gualitative level, the trend of the allowable sse

amplitude seems not to change respect to the affaangle.
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Figure 2.8 —6, « 02,m diagram for experimental data by El Kadi and B\ =19 .
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Figure 2.9 —6, + 62 m diagram for experimental data by El Kadi and Bjy# =45°.
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Figure 2.10 —o, & 62.m diagram for experimental data by El Kadi and B\ =71°.
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Figure 2.11 —o, & 62, m diagram for experimental data by El Kadi and EJy¥ =90°.
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Figure 2.12—o,+ 62m diagram for experimental data by El Kadi and Eijyil = 1.

2.1.1.1 — Failure modes

For what concerns the failure of the specimenddsli and Ellyin stated just that for all off-
axis angles, all the specimens had an identiatlebfracture, that was matrix dominated and
parallel to the fibers orientation. For the 0° spems, instead, the failure mode depended on the
magnitude of the stress, being characterized bglesutibers breakage at higher stress levels and by
progressive damage with delamination at lower stridgnce, at a macroscopic level, no difference

in failure modes was detected at different stratses.

2.1.2 — Experimental data by Kawai and Suda (2004)
Kawai and Suda [11] carried out a series of fatitpsts on unidirectional flat carbon/epoxy
laminates, fabricated from prepregs tapes of PA058F800H/2500, TORAY), with fibers angles

6= 0,10 15 30 45 90°. Tests were conducted at a frequency of 10 Hzewusttess ratios R =

0.5, 0.1, -1 (-0.3 fod =0°). Tension-compression tests were conducted usitipackling guides.

Their results are shown in Figures 2.13 to 2.20fok<€l Kadi and Ellyin data, it was chosen not to
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report the fatigue curves fof =0° since in this work the interest is focused on thatrix-

dominated behavior.
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Figure 2.13 —Experimental data by Kawai and Suda ébr10°at R = 0.5, 0.1, -1.
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Figure 2.14 —Experimental data by Kawai and Suda ébr15°at R = 0.5, 0.1, -1.
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Figure 2.15 —Experimental data by Kawai and Suda ébr30°at R = 0.5, 0.1, -1.
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Figure 2.16 —Experimental data by Kawai and Suda ébr45°at R = 0.5, 0.1, -1.
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Figure 2.17 —Experimental data by Kawai and Suda ébr90°at R = 0.5, 0.1, -1.
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Figure 2.18 —Experimental data by Kawai and Suda at R = 0.5%fer 10, 15 30, 45 9C°.
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Figure 2.19 —Experimental data by Kawai and Suda at R = 0.16fer 10, 15 30, 45 9C°.
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Figure 2.20 —Experimental data by Kawai and Suda at R = -14er 10 15 30 45 90°.

These data confirm the trends shown by El Kadi Bhygin: a lower fatigue life for lower
stress ratios, for all fibers orientations; andept¥ curves for lower stress ratios, with the only
exception of @ =30 (Figures 2.13 to 2.17). In this set of data ther@d overlapping of fatigue
curves. However, this is not necessarily in contnagh the results by El Kadi and Ellyin, since yhe
tested R = 0 while Kawai and Suda R = 0.1. Thecefféthe stress ratio appears to be the same for
all the fibers angles (Figures 2.18 to 2.20), amébby El Kadi and Ellyin.

It has to be pointed out that the anti-bucklingdguimay have influnced the results, in
particular because it narrows down the zone in wkihe damage can take place (this problem may
be overcome by tubular specimens, that were usteipresent experimental campaign).

In analogy with what was done for the data by Etikand Ellyin,c, &+ 62m (Haigh-type, or
“constant fatigue life”) diagrams are drawn frone tthata set by Kawai and Suda, and reported in
Figures 2.21 to 2.26 (again, the data regardinrg0® are chosen not to be reported in this work).
The results are the same as El Kadi and Ellyin'easotiower stress ratios allow the material to
withstand larger stress amplitudes for a fixed nendd cycles to failure, and the curves are steeper

for lower N; the data seem to reasonably conveogaids the data points representing the static
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strength in the x direction. The effect of strest$orappears to be qualitatively the same forhadl t

off-axis angles (Figure 2.26).
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Figure 2.21 —o, « 02 m diagram for experimental data by Kawai and Sutia 10’ .
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Figure 2.22 —o, & 62.m diagram for experimental data by Kawai and Sutia 15’ .
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2.1.2.1 — Failure modes

Kawai and Suda analyzed more deeply than El Kadi Eltyin the fatigue failure modes
under the different stress ratios: at R = th& specimen failed with parallel splitting in thieer
direction for 8=0°, while they failed in through-thickness cross mest along fibers for
0°<@<90° (Figure 2.27); failures at R = Ovlere very similar to the previous ones. In the adse
R=-1 (-0.J3), instead, the fatigue failure occurred in crossiea parallel to fiber and thickness
directions for30° < <90, while for =10, 15 it took place either in a similar way or in a

local buckling mode with kinking (the variabilityelng given by the local buckling instability just
before the ultimate fatigue failure occurs);

-

6= 0, 10, I 30, 45, 90°

h

Figure 2.27 —Failure of Kawai and Suda specimens at R = 0.%(tdiom [11]).
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0=0°(R=-0.3) 0=10°(R=-1.0) 0=15°(R=-1.0)
Figure 2.28 —Failure of Kawai and Suda specimens at R = -0.B)+{@aken from [11]).

2.2 — Experimental data on tubular specimens

The only work in literature on the effect of theess ratio on the fatigue life of composite
tubes is the one by Qi and Cheng [17], in 2007 .s€hauthors studied the effect of the biaxiality
ratio A = ty/oyy and R on filament wound E-glass/epoxy tubes whil ¢tonfiguration [#]s, in
which 6 = 35°, 55°, 70°, at a frequency of 2 Hz. In partaec, . = 0.5, 1, 2 and R = 0, -1 were used
for 6 = 55° whereas just = 0.5, 1 and R = 0, -1 fdér= 35° and 70°. Their results concerning the
effect of stress ratio are reported in Figure ZtB8 final separation was considered as failuréhby
authors), and show that the curves at R = 0 areehithan the ones found at R = -1, and slightly
steeper.

Although Qi and Cheng used tubular specimens, at@athe same used in this experimental
campaign (see Chapter 3), their data are not usafuhe present investigation, that is focused on
the matrix dominated behavior of a single lamin&soAwhat is of interest here is when the first

crack nucleates and not when the complete separatithe specimen occurs.
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Figure 2.29 —Experimental data by Qi and Cheng fior £35°,£55°,+70° atR = -1, 0 andi =
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2.3 — Literature models that include the effect of stress ratio on the
fatigue life

Although, as stated in the previous section, natyrexperimental data concerning the effect
of stress ratio on fatigue life of composite matksriare present in literature, several are theoasith
that looked for a way to consider the effect o§ tharameter in their fatigue life-predicting models
In this section, the works of these authors areeied in chronological order, focusing more on

how the stress ratio is taken into account thaa trorough derivation of the models themselves.

2.3.1 — El Kadi and Ellyin’s model (1994)

El Kadi and Ellyin [6] conducted an extensive tegtion glass/epoxy specimens at
R=-1 0, 05, for fibers angle = 0, 19 45 71, 9C°, as described in section 2.1. They propose

a life-prediction model based on the strain enesjgrting from the considerations that failure
results as a consequence of damage accumulatiothanitie damage is caused by an irrecoverable

part of the stored energy:

dw,

damage

=dw,

supplied

= (dQ +dW,

recoverabé )

2.1)

Since it is difficult to measure the heat losi)(), El Kadi and Ellyin assume that the damage is

proportional to the supplied energy:

deamage D dWsuppIied (22)
For non-negative stress ratioR & 0), the strain energy is given by:
( max max Umingmin) (23)
For the uniaxial case, equation (2.3) can be réewi
@+R)
==S,(A 2.4
Sn( o) {(1 R (2.4)
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where S, is the (1,1) element of the compliance matrixhia global (x,y) coordinate system and

Ao is the stress range. By observing their experialatdta, El Kadi and Ellyin hypothesize, for a
generic off-axis angle, the following relationsHyetween the strain energy and the number of

reversals to failureZN, ):
AW* =Kk(8)(2N, )" (2.5)

in which k(@) is the intercept aN, =1 anda(6) is the slope of the curve in a log-log coordinate
system. The forms of the functiongd) and a(¢) are found by fitting the experimental data. In
particular,a () is found possible to be considered constant (andlg€o a ), while k(€) results to
be about the same as the maximum monotonic strergg under tensile loadV,", for the same

fibers orientation angle. By normalizing the strammergy respect t&(8), defining thenormalized

strain energy

we AW AW
k(6) W (6)

(2N (2.6)

El Kadi and Ellyin’s model manages to collapse ¢lperimental fatigue curves &= 0, 05 for
several fibers angles to a single — although not marrow — band.

For negative stress ratioRK 0) the expression of the normalized strain energpbes:

AW* AW~
= + =(2N,)” 2.7
we T - @No) (2.7)

f f

W=yt -

where AW~ is the strain energy in the compression phaseVdnds the monotonic value of the

strain energy under compressive load. It can beetbthat equation (2.7) can be used as a general

expression for any stress ratios, not only for tiggaones. By means of it all the experimental data
by El Kadi and Ellyin atR= 0, 05, -1 collapse into a single band, which anyway stithaén

quite large.
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2.3.2 — Fawaz and Ellyin’'s model (1994)

Fawaz and Ellyin [7] propose a model, based onimrapobservations, according to which
the S—N curve of a general lamina under generdingaconditions can be drawn from a reference
S—N curve, obtained from a known lamina under kndvaaling conditions (no specific impositions
are requested to for the reference curve). In qdat, if the reference curve is described by the

equation

S =m log(N) +b, (2.8)

then, according to Fawaz and Ellyin, the generive&wcan be found, definind. =0, /0, and

Ay =1, 10,, through

S, Ar B,RN) = £ (Ac, A, O)[g(R)M, Iog(N) +b,] (2.9)

in which f(A.,4;,0) is assumed to be equal to the ratio between #ie strength along the x-
direction under the actual loading parametésrsi;,8 and the static strength along the x direction
under the reference loading parametdrs,4;,,6., and the dependence on the stress ratio is

explicated in this way:

0O max (1_ R) - (1_ R)

R) =
g( ) [Jmax,r - Jmin,r] (1_ Rr)

(2.10)

where|o,

nxr — Omine] @Nd R are, respectively, the stress range and the sesapplied to obtain

the reference curve. It can be seen that, accorttinthis model, the stress ratio is therefore
hypothesized to have influence only on the sloptheffatigue curve, in particular the lower is R,
the steeper is the curve, respect to the referenee This model predicts with good accuracy the
experimental data by El Kadi and Ellyin [6] for RG=and R = 0.5, while no comparing was
reported in [7] concerning R = -1.The fact that itmercept of the fatigue curve in hypothesized not
to be dependent on the stress ratio seems to bhecordance with El Kadi and Ellyin’s data (at

constant fibers angle).
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2.3.3 — Plumtree and Cheng’s model (1999)
Plumtree and Cheng [8] propose a life-predictingletdased on the Smith-Wattson-Topper

parameter,P, =0, A& (it has the same units as a strain energy densitg)n the observation
that the tip of a crack which formed in the matsxsubjected to two displacements — one due to an

opening mode normal to the fiberg,{) and the other to an in-plane sliding or shearalpel to the

fibers (7,,) — Plumtree and Cheng define the parameter

AW, * = AW, * +AW,* = T 55 DESy + T oAy /12 (2.11)

where 0, .and r,, . are the maximum stresses in the fracture plars, ithassumed to be

always parallel to the fibers, and they are nunadlsievaluated. The effect of the stress ratiohan t

fatigue life becomes evident if the strains in pinevious equation are re-written:

Agy, = gZZmax(l_ R) (2.12)
Ay, = ylZmax(l_ R) ’

AW, * is assumed to be linear respect tarNa log-log scale. Applied to the experimental

data obtained by El Kadi and Ellyin [6], this modricceeds in collapsing the fatigue curves
obtained for R = 0.5, R = 0 and R = -1 to a singleve, although the scatter band is not very
narrow, in particular because of the R = -1 daamBee and Cheng suggested that this may be due
to the fact that under tension-compression loathegdamage is influenced also by fibers buckling,

not considered in the definition &W*.

2.3.4 — Miyano et al.’s model (1999)

With the objective to find a fatigue-life model thr@uld take in consideration the frequency (
f ), the temperaturel() and the stress rati®), Miyano et al. [9] hypothesizes a linear depergen
fatigue strength upon stress ratio. Assuming aisd the failure process is the same under CSR
(continuous strain rate), creep and fatigue loaglinigat the same time-temperature superposition
principle is valid for all those types of loadingnd that the damage cumulate linearly for non-

decreasing stress process, they propose the folipiwrmula:
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o,(t;;T,RT)=0,(t; T, T)R+0,(t;; f, T)AI-R) (2.13)

in which the expressioft; ; f,R,T) indicates that the strength is a function of timeetito failure
(t;, =N,/ f) for a given combination off, R, T; o, (t,;f,RT) is the fatigue strength,
O,,(t;; f,T) the master curve for fatigue strengthRat O (obtainable from tests with a single
frequency at different temperatures) aadl, (t,; f,T) the fatigue strength foR=1 (that is the

master curve for creep strength).

To support their model, Miyano et al. conducted soffexural fatigue tests on two
carbon/epoxy systems, one with acrylic-derivedrB@300/2500), the other with pitch-based ones
(XN40/25C), and to a carbon/PEEK system (T300/PEHKeir experimental data for different
stress ratios show an analogous effect of thisnpeter on fatigue life as the one found by El Kadi
and Ellyin [6], that is a lower fatigue life forwer R (Figure 2.40, in which the dotted lines
represent the least square fit for experimenta déafatigue test aR = 005 and creep test). In the
same figure, it can be seen that this model descrédmlequately the experimental S—N data for
flexural fatigue strength aR = 05 for the acryl-derived-carbon/epoxy system, budoiild not be
applied to T300/PEEK and XN40/25C because of thestallization of PEEK and the time-
dependent behavior of the pitch-based carbon filtlees cause the time-temperature superposition
principle for CSR not to hold for creep strengthorgbver, no mention was made in [9] concerning

the applicability of the model to negative stressos.
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Figure 2.40 —Prevision of the flexural fatigue strength for TBZEDO0 atR = 0.5 at various

temperatures by Miyano et al. model.

2.3.5 — Petermann and Plumtree’s model (2001)

Petermann and Plumtree [10] developed another witerged model: from the hypotheses,
already mentioned above for Plumtree and Chengtlid}, the fracture plane is always parallel to
the fibers (Petermann and Plumtree criticize therggnbased model by El Kadi and Ellyin [6]
because it does not consider the fracture plané)fram the observation that the tip of a crack tha

formed in the matrix is subjected to one displac&ndeie to an opening mode normal to the fibers

(o,,) and one displacement due to a shear paralldletdilvers (,,), they define ainified fatigue

parameter:
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W * =W, * +W,* = A (022max£22max + TlZmaleZmax) (2.14)

where

1= (2.15)

and W * andW, * are the strain energy density contributed by, retsgey, the stress component

normal to the fibers and the pure shear:

1 1
W* = > (T 20max€ 22max = O 22min € 22min) = > @- R2)022max£ 22max
(2.16)

1 1
W,* = 5 (T 12maxV 12max ~ T12min Vizmin) = > (L= R*)7 1V 12max

The parameter, that is very similar to the onerdefiby Plumtree and Cheng [8], is derived
only for tension-tension fatigue, i.6>0. The stresses and strains in the equations ab@ave a
calculated numerically, taking the highest comborabf both stress components (which results to
be in the matrix adjacent to the fiber-matrix ifdee) and the corresponding strains. Also in this
case the relationship between the fatigue paranaetgrthe number of cycles is supposed to be
linear in a log-log scale.

Petermann and Plumtree applied their model to théaHi and Ellyin’s experimental data [6]
at R=0 and R= 05, managing to collapse the fatigue curves of famaglesé =19°, 45° and 71°
to a single one, even if the scatter band isatille large. Their model could also predict, witiod
agreement, the fatigue curvesRtE 0, =45, at R=0, 6 =19, and atR=0, §=71°from the
data obtained aR= 05, € =45". However, Petermann and Plumtree themselves abatitheir
model cannot predict fatigue life for negative streatios since tension and compression do not
contribute in equal parts to the damage developn#dsb, predictions ford =90° were not shown

in their work.

2.3.6 — Kawai and Suda’s model (2004)

Kawai and Suda [11] performed fatigue tests onaadpoxy unidirectional plain laminates,

with different fibers orientationd = @, 10°, 15°, 3(0°, 45°, 9C°), at stress ratioR= 05, 0.1, -1

for 6>0°and R= 05, 0.1, —-03 for 6=0°, as reported in section 2.1. For what concerns the
39



modeling, Kawai and Suda choose to ignore the Idatéithe failure processes and assume that the

damage development could be described by

k
dw _ o (Lj (2.17)
dN l-w

where & is a scalar damage variabl, and k are material’s constant, the fatigue exponeris

postulated to be dependent on R, @ands a fatigue strength parameter, assumed equahtm-a

dimensional effective stress, g, derived from the Tsai Hill static failure criten:

max ?

2 2 2
O_E]ax - Ullmax _ Jllmaxoz-ZZmax + 022max + TlZmax (218)
X X Y S

where X, Y and S denote, respectively, the longitudinal strengtle transversal strength and the

shear strength of the material. The non-dimensiefiattive stress can also be written

Trax = QO)T e (2.19)
where

4 .2 . 4 . 2
Q(0)=\/C2(529—Coszf(jm 9+SI$29+SII‘I 9820529 (2.20)

Integrating equation (2.17) by imposing=0 for N =0 and assumingz=1 for N =N, , and

settingN, =1/2 for o, =1 the following S-N relation is found:

_ 1
- (O.D )n(R)

max

2N, (2.22)

that is linear in logarithmic scale. The effecttioé stress ratio is in the fatigue exponent, meganin
that it is considered to influence only the slogethe fatigue curve. Kawai and Suda find the
expression oh = n(R) by simply fitting their experimental data with thenction
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_ 1
n(R) = Aexp{ﬁj (2.22)

This model describes the S—N curves of the expertiahelata of Kawai and Suda themselves
with reasonable accuracy, but in some cases witk targe errors (for example f@& = 0, 45 9C°
). Also, the validity of then(R) function for stress ratios outside the range amalyzy the authors

should be proved.

2.3.7 — Kawai's model (2004)
Kawai [12] elaborated a way to account for the aftd R on fatigue life without the need of

experimental data. He defines tiedified fatigue strength ratio

1
5 @-Ry
g =% - 21 (2.23)
%o 1-C(+Ry

in which g, is the alternating stresgj,, the mean stresgy, the experimental static strength and
Y =0, .. 05 thefatigue strength ratio (the subscripK in W, is for distinguishing the symbol

here used from the analogous symbol used by El KadiEllyin). With this parameter, Kawai
managed to collapse the all the data by Kawai ardh$11] to a single band, even if it is quite
large. The same result is achieved for the dat&li¢adi and Ellyin [6], with a narrower resulting
band.

Taking equations (2.19) and (2.20) and noting thaf, ., =1/Q(8), so that

g0 = Txmax (2.24)

max
UB, pred

Kawai defines, in analogy with¥, , the non-dimensional scalar quantity (calleddified non-

dimensional effective stress):
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o } (1_ R)Ur?"lax
S* = =2 (2.25)

170 12 1+ R0,

The evolution equation of the scalar fatigue damageation (2.17)) is then rewritten:

dw _ oo 1Y
40— ) (1-40) (2.26)

where «is the scalar damage variabl¢, n* and k are materials constant ad is the number
of cycles. The integration of equation (2.26) amel imposition of the same conditions as for Kawai

and Suda (section 2.3.6), the following relatiodrigwn:

2N, = (z*l) _ (2.27)

that is a straight line on logarithmic scales. BieN relationship for each off-axis angfecan be

found from the master S—N relationship, explicagggation (2.25) respect ®m,

22*

O s = (2.28)
QO)[A-R)+ @1+ R)Z*

Good prediction of the S—N curves of the data by#aand Suda [11] and by El Kadi and
Ellyin [6] is reached with this model.

2.3.8 — Shokrieh and Taheri-Behrooz’'s model (2006)
Another energy-based model is proposed by Sholaimeh Taheri-Behrooz [13]. Taking the
static failure criterion based on strain energyaligyed by Sandhu, according to which failure

occurs when

01‘51 + 02‘52 + 06‘96 :1 (229)
><‘E‘lult Y“E‘Zult S"’;‘Gult
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(X,Y,Sare the maximum static strengthdt denotes ultimate strains), Shokrieh and Taheri-

Behrooz define the fatigue parameter

Ao Ag, N Ao,Aeg, N JAYZ AN

AW g™ = AW, * +AW, * +AW,, * =
X‘Elult Y‘EZuIt X‘Eﬁult

(2.30)

whose addends are re-writable in the following wayrder to explicate the effect of the stress

ratio:

: = L8R o) @ay

AW, * = Xe.. (O e = Tamin€rmin) =57 (O tmax ™ Tin) X? (1-R)

(the expressions for the other two terms are anal®)y The expression fakW, ., * is developed

only for positive stress ratios, i. e. tension-tenor compression-compression loadings. Anyway, a
general expression, to consider also negativesstedi®s, can easily be derived:

1 1+sgnR)R? >
AW * = Ao 2.32
1 X2 (1_ R)2 ( l) ( )

where sgn(R) denotes the sign of the stress ratio (analogousessions for the other two terms).

The authors re-adapt then the ElI Kadi-Ellyin modé] to their fatigue parameter,

hypothesizing the relation

AW, -.* =kN? (2.33)

wherek and a are material constant, independent of the streésanad fiber orientation.

This model manages to collapse to a single bandcexiperimental data at different stress
ratios obtained by Kawai and Suda [11] and by Etlikand Ellyin [6] and predicts with good
accuracy the fatigue curves of the same data sets.

2.3.9 — Varvani-Farahani et al.’s model (2007)
Varvani-Farahani et al. [14] propose an energy-thasierion that takes in consideration the
damage mode involved during fatigue cycling: forne tobservation that the damage evolution
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could be divided into three stages (in order of esppnce: matrix cracking, matrix-fibers

debonding, fibers cracking), Varvani-Farahani etlafine the total fatigue damage as
AW =AW, + AW, + AW, (2.34)

where the addends are the energy-based damagegpardon the three stages mentioned above:

(2.35)

A TmaxA %
AW, =| —me 2

Tut
(Tult G/m

in which A7, = (%)rl —(”1;”3)r2, A = (51;;3)rl —(Eljs)rz, the subscriptsit denotes ultimate

stressm the matrix phase,l andr2 the first and the second reversal of fatigue cycle.

(2.36)

AW, =
! |:(0'u|ta|§“f

AQAQ}

where Ao, :(%)rl—(%)rz, Ae :(ﬁ)rl—(if)rz, and the subscript denotes the fiber

phase;

(2.37)

It

A\/\/” = T,
(Tult % m (ault E/f

A%A?+A@Agﬂ

in which stresses and strains are calculated bysnefaclassical lamination theory.
The effect of the stress ratio is included in theppsed parameter (maximum and minimum
stresses are indeed present in the expressiod\é), anyway the model does not succeed in

collapsing experimental data at different strei®sdo a single band.
2.3.10 — Chen and Whang’s model (2009)

Chen and Whang [15] hypothesize that the damd@g during fatigue cycling could be

expressed by the relation:
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_log@N) _ _( G 1
D(n) —m - Fy[Tij(f)FR(R) 1+ée—an

u

(2.38)

in which F,, F, and F; are corrective functionsf is the frequencya andc are parameters to be

determined experimentally and=log(2N). The S—N relationship is found by imposimgn) =1

for N=N,. To find theF functions, the authors conducted a series of fatitests on [Q]

unidirectional laminates aR= 0, 0.1, 0.3 05 and a frequencyf =5 Hz (whose results are

reported in Figure 2.41) and at various frequenaresR = 0, finding, in line with the experimental

results by El Kadi and Ellyin [6] and by Kawai aBdda [11], a lower fatigue life for lowdR.

08 4

* experimental data of R=0
« experimental data of R=0.1
«  experimental dataof R=03
064 * experimental data of Re 05
—— fitting curve of R=0

fitting curve of R=0.1

fiting curve of R=0.3
=-=-- fiting curve of R=0.5

Normalized Stress

0 ) 2 4
log (2N)

Figure 2.41 —Experimental data by Chen and Whang, fog f]R =

T . S

o

0, 01, 03 05, f =5 Hz.

The damage area ratio, experimentally determingdaken by the authors as index of

damage. The authors, basing on least square regressthod, assume that all tRdunctions are

linear in their respective arguments (Figure 2.A8ws the reasonable linearity %, againsR

found by the authors), and the model acceptabldigie the fatigue curve for 0° laminate at

R=0l1land f =5Hz.
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Figure 2.42 —Linearity of theF; function found by Chen and Whang, fat= 5 Hz.

If the hypothesis of linearity is confirmed for uak of the loading parameters outside the
range analyzed by the authors, this model preskatadvantage of needing only a 8 experimental

points to find the S—N relationship.

2.3.11 — Kawai and Teranuma’s model (2012)

The model recently proposed by Kawai and Teranufi@ [s based on the so called
“anisomorphic constant fatigue life (CFL) diagrappeoach”, in which constant fatigue life curves
are plotted in thes,—om, plane. They start from a two-segment CFL (Figu#3p based on the
hypotheses that the fatigue behavior of a givenpmmite is characterized by the reference fatigue
behavior at a critical stress ratio that is eqaahe ratio between the static strength in comprass

and the static strength in tensigrs oc/or. In this CFL, the curves are described by the eoost

2=y
— W) X
On—0n (X)
—_—F , 0. <0, <0O.
g —ogW o. —gW m m T
—Za Ta = T m 2.39)
0—()() x) 2y, ( )
g —0,
a Ym Ym o.<0, < gWw
o.-a¥ moom

in whichy, = 0% / 0, is the fatigue strength ratio associated withdtiical stress ratig and is

treated as a monotonic function of the number ofesyto failure N
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11 (-4,

2N, = " . -
X (‘/IX) <‘//)( _l//)((L)>

(2.40)

where the angular bracke(s) denote the singular function defined @é =max{0, x} and the

terms K, , n, a, b, ,,, are found by fitting with equation 2.40 the refere fatigue data obtained

for the critical stress ratio.
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Figure 2.43 —“Two-segment model”, taken from [16].

This “two-segment model” showed to be inaccurateases in which the composite exhibits a
large difference of behavior between the mean sseasitivity in fatigue under tension-dominated
and compression-dominated fatigue loading conditiohhe authors developed then a “four-
segment model” (Figure 2.44), that include two $raonal segments in the right and left
neighborhoods of the line relative to the critisaess ratio in the,—on, plane, defined using two

auxiliary stress ratiogy( andyg).
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Figure 2.44 —Four segment model”, taken from [16].

The CFL curves are then defined as follows:

(I) Tension dominated zon@{!® <o < 0;):

2T
_og,-o (g, -g¥® ) " -
a T m
(I Right transitional zoneq¥ < g, < g\"®):
(I1l) Left transitional zone ¢ < g, < g\?):
(x) X
g,~0, g, -0,
oW -0l o —g (2.43)

W _ ~) T ) — A0
aa aa - amL Um
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(IV) Compression dominated zong{ < g, < ar(nXL)):

o) o) \2 ¥
_aa_aa :(am_a-m J (244)

In the equations abovey, =ou) /o, and ¢, =0y /o, are the fatigue strength ratios
associated to, respectively, the right and leftilary stress ratios. The exponerksandkc are
introduced to add a function that could adjust tiéiie of change in shape of CFL curve from a
straight line to a parabola.

The two auxiliary stress ratios and the relativegte strengths for different fatigue life
should be determined by experiments, but the asithesume, = -co andyr = 0 and approximate
the fatigue life at these stress ratio by simplirapolating it from the linear CFL envelopes on the
Tension-Tension segment and on the Compression-&ssipn segment.

From the construction of the CFL diagrams for |lomdjinal, transverse, and in-plane shear
loading conditions, the authors make use of theifieoldTsai-Hill static failure criterion in ordeot
estimate the fatigue life of a composite under ganeading conditions, by substituting in it the
principal static strengths with the principal faigy strength X;, Y;, and &, respectively for

longitudinal, normal and shear stress), drawn ftenprincipal CFL diagrams:

(I) Tension dominated fatigue failuregy(6) < R<1):

2 2 2
O 1ymax | _ 9 11max? 22max + 9 22max + Taomax | _ 1 (2.45)
X X? Yi S

(I Compression dominated fatigue failule{R < +o0, —0 < R< x(6)):

2 2 2
(Ullmax _ 9 11max¥ 22max + (UZZmaXJ + T 12max ] =1 (2.46)
Xy X? Y St = .0 ypmax
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(y, i1s a term that takes into account the differefeatfof shear in tension and in compression,
evaluated by the authors as equal to 0.35). Thealristress ratiqy(8) = 0.(6)/ 0;(8) can be

predicted using the modified Tsai-Hill static faiucriterion.

This model presents a very good agreement withrarpatal data at different off-axis angles
and different stress ratio, but it has been testely on carbon/epoxy systems. The authors
themselves admit that care has to be taken in ukiagnodel to predict the fatigue life of GFRP,

since in some cases they show very distorted stiaPEL envelopes.
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Chapter 3
Materials and Methods

The materials, testing machine and experimentacquores used in the experimental
campaign are described in this chapter. The ainthefpresent study is to analyze the matrix

dominated behavior of composite materials undetiexidl fatigue loading condition.

3.1 — Possible specimens configurations

As stated in Chapter 1, a multiaxial stress statele induced both hipnternal andexternal
multiaxiality. As a consequence, there are diffelends of tests and specimen geometries that can
be adopted for multiaxial testing. The followingdahe most common (Figure 3.1) [19]:

1) Off-axis loaded flat specimen.
2) Cruciform flat specimen biaxialy loaded.
3) Thin-walled tubes subjected to combined tensioarirdl pressure or tension-torsion.

c)
Figure 3.1- Possible specimen geometry: a) flat, b) crucifacjrtubular.

In the first case, multiaxial stress state is iretuby a uniaxial load. This kind of test is
simple, the specimen is easily manufactured, amngaunniaxial testing machine is required. On the
other hand, it is not possible to obtain strest@msgawo directions only and care has to be taken i

the design of the tabs so as to avoid excessigssstioncentrations.
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In the second testing mode, multiaxiality is obégirby applying two orthogonal external
loads to the arms of the specimen. Depending onfilexs orientation, external or inherent
multiaxiality results; in the second case no implahear stresses are induced, it is then impessibl
to obtain a stress state characterized by the mres&f only transverse and shear stresses, which is
the one desired in this study in order to studyniarix dominated behavior. Moreover, specimens
geometry must be carefully designed in order taiob& uniform stress distribution and to avoid
failure in the arms, and a dedicated testing machoapable to apply loads in two normal
directions, is needed.

Tubular specimens are probably the most used innthesstigation of multiaxial behavior of
composite materials. As the last case, both extemd inherent multiaxiality can be achieved,
depending on the fibers winding angle. Multiaxiakitan be induced by combined tension-internal
pressure or combined tension-torsion. In the &ieste, a dedicated equipment to pump the oil inside
the specimen is required, which makes it less @i In addition, it is not possible to obtain a
stress state with only transverse and in-planerssieass. On the contrary, combined tension-
torsion configuration requires only a biaxial (temgtorsion) testing machine, and it is the only
testing mode that can achieve the stress stateionedt above. Given also the simplicity of
specimens preparation and the avoidance of free etfgcts (which can influence the results of
tests on flat specimens), this kind of test is thest attractive for investigating the matrix-
dominated behavior of composite materials undertiexidl fatigue loading, and therefore it was

the one chosen for the present experimental campaig

3.2 — Specimens geometry and stress analysis
In a previous experimental campaign [19], in ortlerinvestigate the matrix dominated
behavior of composite materials under multiaxidigize loading, tubes made of glass/epoxy UD

plies were tested, with the fibers oriented atW@h respect to the tube's axis (Figure 3.2)

F
MT£

Figure 3.2— Loading condition and specimen geometrical patars.
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The tensile loadF produces a transverse streson the 90° layers, while the external torque
Mt generates the in-plane shear stres8y properly combining the tension and torsiordiogs it
is possible to obtain different values of the badiky ratioA;, (see Chapter 1). The transverse stress

can be easily calculated as

o, =t 3.1)

The shear stress varies linearly from the intetodhe external diameter. For the calculation
of the biaxiality ratio it was decided to considsrmaximum value, that is the value at the externa

diameter:
0 6max = & Re (32)
JP
where Jis the polar moment of inertia calculated as
n
I :E(RQ‘—R“) (3.3)
The biaxiality ratio is therefore defined as:

}“12 =1 = 7 6max (34)

12max
0,

In order to allow the results obtained on tubula@cmens to maintain validity also for flat
components, the ratio between the maximum and themam shear stresses (respectively at the

external and internal diameter) has to be as lopoasible. That ratio can be calculated as:

O-Gmax — Re _1_L (35)

0'6,min R R
This equation describes also the variation of iagiblity ratio across the thickness.

53



Because of the material orthotropy, stresses dloadibers direction (i.e. in the hoop) and in
radial direction are induced from the biaxial ertdrloads. Anyway, a previous work [19] showed
that they are so small that they could be negleced therefore from now on the stress state will
be considered purely biaxial.

The geometry of the specimens used in the presgdrienental campaign are reported in
Figure 3.3. At the ends of the specimens, a woVvassgpoxy striptéb) is added, in order for the
specimen to be grabbed by the testing machine.external diameter was chosen in order not to

have geometrical constraints issues with the g&quipment.

40 mm

\\v//

7~
SN

N 21 mm
I I
: : 21.8 mm

40 mm : :

: : P 24 mm -
I I
I I

A4 1 |

a) b)

Figure 3.3— Specimen geometry: a) side, b) top.
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3.3 — Specimens materials and production process

The stacking sequence used in the experimental aigmpwas [@/90yps/0r] (“TUT
sequence”), where the subscript T indicates woagerlwhereas UD stands for unidirectional. The
woven layers are needed to avoid unstable cragkagation, so as to allow a better study of the
damage evolution. Moreover, with the TUT configiwatthe crack nucleation is not influenced by
the presence of surface defects due to the manufagtprocess. Even with this configuration, the
stresses along the radial direction and alongibeed direction in 90° layers remain negligible].20

The following materials were used for the specimges Table 3.1 for the mechanical properties):

- UE 400 REM, produced by SEAL-Italy: glass/epoxy p-preg, thickness = 0.38 mm,
used for the 90° layers;

- EE 106-ET443, produced by SEAL-Italy: glass/epoxgven pre-preg, thickness = 0.13
mm, used for the internal and external woven lgyers

- VV345T, produced by SEAL-Italy: glass/epoxy wovae+preg, thickness = 0.35 mm, used
for the tabs.

UE 400-REM VV345T-DT107A EE106 — ET443
average st. dev. average st. dev average st. dey.

o1,u (MPa) 973 59 431 15 257 7
c2.u (MPa) 50 6.6 447 21 239 2.5
6s.u (MPa) 98 - 85 - 80 -
E: (MPa) 34860 2365 21700 82 17033 491
E, (MPa) 9419 692 20880 431 16538 206
Gi2 (MPa) 3193 - 3351 - 3032 -
V12 0.326 0.015 0.159 0.005 0.159 -

Table 3.1- Mechanical properties of the materials usethénexperiments

The specimens were obtained by cutting 1 m longgulproduced bynandrel wrapping
technology, and successively cured in autoclavee (foour at 6 bars and 140°C). The pictures
reported in Figures 3.4 taken from [5] (courtesys6éfA COMPOSITI s.r.l.), illustrate the steps of
the production process: first, the mandrels arandd; the pre-preg skins are then cut, their
protective layers are removed, and they are manattched to the mandrels. A dedicated machine
carries out the wrapping. A reinforce strip is mati®@ne of the tubes ends to help the removal of
the mandrel after the cure. A heat-shrinkable tgpe/rapped around the pre-preg, in order to
maximize the volume fraction of fibers, and theirgrcycle in autoclave follows. Once the curing

process is terminated, the mandrel is removed,efisas the heat-shrinkable tape. The final tube is
55



then cut in pieces of the desired length, and éabsattached at their ends and cured in oven (80°C,

8 hours). The final volume fraction of fibers i®and 45%.

a) Mandrel cleaning. b) Pre-pregs cutting.

c) Protective leaves removal. d) Attaching pre-pregs to mandrel.

e) Wrapped tube. f) Reinforce strip at one end of the tube.

Figure 3.4— Specimen production process (taken from [5]).
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i) Autoclave used for curing cycle. i) Mandrel removal.

il

M Pr— .T- —

k) Final tube.

Figure 3.4 (continued)— Specimen production process (taken from [5]).
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[) Specimens cut from the final tube. m) Attachment of the tabs.

n) Specimen before tabs curing.

Figure 3.4 (continued)— Specimen production process (taken from [5]).

An attempt to produce the tabs directly integratetth the tube, before its curing, has been
made in [5], but deep defects resulted at the énbeotabs (Figure 3.5), that induce damage in an

already critical zone.

. B oy =
- — -

p——r——ra . B AL

Figure 3.5- Defects in specimens with integrated tabs (tdf@n [5]).
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In the same work, turning the specimen was tried saslution to the defects at the beginning of the
tabs and also to typical surface defects derivimgnfthe production process (such as waving).
Anyway, this operation is time and money consumimgd SEM analyses of the new surfaces
revealed a lot of broken fibers and matrix cratks)ce the idea was dropped.

In order to avoid specimens cracking due to stoeseentrations in correspondence to the
end of the tabs, a fillet is made with a two pgxy structural adhesive and cured in oven at 40°C
for 4 hours (Figure 3.6).

Figure 3.6— Fillet at the end of the tabs.

3.4 — Testing procedures
Both fatigue and quasi-static tests were condudtedhe experimental campaign. The

procedures followed for both of them is presentethis section.

3.4.1 — Fatigue tests

The fatigue tests were conducted by means of MTS &fal/torsional machine, in load
control, at frequency = 10 Hz,R = -1, 0, 0.5 and;, = 0, 1, 2 (see paragraph 1.5). The applied
loads are in phase and proportionally applied. Ghmage onset was monitored in two ways: by
FLIR SC7600 MW infrared camera (Figure 3.7) andirbgitu eye observation with the help of a
lighting system inside the specimens, developefbjir(Figure 3.8). Two aluminum mirrors have

been used in order to monitor the back side offezimens with the infra-red camera.
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Figure 3.8 —Internal light system (taken from [5]).

Two inner steel cylinders were uses in the clampeyons in order to avoid the specimens
failure while closing the grips. Anyway, a very Igaessure had to be used in the gripping heads of
the machine in order to avoid the fatigue failurgide the tabs.

The crack propagation was monitored only by medm®y® observation, stopping the test and
marking the position of the crack tips once theknasibly propagated.

Use of compressed air (Figure 3.9) was made foratesigh values of shear stresses in order

to keep low the specimens temperature.
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Figure 3.9 —Compressed air system.

The axial and torsional stiffness of the specimieage been recorded during every test by

means of the displacement/angle sensors and tteédleof the testing machine.

3.4.2 — Quasi-static tests

The same machine used for the fatigue tests wakalse for the quasi-static tests (MTS 809
axial/torsional machine), always in load controles®s were made under pure tension, pure
compression, combined tension and shear.at 1, 2, and combined compression and sheap at
=1, 2. The applied loads were proportionally aghliThe damage onset was monitored by eye-
observation and infrared camera (FLIR SC7600 MW).

All the quasi-static tests were conducted at theesbbading speed, which was constant and
equal to 0.2667 MPa/s. In particular, for the tegth tensile stress a loading of 80 MPa was set to
be reached in 300 seconds, whereas for the testsnipression a load of 240 MPa was set to be
reached in 900 seconds. This loading speed was sfowgh to allow the observation of the

damage initiation.
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Chapter 4
Quasi-static tests results

In this chapter are shown the results of the gsiagie tests of the present experimental
campaign, whereas Chapter 5 is dedicated to thidtses the fatigue tests. The materials and the

tests procedures used are described in Chapter 3.

4.1 — Tested specimens

In order to obtain the mechanical static propentethe tested materials, 18 specimens were
tested, whose geometrical characteristics are teghan Table 4.1, together with the imposed

maximum load and the time of the test. In partigutze following formula were used:

2 (4.1)
4 _ R4
3, = ﬂ% (4.2)
_ 1
F=0,A 086 (4.3)
D../2 099 '
&k (4.5)

v =2
4 t(load, )
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The coefficients 0.86 and 0.99 that appear in égosit4.3 and 4.4 were drawn by previous

refers toF

max

FEM analyses; the terrtoad for all the specimens except for the ones tested i

max

pure shear, for which it is equal ¥t

max*

SPECIMEN Dint Dext A Jo F max Mt max t(loadmay) Vioad
CODE (mm) (mm) (mm?) (mm?) (N) (N*m) (s) (MPa/s)
TUT-ST-L0-01 19 21.85 91.4 9583.G 8505.p 0 300 6726
TUT-ST-L0-02 19 21.87 92.1 9665.0 8569.f 0 300 6726
TUT-ST-L0-03 19 21.93 94.2 9912.5 8761. 0 300 6726
TUT-ST-L0-04 19 21.99 96.3 10162.0 8954.3 0 300 6672
TUT-ST-L1-01 19 21.87 92.1 9665.0 8569.f 71.423 300 0.2667
TUT-ST-L1-02 19 21.94 94.5 9953.9 8793.8 73.323 300 0.2667
TUT-ST-L1-03 19 22.01 96.9 10245.6 9018.6 75.232 0 30| 0.2667
TUT-ST-L2-01 19 21.9 93.2 9788.5 8665.7 144.4\73 300 0.2667
TUT-ST-L2-02 19 21.94 94.5 9953.9 8793.8 146.647 0 30| 0.2667
TUT-ST-L2-03 19 21.88 92.5 9706.1 8601.7 143.388 0 30| 0.2667
TUT-SC-L0-01 19 21.97 95.6 10078.6 -26670.1 0 900 .2667
TUT-SC-L0-02 19 21.89 92.8 9747.3 -25901.1 0 900 2667
TUT-SC-L0-03 19 21.84 91.1 9542.( -25421.8 0 900 2667
TUT-SC-L1-01 19 21.71 86.6 9014.9 -24180.9 -201.330 900 0.2667
TUT-SC-L1-02 19 21.68 85.6 8894.6 -238953.6 -198.918 900 0.2667
TUT-SC-L2-01 19 21.96 95.2 10037.p -26573.8 -448.20 900 0.2667
TUT-SC-L2-02 19 21.97 95.6 10078.b 26670.1 444.843 900 0.2667
TUT-SC-L2-03 19 22.05 98.3 10413.6 274420 457.960 900 0.2667
TUT-ST-Linf-01 19 21.84 91.1 9542.0 0 141.222 300 .26B87
TUT-ST-Linf-02 19 21.92 93.8 9871.1 0 148.419 300 .2687

Table 4.1- Geometrical characteristics of tested speciraadsapplied loads (quasi-static tests).
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4.2 — Loading curves

The loading curves obtained in the quasi-statitstee reported in Figures 4.1 to 4.18.
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In some cases there are discontinuities in theidgadurves (particularly evident for the
specimens TUT-ST-L1-02 and TUT-ST-L2-03), that dwe to slippage phenomena or problems in
the controls of the testing machine.

For what concerns the linearity of the curvesaih be observed that under tensile stress the
non-linearity is more evident for higher values a@$, whereas all the curves obtained in the
presence of compression show high non-linearityis & in agreement with the experimental
observations on the behavior of the epoxy resionted in [18], in which it is found that a non-
linear behavior was promoted by the presence ofhlear stress, and a ductile behavior is typical in
the case of compression loading.

In all the tests carried out in the presence ofiterstress the damage initiation, in terms of
transverse cracks in the 90° plies, was clearlgalable by means of the infrared camera before the
final failure (Figure 4.8). However, the propagatiof the nucleated cracks was always unstable,
bringing the specimen to the complete failure atievery small load increase after the crack
nucleation. A different behavior has been obseffeedcompressive tests: in pure compression the
first damage detected by the infrared camera wagacterized by sparkles, probably related to the
breakage of the fibers of the woven layers; addirshear stress component lead to a progressive
damage diffused over a large area of the specirfi@gsre 4.9) and to a final failure that occurred
without an evident crack initiation. This facts readifficult the interpretation of the data obtained
under compression, since it is hard to tell if tilenage initiated in the woven layers or in the 90°

layers, that are the only ones whose behavior ilstefest in this work.
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Figure 4.9— IR pictures of damage initiation and final sep@n in presence of combined

compressive and shear stresses.

4.3 — Strength data

The quasi-static test results are reported in Tal#2e(in which the subscript “f” stands for
“failure”) and in Figure 4.10 on the-t;, plane. The values of stresses reported are tladsalated
on the 90° plies. It is once again reminded that \hlues related to positive values of are
representative of the transverse strength of tligB€s, while, in the case of compressive load it

not clear if they may be related to the failureéha UD plies or external fabric plies.
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Specimen code ; Tt o; average | of st. dev. | tfaverage | 7: St. dev.
TUT-ST-L0-01 63.5 0

TUT-ST-L0-02 44.34 0

TUT-ST-LO-03 44.26 0 51.96 9.40 0 0

TUT-ST-L0-04 55.74 0

TUT-ST-L1-01 46.6 46.6

TUT-ST-L1-02 50.74 50.74 49.28 2.32 49.28 2.32
TUT-ST-L1-03 50.49 50.49

TUT-ST-L2-01 30.95 61.9

TUT-ST-L2-02 32.88 65.76 32.04 0.99 64.29 1.98
TUT-ST-L2-03 32.3 64.6

TUT-SC-L0-01 -125.32 0

TUT-SC-L0-02 -135.58 0 -122.01 15.49 0 0

TUT-SC-L0-03 -105.13 0

TUT-SC-L1-01 -75.73| 75.73

TUT-SC-L1-02 772 775 -76.47 1.04 76.47 1.04
TUT-SC-L2-01*

TUT-SC-L2-02 -39 78 -38.75 0.35 77.5 0.71
TUT-SC-LS-03 -38.5 77

TUT-ST-Linf-01 0 77

TUT.ST-Linf-02 0 79.2 0 8.1 0 1.53

* the specimen exceeded the limit angle imposethduhe test: the result was not used.
Table 4.2— Quasi static tests results.
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Figure 4.10— Quasi-static tests results on ther;, plane.
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Chapter 5
Fatigue tests results

As anticipated in Chapter 4, this chapter is ddditdo the results obtained from the fatigue
tests of the present experimental campaign. Ashi@rquasi-static tests, the materials and the tests

procedures used are described in Chapter 3.

5.1 — Tested specimens

45 specimens were tested in order to have a fulipgehension of the effect of the stress ratio
R on the matrix-dominated behavior of compositeemals under multiaxial fatigue loading. In
Table 5.1 are reported the specimens codes aldigtiegir geometrical properties and the applied
loads. The formula used in the calculations arestmae as the ones used for the quasi-static tests
(Equations 4.1 to 4.4).

In some cases, the specimen failed in correspoedehthe end of the tabs, where stress
concentration occur; in other cases, too many tefeere present in the specimen; moreover,
sometimes errors occurred in the testing machimgral. All the results coming from such cases
were not considered in the analysis, and the velapecimens are marked by * in Table 5.1.

Data for the loading condition R = 0, reported fatethe plots, were obtained in previous

experimental campaigns [20].
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Dint Dext A J G2 A T12 Fmax Fmin Mt max Mt rin
SPECIMEN CODE | (mm) | (mm) | (mm?) | (mm®) | MPa) | (adim) | MPa) | () | () | () | (N"m)

TUT-L0-30-R-1-01 19 21,25 71,1 72245 30 0 0 24812481 0 0
TUT-L0-25-R-1-01 19 21,28 72,1 73377 25 0 0 20972097 0 0
TUT-L0O-20-R-1-01* 19 21,61 83,2 8615,9 20 0 0 19861936 0 0
TUT-L0O-30-R-1-02* 19 21,9 93,2 9788, 30 0 0 32503250 0 0
TUT-L0-20-R-1-02 19 21,76 88,4 9216,5 20 0 0 20652055 0 0
TUT-LO-25-R-1-02* 19 21,75 88,0 9176,1 25 0 0 25592559 0 0
TUT-L0-33-R05-01* 19 21,9 93,2 9788,b 33 0 0 3575 781 0 0
TUT-L0-25-R05-01 19 21,74 87,7 91357 25 0 0 2549 2741 0 0
TUT-L0-33-R05-02* 19 21,87 92,1 9665,D 33 0 0 35851768 0 0
TUT-L0-40-R05-01* 19 21,92 93,8 9871,1 40 0 0 43652182 0 0
TUT-L0-40-R05-02 19 21,95 94,9 99954 40 0 0 4413 20& 0 0
TUT-L0-35-R05-01* 19 21,79 89,4 9338,2 35 0 0 36381819 0 0
TUT-L0-35-R05-02 19 21,9 93,2 9788,5 35 0 0 3791 96l8 0 0
TUT-L1-30-R05-01 19 21,9 93,2 9788,5 30 1 30 32606251 27,089 13,544
TUT-LO-17-R-1-01 19 21,7 86,3 89748 17 0 0 1706 704 0 0
TUT-L1-12-R-1-01 19 21,92 93,8 9871,1 12 1 12 13091309 | 10,917 -10,917
TUT-L1-15-R-1-01 19 21,93 94,2 9912,5 15 1 1% 16431643 | 13,697 -13,697
TUT-L1-17-R-1-01 19 21,85 91,4 9583,0 17 1 17 18071807 | 15,062| -15,062
TUT-L1-20-R-1-01 19 21,79 89,4 9338,2 20 1 20 20792079 | 17,315| -17,31%
TUT-L2-S7-R-1-01 19 21,68 85,6 8894,6 7 2 14 697 97- 11,604| -11,604
TUT-L2-S12-R-1-01* 19 21,86 91,8 9624,0 12 2 24 128-1281| 21,346 -21,346
TUT-L1-S35-R05-01 19 21,57 81,9 8457)8 34 1 3b 3333666 27,725 13,862
TUT-L2-12-R-1-02 19 21,8 89,7 9378,8 12 2 24 12521252 | 20,859| -20,859
TUT-L1-27-R05-01 19 21,56 81,6 84184 217 1 27 2560280 | 21,298 10,649
TUT-L2-11-R-1-01 19 21,66 84,9 88147 11 2 22 10871087 | 18,087 -18,087
TUT-L2-9-R-1-01 19 21,84 91,1 9542.0 9 2 18 953 395 15,887 | -15,887
TUT-LO-37-R05-01 19 21,77 88,7 9257,0 37 0 0 38(16 908L 0 0
TUT-LO-S15-R-1-01 19 21,95 94,9 9995/4 15 0 0 16551655 0 0
TUT-L2-S16-R05-01 19 21,84 91,4 9583|0 16 2 3P 1701851 28,353 14,176
TUT-L2-S19-R05-01 19 21,87 92,1 9665|0 19 2 38 2033018 33,926 16,963
TUT-L2-S21-R05-01 19 21,88 92,5 9706|1 21 2 4p 2258129 | 37,639 18,820
TUT-LS-S22-R05-01 19 21,59 82,6 8536,7 22 2 44 2112056 35,147 17,573
TUT-L1-S17-R-1-02 19 21,97 95,6 10078,6 17 1 1y 988-1889| 15,755| -15,75b
TUT-L2-S9-R-1-02 19 21,94 94,5 9953,9 9 2 18 989 89-9 16,498 | -16,499
TUT-LO-S20-R-1-02 19 21,76 88,4 9216/5 2( 0 a 206552055 0 0
TUT-L1-S28-R05-02* 19 21,51 79,9 8222,3 28 1 28 260 1300 | 21,623 10,811
TUT-L1-S34-R05-01 19 21,62 83,6 8655|5 34 1 34 3308.652 27,499 13,749
TUT-L1-S15-R-1-02 19 21,95 94,9 9995/4 15 1 15 165581655| 13,799 -13,799
TUT-L1-S25-R-1-02* 19 21,97 95,6 10078,6 25 1 25 77 -2778| 23,169 -23,16P
TUT-L0O-S41-R05-01* 19 21,74 87,7 9135,7 41 0 0 418@090 0 0
TUT-L1-S22-R-1-01 19 21.56 81.6 84184 22 1 2P 20862086 | 17.354| -17.354
TUT-L2-11-R-1-03 19 21.58 82.2 8497.2 11 2 22 10p21052 | 17.500( -17.500
TUT-LO-S25-R-1-02 19 21.85 91.4 95830 25 0 a 2668658 0 0
TUT-LO-S33-R05-01* 19 21.86 91.8 96240 33 0 0 35p21761 0 0
TUT-L0-S33-R05-02 19 21.88 92.5 9706|1 33 0 a 3548774 0 0

* result not used in the analysis.

Table 5.1- Geometrical properties of tested specimens ppliea loads (fatigue tests).
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5.2 — Effect of the stress ratio on crack initiatio  n

Figures 5.1 to 5.3 show the effect of R on the $ulNes for first crack initiation in the 90°
plies. The straight lines are plotted by the leagtares method (a power law relationship between
the maximum fatigue stress and the number of cyidsilure is supposed), and the arrow that
appears in some cases, associated to an experipemta indicates that the specimen did not show
crack initiation at the reported number of cycliess(referred to those points as “run out” andythe
were not counted in the data analysis). At a catale level, it can be seen that a tension-
compression loading leads to lower fatigue lifgttis instead higher for larger values of R. Also
the slope of the S—N curves appears to be infliebgehe stress ratio, being steeper for R = -1 and
less steep for R = 0.5. This means that the effieBtis larger at lower stresses (bigger differeince
terms of cycles spent for the initiation of thesficrack), and the reason is that the larger isoéwe
the closer we are to a static failure, that doésiepend on R but only asax

100 r
- A, =0
T - R N
o A A o *~>
= - A A
3 = A
£
o 10
| eR=05
- eR=0
- AR=-1
1 1 L1l 1 | I L1l I Lol 1 [ A
1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

Life to first crack initiation, N

Figure 5.1— S—N curves fok;,=0at R =0.5, 0, -1.
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In Table 5.2 are reported the equations of the $uiNes, supposed to be linear in the
logarithmic scale (the ‘fc’ subscript stands forrst crack’). In Figure 5.4 the value af;
corresponding to N = £@cycles for different values of R angh, drawn from the equation of the
curve, is plotted, considering it as a possiblentjtetive measurement of the influence of the stres

ratio on the fatigue life.

M2 | R Equation

-1 | o = 62.683 N
0 | or=70,876 NO"
0.5 | o = 58,922 N°*
-1 | o = 52,723 %
ot = 55,445 NPO"
0.5 | o = 49,732 N
-1 | o = 22,769 N
0 | or =29,444 N
0.5 | o = 34,708 N>

Nl N N | P | O O O
o

Table 5.2— Equations of the S—N curves.
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Figure 5.4— Value of thes, corresponding to N= 18 cycles for different values of R afigh.

In order to understand if the effect of the stred® is dependent on the multiaxiality conditidime
data of Figure 5.4 can be normalized respect todbelts obtained for R = 0. The influence of the
biaxiality ratio does not seem to be very larged #mis is true fors, corresponding to N = £0
cycles as well as for N = 1010, 2x1 cycles (Figures 5.5 to 5.8). The values of themadized
stresses are reported in Table 5.3.

78



1.6

-+ 1,=0
A
10 = Ap=2
s L
i
é_ 0.8
I 06} .
N
L
204 F
0.2
0 | | 1 |
-1.5 -1 -0.5 0 0.5

R

Figure 5.5—6,/02 r=0 corresponding to N = f@ycles for the tested values of R ang

1.6
-+ 1,=0
12 | * Mp=2
& 1
i
é— 0.8 +
o
¥ 06 f
o)
> 04
0.2 +
0 ] ] 1 ]
-1.5 -1 -0.5 0 0.5

R

Figure 5.6— 6,/02 r=0 cOrresponding to N= 1 cycles for the tested values of R angd



1.6

-+ 1,=0

10 = Ap=2
& 1
i
é- 0.8 +
o
z 06 | ~
N
L
S04

0.2 +

0 | | 1 |

-1.5 -1 -0.5 0 0.5

R
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Mo R fz fz fz _62 62/f2,R20 62/:52,R:0 62/:52,R:0 0'2162,R:0
(N=10% | (N=10°) | (N=10°) | (N=2x1() | (N=10 (N=10°) (N=10°) | (N=2x10)
0 | -1 | 2486 19.8 15.7 14.7 0.722 0.687 0.653 0.643
0] 0 34.6 28.9 24.1 22.9 1 1 1 1
0 | 05| 404 36.8 33.4 32,5 1.169 1.273 1.386 1.422
1111 103 15.0 11.7 10.8 0.695 0.643 0.594 0.581
110 27.8 23.4 19.7 18.7 1 1 1 1
1 105 326 29.3 26.3 25.5 1.172 1.252 1.339 1.366
2 | -1 | 108 9.0 7.4 7.0 0.649 0.621 0.595 0.587
210 16.6 14.4 12.5 12.0 1 1 1 1
2 105 215 19.1 16.9 16.3 1.293 1.323 1.353 1.363

Table 5.3— Values ob, ando,/o, r=o fOr the tested values of R ahg.

From the equations of the S—N curves (Table 5.B) piossible to drawn the constant fatigue
life diagrams §2,a — 62,m) for the experimental data set, as reported imrfeig 5.9 to 5.11. In these
plots, all the curves seem to converge towardspthet representing the static strength obtained

under the same multiaxiality conditions.

120
-+-N=10"1
100 < +N=10"2
-+N=10"3
80 N=10"4
= --N=10"5
% 60 4 - N=10"6
= -+N=2*10"6
) m static strength
=0

60

cz,m[M Pa]

Figure 5.9—0, +0> m diagram (constant fatigue life diagram) fgs = 0.
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5.3 — Effect of the biaxiality ratio on crack initi  ation

The effect of the multiaxiality conditions (desab by the biaxiality ratid,,) seems to be
qualitatively similar for all the stress ratios gbres 5.12 to 5.14): the highgy,, the lower the
fatigue life, whereas the slope of the curve seawisto be significantly influenced by this
parameter. As above, the lines are drawn by leqsare method (refer to Table 5.2 for the
equations of these curves), and an arrow closeptmird means that the test was suspended even if

the specimen did not show crack initiation.
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1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

Life to first crack initiation, N

Figure 5.12— S—N curves for R=0.52{,=0, 1, 2.
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Figure 5.13— S—N curves forR=0at, =0, 1, 2.
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Figure 5.14— S—N curvesforR=-1 ai, =0, 1, 2.



5.4 — Effect of stress ratio and biaxiality ratio 0 n crack propagation

The crack propagation was studied by eye-observatidghe growth of the cracks nucleated
in the same specimens used for the analysis ofcfigek initiation. In many of the specimens, other
cracks nucleated during the propagation test, givime possibility to obtain more than one
experimental point under the same loading conditidtrevious Finite Element Analyses [20] were
conducted in order to calculate the value of thesSt Energy Release Rate (G) for mode | and
mode Il of a crack propagating in the 90° layersoithe lay-up of the tested specimens
([01/90up3/0r], see Chapter 3). In this way it is possible ttaobthe crack growth rate (CGR) as a
function of Got = G + Gy, making the results independent from the matéawlup. Moreover,
other FEM analyses [20] showed that both the vabigS, and G reach a constant value after a
certain angle of propagation of the crack, meainaj after that angle the crack propagates with

constant rate (Figures 5.15 and 5.16).

0.14
0.12
0.10
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—
— 0.06
©,
0.04
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0.00 '
0 20 4 60 80
crack angle, a [degrees]

&
=== - - & — -

o, on 90° plies = 1 MPa

‘&

/

0
Figure 5.15— G as a function of crack angle forr[00,p3/0r] configuration, taken from [20].
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Figure 5.16— G, as a function of crack angle forr[00,ps/0r] configuration, taken from [20].

The crack propagation curves obtained for eachiisecare reported in Figures 5.17 to 5.22,
in which the difference between the crack angte, ahd the initial crack angle,o is plotted
against the difference between the number of cydlesorresponding tod and the number of
cycle N at which the crack was detected during the prap@yéest. The crack angle is drawn from

the measurement of the chord relative to the caackrding to the following relationship:

AB = 2Rsin27a (5.5)

in which AB is the chord denoting the angR,the external radius of the tube a@d the crack
angle. As it is possible to observe in the Figlses’ to 5.22, the experimental data scatter is in
some cases very large.

As mentioned for the first crack initiation testse data relative to the loading condition R =
0, used later on in the analysis of the effect afrRcrack propagation, were obtained in a previous
work [20].
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Figure 5.22— Crack propagation for specimens tested at 2, R = -1.

The effect of the stress ratio on crack propagateambe seen in the Paris-like curves reported
in Figures 5.23 to 5.25. It is remarked here teaice G and G quickly become constant, each
point in these figures represents only one propagarack (hence the term Palike curves). It is
possible to observe that for all the values of biexiality ratio, respect to the case R = 0, the
presence of compressive loading leads to highekaeowth rate for the same values of G (that is,
a lower value of G is needed in order to have HleesCGR), whereas R = 0.5 gives lower CGR.
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The curves are not only shifted by R, but alsortkleipe appears to be different, being lower for R
= -1 and higher for R = 0.5. This means that tlieceéf R is bigger at lower & which is coherent
with the higher influence of R encountered al lowtess level for the first crack initiation. The
effect of a compressive stress seems to be algerlat highef,, (with the increase of;,, curves
for R = -1 get farther respect to the R = 0 cunviha samé.;,), implying that adding shear stress to
compression influences the CGR more respect tprémence of compression only.
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Figure 5.23— CGR vs GiforA;,=0atR =-1, 0, 0.5.
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The effect ofA1, can be seen in Figures 5.26 to 5.28: the gap bativeecurves at different
A2 seems to decrease from R = 0.5 to R = -1 (comdiieder which they are well overlapped),
which is in line with the observations done abowe the effect of the stress ratio, according to
which the effect of this parameter on crack profiagas larger for lower values of§ This trend
is particularly evident for the curvesab = O respect to the curvesiab = 1 and 2, that remain
always close (if not overlapped). It can be notiteat a larger value of;, brings to lower CGR
(for the same value of§3. The reason is that because of the presence dibigrs, the crack has to
propagate parallel to the fibers themselves evemipresence of shear stress, it would tend to
deviate from that direction. As a consequenceyétiee of G, needed for the crack to propagate is

much larger in presence of shear.
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Figure 5.26— CGR vsG:for R = 0.5 ak;, =0, 1, 2.
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5.5 — Fractography

The surface of the broken specimens was observddrum SEM in order to analyze the
damage modes at a microscopic scale (Figures 6.235).

100.0pm

Figure 5.29— SEM images of the fracture surfaceXgr=0, R = 0.5.
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Figure 5.30— SEM images of the fracture surfaceXgr= 0, R = -1.
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Figure 5.31— SEM images of the fracture surfaceXgr=1, R = 0.5.



Figure 5.33— SEM images of the fracture surfaceigr= 2, R = 0.5.
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Figure 5.35— SEM images of the fracture surfaceXgr=o, R = 0.

It is possible to observe that fag, = 0, R = 0.5 (Figure 5.29) nghear cusps (whose
morphology can be clearly seen in Figure 5.35)veelt detectable: shear cusps in fact raise from
the separation plane more than what the preseatieiis do in these pictures. For =0, R = -1
(Figure 5.30) a different kind of striations appeand though they are still not identified as shear
cusps, their nature is not clear and it shouldnwestigated more deeply. The absence of shear
cusps for these two loading conditions is not ssipy, since no shear stress was induced in the
specimen. The loading conditidn, = 1, R = 0.5 (Figure 5.31) leads to clear sheapsuthat
instead are not clearly visible under the conditign= 1, R = -1 (Figure 5.32), in which the fracture
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surface is very irregular. Also fas, = 2, R = 0.5 (Figure 5.33) shear cusps are ddtlectevhereas

for A2 = 2, R = -1 (Figure 5.34) they are not well defint appears then that a negative stress ratio

prevents the formation of shear cusps, and theneesuld be the presence of a compressive stress

and also the fact that the shear stress continpghsinges its direction if the stress ratio is tigga

It is also possible that the compressive part efdycles, combined with the torsion loading, create

a large damage on the crack faces, which makessisitle to observe the presence of shear cusps.
From a comparison with the results obtained in j2Qtive to a fatigue loading with R =0, it

can be concluded that the damage modes observed®l f00, R = 0.5 and R = -1 are similar for

M2 = 0; fork2 = 1 andiy = 2 instead the damage mode remains similar ferBRand R = 0.5,

conversely it is difficult to draw conclusions dretdamage modes that occur for R = -1 because of

the damage induced by the compressive part ofyitles
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Chapter 6
Validation of the models

In this chapter some of the literature models (€&mpter 2) are validated against the
experimental data obtained in this work (Chapterand 5). The models analyzed are the ones
considered to be more of interest among the onglgcaple to the present experimental data set. In
the specific, the following models are here testét:Kadi and Ellyin’'s, Fawaz and Ellyin’s,
Plumtree and Cheng’s, Petermann and Plumtree’sKavwdai’'s. The validity of the models is
evaluated respect to the multiaxiality conditiorlyptio the stress ratio only and eventually to the
combination of both these parameters. All the dagareported on a two-decades scale, in order to
allow a first qualitative evaluation of the goodsed the fatigue parameters and a comparison of
the models. A new model, based on the fatigue mthaelis being developed by the Department of
Management and Engineering of the University ofd®ad is then proposed and applied to the
experimental data. The relation between the fatigaeameter and the number of cycles is
considered linear in log-log scale in all the bttere works that are analyzed here, and the same
kind of relation is hypothesized in the new moddie regression curves as well as the curves for
90% and 10% probability of survival are reported éach model when observing the combined
effect of the stress ratio and the multiaxialitywdion. The relative accuracy of the models (with
the exception of Fawaz and Ellyin’s, that does motolve a fatigue parameter) is then
guantitatively evaluated by comparing the rationNsein the fatigue parameter for the 90% and 10%
probabilities of survival at N = f0cycles, found hypothesizing a log-normal distribatof the
fatigue life (this ratio is defined as; Tor the stress-based models and @sfdr the energy-based
models).

6.1 — Application of El Kadi and Ellyin’s model
El Kadi and Ellyin’'s model is described in Sect®8.1. For the calculation &/, e W, the

behavior of the material was approximated to liretastic.
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6.1.1 — Effect of the stress ratio

The results concerning the effect of the stregs,rat terms of the fatigue parametdt, are
reported ford,,=0, 1, 2, respectively, in Figures 6.1 to 6.3. Aligh the curves appear to be closer,
the fatigue parametéV does not manage to collapse them well, in pa#ictile curves for R = -1
remain always relevantly under the others. It lodset pointed out that the approximation to a linear

elastic behavior of the material underestimateetiergy accumulated more in compression than in

tension, so if more appropriate calculationsMf e W, were made, the curves for R = -1 would

probably be even more separated from the ones 008, 0.
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Figure 6.1 —El Kadi and Ellyin’s fatigue parameté&¥ evaluated at R = 0.5, 0, -1 fdrf,= 0.
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Figure 6.2 —El Kadi and Ellyin’s fatigue parameté¥ evaluated at R = 0.5, 0, -1 fdf,= 1.
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Figure 6.3 —El Kadi and Ellyin’s fatigue parameté¥ evaluated at R = 0.5, 0, -1 fd(,= 2.
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6.1.2 — Effect of the multiaxiality conditions

Figures 6.4 to 6.6 show that El Kadi and Ellyin’sdel has a certain validity for taking into
account the effect of the multiaxiality conditiortise curves at differem,,= 1, 2 seems to be in the
same scatter band, but the curved at 0 remain separated. The reason of this may bheuage in

the mechanism that leads to crack initiation urdiéerent multiaxiality conditions (in particulani

presence or absence of shear stresses) [20, 21].
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Figure 6.4 —El Kadi and Ellyin’s fatigue parameté¥ evaluated a#,, =0, 1, 2 for R = 0.5.
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Figure 6.5 —El Kadi and Ellyin’s fatigue parameté¥ evaluated al,, =0, 1, 2 for R = 0.
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Figure 6.6 —EI Kadi and Ellyin’s fatigue parameté¥ evaluated a#,, =0, 1, 2 for R = -1.
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6.1.3 — All the experimental data

In Figure 6.7 all the data are plotted togetherprder to observe the global validity of the
model for the combined effect of the stress ratid #he multiaxiality conditions. It is clear thaiet
scatter band is very large, in particular becadgheodata at R = -1 (triangles in Figure 6.7)ttha
are sensibly under the ones at R = 0.5, 0, whiemséanstead to be reasonably in the same scatter
band.
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Figure 6.7 —EIl Kadi and Ellyin’s fatigue paramet&¥ evaluated for all the experimental data.

6.1.4 — Possible modification of El Kadi and Ellyin  ’s model

Given the fact that the largeness of the scatteaused mainly by the data at R = -1, and that
El Kadi and Ellyin’s model separately normalizes #mergy accumulated by the material during
the tensile and compressive parts of the cyclesnaglified fatigue parameter is proposed,
hypothesizing that the static behavior under cosgio& does not influence the fatigue behavior

under tension-compression loading. The new fatgarameter ', is defined as follows:

AW +AWS

W' +
Wf

= (2N,)° 6.1)
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This new parameter gives better results than tiggnat one, as can be seen in Figure 6.8,
which is in support of the hypothesis mentionedvabhalespite this the scatter band still remains

quite large.
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Figure 6.8 —Modified El Kadi and Ellyin’s fatigue parameté#’', evaluated for all the

experimental data.

6.2 — Application of Fawaz and Ellyin’s model

Fawaz and Ellyin’'s model is described in Sectidh2.In this case the authors do not define
a fatigue parameter, but they draw the equaticen N curve from the equation of a reference S—
N curve. In this case, the S—N curve for R =4Q,= O is chosen as reference. In Table 6.1 are
reported the equations of the S-N curves drawrebgtisquare method from the experimental data
(hypothesizing a power-law) and the equations abthithrough this model from the reference

curve. The tensile static strengths were considieratl the cases.
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A, R Experimental E)gperimental Static Predicted Error % I_Dredicted Error %
slope intercept strength slope intercept
0 0 -0.078 70.876 51.96 -0.078 0.00 70.876 0.90
0 0.5 -0.041 58.922 51.96 -0.039 4.84 58.922 0.90
0 -1 -0.1 62.683 51.96 -0.156 56.00 62.688 0.00
1 0 -0.075 55.445 49.28 -0.074 1.36 52.58b 5.16
1 0.5 -0.046 49.732 49.28 -0.037 19.5p 47.147 5.16
1 -1 -0.109 52.723 49.28 -0.148 35.74 50.004 5.16
2 0 -0.062 29.444 32.04 -0.048 22.42 18.156 38.34
2 0.5 -0.052 34.708 32.04 -0.024 53.7p 21.402 38.34
2 -1 -0.081 22.769 32.04 -0.096 18.7¢ 14.04D 38.34

Table 6.1 —Fawaz and Ellyin’s model applied to all the expenntal data.

The errors on the prediction of both the slope thiedntercept are in some cases very large, in
particular for R = -1 andl,,= 2 loading conditions. Since the authors do novie any specific

features of the reference curve, no other atteamgtsnade in choosing it.

6.3 — Application of Plumtree and Cheng’s model

Plumtree and Cheng’s model is described in Se@i8r8. The behavior of the epoxy matrix
was approximated to linear elastic for the calcofatof the strain ranges (stresses and strains
involved in this model are the ones in the mathage). The matrix was considered also isothropic,
with the following typical elastic properties: E3200 MPay = 0.37.

6.3.1 — Effect of the stress ratio
The fatigue parameter defined by Plumtree and Ckergs to describe well the effect of the
stress ratio on the fatigue life: as reported guFes 6.9 to 6.11, the curves for different valoieR,

at constantd,,, are all well collapsed in a single scatter band.
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Figure 6.9 —Plumtree and Cheng'’s fatigue paramei¥v,, evaluated at R = 0.5, 0, -1 fdr,= 0.
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Figure 6.10 —Plumtree and Cheng’s fatigue paramei®V,, evaluated at R = 0.5, 0, -1 fdy,= 1.
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Figure 6.11 —Plumtree and Cheng’s fatigue paramei&v,, evaluated at R = 0.5, 0, -1 fdr,= 2.

6.3.2 — Effect of the multiaxiality conditions

Conversely to its efficiency in describing the effef R, Plumtree and Cheng’'s model does
not manage to take into good account the effedhefmultiaxiality conditions (Figures 6.12 to
6.14): although the curves fok,= 1, 2 appears to be overlapped (or at least ¢tsach other in
the case of R = 0.5), the curve fdy,= 0 remains in all cases markedly separated fremtmAs

mentioned above for El Kadi and Ellyin’'s model stimay be due to a change in the damage mode

under different loading conditions.
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Figure 6.12 —Plumtree and Cheng’s fatigue paramey,, evaluated al,,= 0, 1, 2 for R = 0.5.
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Figure 6.13 —Plumtree and Cheng’s fatigue paramefy,, evaluated atl,,= 0, 1, 2 for R = 0.
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Figure 6.14 —Plumtree and Cheng’s fatigue parameiy,, evaluated atl,,= 0, 1, 2 for R = -1.

6.3.3 — All the experimental data
The accuracy of Plumtree and Cheng’s model in da@agrthe combined effect of the stress
ratio and the multiaxiality condition can be seenFigure 6.15. The gap between the data for

A, =0 and the data fot,, = 1, 2 (that are in the same scatter band) islgleaident.

112



10

*

tot

= 17
< ]
¢ 1,,~-0,R=0.5 ¢ 1,,~1,R=0.5 ¢ A,,=2,R=0.5
1 ®e),~0R=0 o1, =1,R=0 eA,=2,R=0
AA,=0R=-1 aXr,~1R=-1 aAr,~2,R=-1 .
0.1 I E———————————
1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

N

Figure 6.15 —Plumtree and Cheng’s fatigue paramei®¥, , for all the experimental data.

6.3.4 — Possible modification of Plumtree and Cheng  ’s model
Since the problem of the model appears concerreffieet of the multiaxiality conditions, a

possible way to increase its accuracy may lie enrtbrmalization of the data respect to the static

parameteiAW,,, calculated under the same multiaxiality conditiatefjined as
AWqoio™ = BW, ¢ * +AW, (* = O o i Dot + T 1pmax 1 BV 12 (6.2)

in which the subscript denotes the static failure. Given the definitidnPdlumtree and Cheng’s
fatigue parameter, it is chosen to consider in goug.2 always the static strength obtained in
tensile tests (and not in compression); also is thise the material was considered to have a linear

elastic behavior for the calculation of the str@nges. The modified fatigue parameter is then

AW * = AWl * +AW2 * - UZZmaXA£22 + TlZmaxAylz /2
o AW, * AW, *

static static

(6.3)
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where the subscript stands fomormalized. This new parameter seems to describe betterffinet e
of the stress ratio and the multiaxiality condigsaihan the original one: as can be seen in Figure
6.16, all the data are now in the same scatter, e if it is still not satisfactorily narrow.
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Figure 6.16 —-Modified Plumtree and Cheng’s fatigue paramefed/, *, evaluated for all the

experimental data.

6.4 — Application of Petermann and Plumtree’s model

Petermann and Plumtree’s model is described inidde@.3.5. For the calculation of the
strains a linear elastic behavior of the epoxy mas$ hypothesized (as for Plumtree and Cheng’s

model). The elastic properties of the matrix asesame reported in Section 6.3.

6.4.1 — Effect of the stress ratio
Petermann and Plumtree’s model appears to dedtwbeffect of the stress ratio at constant
A, well enough (Figures 6.17 to 6.19), but it can b&ced that the curves for R = 0.5, 0, -1 get

more separated ak, increases.
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Figure 6.17 —Petermann and Plumtree’s fatigue paramitgr at R = 0.5, 0, -1 for,,= 0.
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Figure 6.18 —Petermann and Plumtree’s fatigue param®ér at R = 0.5, 0, -1 forl,,= 1.
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Figure 6.19 —Petermann and Plumtree’s fatigue param®¥r at R = 0.5, 0, -1 for,,= 2.

6.4.2 — Effect of the multiaxiality conditions
The effect of the multiaxiality conditions are rmobperly considered in this model (Figures
6.20 to 6.22), in particular the problem appearsddhe same as Plumtree and Cheng’s model: the

data forA,, = 0 lie always under the ones féy, = 1, 2, that are instead well overlapped (jusse€lo

in the case of R = 0.5).
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Figure 6.20 —Petermann and Plumtree’s fatigue parame@r at A,,= 0, 1, 2 for R = 0.5.
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Figure 6.21 —Petermann and Plumtree’s fatigue parametgr at A,,=0, 1, 2 for R = 0.
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Figure 6.22 —Petermann and Plumtree’s fatigue parame@gr at A,,= 0, 1, 2 for R = -1.

6.4.3 — All the experimental data
The global accuracy of Petermann and Plumtreeiguatparameter over the effect of the
stress ratio and the multiaxiality conditions appda be insufficient (Figure 6.23): if the data fo

A, =1 and 2 are reasonably in the same scatter lthedjata ford,, = 0 are distinctly above

them, as happened for Plumtree and Cheng’s model.
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Figure 6.23 —Petermann and Plumtree’s fatigue param®@#y evaluated for all the experimental

data.

6.4.4 — Possible modification of Petermann and Plum  tree’s model

From the observation that the problem of this madednalogue to Plumtree and Cheng’s
one, a new fatigue parameter may be defined aseabmwmalizingW,, respect to the static

parameter calculated under the same multiaxiatibddions:

Woaic* =Wy ¢ * W, (¥ =05* (T 1 E5p ¢ +T1n¢ Vo 12) (6.4)

in which the subscrigtdenotes the static failure. The static strengtfhvénequation can be the ones

measured in tension or compression. The first cmmdvill be distinguished by the superscript +,

the second by the superscript —. Denoting With* the contribute t&,, *of the tensile part of a

ot

cycle and withw™ * the contribute of the compressive part of a cyeeew fatigue parameter can

+

be defined in two ways: by normaliziny* * respect toN,,,. * andW™ * respect toN_,.* , or,
from what has been seen from the modification dk&dli and Ellyin’'s model, by normalizing both
W** andW™ * respect toN,,. *:

static
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W5 AW W W
+

W, . *= 6.5
o Ws:atic * Wst_atic * ( )

+ % + + % +W ™ * W * * 4 *
Wgtn™ = W W2W+ V\il o = W\1N+ V\iz (6.6)

static static

where the subscripttc stands fonormalized to tension and compression whereasit for normalized

to tension. The application of both these parameters to ttpermental data set is reported in
Figures 6.24 and 6.25. As for El Kadi and Ellyimsdel, the normalization only to the static
tensile parameter leads to better results, supgptine hypothesis that the static behavior in

compression does not influence the fatigue behawipresence of a negative stress ratios.
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Figure 6.24 —-Modified Petermann and Plumtree’s fatigue param&gyr,, * , evaluated for all the

experimental data.
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Figure 6.25 —-Modified Petermann and Plumtree’s fatigue param&yr . * , evaluated for all the

experimental data.

One more thing to be noticed is that the modifiedppsed parameters leads exactly to the
same results of the original and the modified Etlikand Ellyin’s model, only shifted. The reason
of this is that the only difference between Petemmand Plumtree’s and El Kadi and Ellyin’s
models lies in the fact that El Kadi and Ellyin sater the average stresses, whereas Petermann and
Plumtree the maximum stresses. Between the avemagidghe maximum stresses there is only a
multiplication factor that does not change with tbading conditions, and that become an addition
in log—log scale. Therefore, all the data in Figufe24 and 6.25 are only shifted of the same
guantity respect to the ones in Figures 6.7 and 6.8

6.5 — Application of Kawai's model

Kawai's model is described in Section 2.3.7. InstBiection, both the fatigue parameters

defined by Kawai W, and>*, are tested.

121



6.5.1 — Effect of the stress ratio
Both the fatigue parameters defined by Kawai takgaod account the effect of the stress

ratio at constan#,,, as can be seen in Figures 6.26 to 6.2&foand 6.29 to 6.31 fokE* .
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Figure 6.26 —Kawai's fatigue paramete®, evaluated at R = 0.5, 0, -1 fdy,= 0.
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Figure 6.27 —Kawai's fatigue paramete®, evaluated at R = 0.5, 0, -1 fdy,= 0.

S 7
1 Ap=2 ¢ R=0.5
] e R=0
A R=-1
0.5 -
] LR .
®®L e 4,
°
Ao
0-05 T T T T TTTTT T T T T TTTT] T T T T TTTTT T T T T TTTTT T T T TTTT
1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

N

Figure 6.28 —Kawai's fatigue paramete®, evaluated at R = 0.5, 0, -1 fdy,= 0.
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Figure 6.29 —Kawai’s fatigue parametex* evaluated at R = 0.5, 0, -1 fdy,= 0.
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Figure 6.30 —Kawai’s fatigue parametex* evaluated at R = 0.5, 0, -1 fdy,= 0.
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Figure 6.31 —Kawai’s fatigue parametex* evaluated at R = 0.5, 0, -1 fdy,= 0.

6.5.2 — Effect of the multiaxiality conditions

From the Figures 6.32 to 6.37, in which data astamt stress ratios are reported, can be seen
that Kawai's model does not account very well fog effect of the multiaxiality conditions: in fact,
in the case ofy, (Figures 6.32 to 6.34) the curves & = 0 stay always above the ones for
A, =1 and 2, that are instead well collapsed; indage of>* (Figures 6.35 to 6.37) they are
instead the curves fot, = 2 that are below the other two, that remaineiadtin the same scatter

band. It is then confirmed once again the possbif a change in the damage mechanism under

different loading conditions.
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Figure 6.32 —-Kawai’s fatigue paramete, evaluated a#l,,= 0, 1, 2 for R = 0.5.
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Figure 6.33 —Kawai's fatigue paramete®, evaluated a#l,,=0, 1, 2 for R = 0.
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Figure 6.34 —Kawai's fatigue paramete®, evaluated at,,=0, 1, 2 for R = -1.
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Figure 6.35 —Kawai’s fatigue parametex* evaluated a#l,= 0, 1, 2 for R = 0.5.
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Figure 6.36 —Kawai’s fatigue parametex* evaluated a#l,,=0, 1, 2 for R = 0.
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Figure 6.37 —Kawai’s fatigue parametex* evaluated a#,,= 0, 1, 2 for R = -1.



6.5.3 — All the experimental data
Figures 6.38 and 6.39 show the global validity @wai's model for the effect of the stress
ratio and the multiaxiality conditions combined étiger. The model seems to be good. However, in

spite of the fact that the scatter band is quiteowg it is possible to notice that the data fgs= 0

in the case of, and forA,,= 2 in the case oE* remain detectably separated from the others.
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> 0.5 -
0-05 T T T TTTTT T T T T TTTTT T T T T TTTTT T T T T TTTT] T T T T
1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

N

Figure 6.38 —Kawai’s fatigue paramete®, evaluated for all the experimental data.
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Figure 6.39 —Kawai's fatigue parametex* evaluated for all the experimental data.

6.6 — A new model

As mentioned in the Introduction, a research tedrthe Department of Management and
Engineering of the University of Padova is currgmtbrking on the development of a multiaxiality
criterion based on damage mechanisms A completgigiésn of this model can be found in [21],
and what follows is only a brief summary.

From the observation that during fatigue cycle daenage initiates in the matrix in the form
of the nucleation of cracks that are not paraltethe fibers, but inclined respect to them, it is
hypothesized that the fracture plane is perpenalidolthe direction of the local maximum principal
stress, so that it is the maximum principal strgeserated by the local stress field, that haseto b
considered for estimating the damage initiationcdses in which the loading condition is of pure
transverse tension, instead, the matrix statiaufailis mainly caused by cavitation and a good
criterion for estimating the failure in such casehe reaching a critical value of thgatational

energy density, defined as

' BE 7 (6.7)
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in which I is the first stress tensor invariant, calculatedstdering the local stress fields .

A change in the main damage mode can be expectgohgnfstom a condition close to pure
transverse stress to one in which the presencéezr stress is large enough. Thus two different
parameters are proposed to be used in the lifeghi@d of composite materials: the peak of the
local hydrostatic stres& IS = 1,/3) in the case of nearly pure transverse stregbtlae peak of the
local maximum principal stres& NIPS) for sufficiently large shear stresses; both thgisentities
can be calculated by means of finite elements arsalyhe transition point from one condition to
the other can be found as follows: from the expental S—N data for a loading condition that is
close to pure transverse stress and one with séteass high enough the LMPS and LHS
corresponding to N= 1 cycles can be estimated, and from it the relatddevof the transverse
stress. The driving mechanism will be the one wilie lower transverse stress. For 90°
unidirectional tubes subjected to tension/torsioa trends are reported in Figure 6.40. It appears

that the cased, = 1 and 2 are controlled by LMPS wheregs = 0 by the LHS. Obviously, in

reality the transition from one condition to théet will not be drastic, on the contrary the passag

will be gradual.

35 —
— From MPS criterion

30 — From hydrostatic criterion

25
< 20 r
al
z 15 hydrostatic| . .
S 10 | stress principal stress
© controlled controlled

S [ failure failure

k *
0 12
0 0.5 1 1.5 2

M2

Figure 6.40 -Main damage mechanism as a function of the bidyigdtio for unidirectional tubes

under tension/torsion (taken from [21]).
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In order to take into account the effect of thesdrratio, the following fatigue parameters are

proposed:
LMPS
() = a 6.8
HMPS T LMPS,,, — LMPS,_ (©8)
LHS
() = a 6.9
S LHS,. — LHS (6:9)

static m

in which the subscripte, m and static denote, respectively, amplitude and mean valuethef

fatigue cycles and value at the static failure.

6.6.1 — Effect of the stress ratio

The model appears to consider with very good acguthe effect if the stress ratio at
constantA,, (Figures 6.41 to 6.43), with the only exceptiontteé curve ford,,= 1, R = 0.5 that
anyway only slightly under the other two curvedsiteminded that the cask,= 0 is driven by the

LHS while A,= 1, 2 by LMPS.
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Figure 6.41 —Fatigue paramete, . applied to the experimental data at R = 0.5, Gpr1d,,= 0.
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Figure 6.42 —Fatigue paramet&¥, . applied to the experimental data at R = 0.5, Gor1l,,= 1.
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Figure 6.43 —Fatigue paramet&¥,,,.s applied to the experimental data at R = 0.5, Gorld,,= 2.
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6.6.2 — Effect of the multiaxiality conditions
Also the effect of the multiaxiality conditionspsoperly taken into account by the this model,
as shown in Figures 6.44 to 6.47. Since in thegmtedata set there is only one condition driven by

LHS, data forA,= 0.5 at R = 0, obtained in a previous experimengahpaign [20] are here

reported in order to check the validity of the Li8gue parameter.
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Figure 6.44 —Fatigue paramete¥,,,.s applied to the experimental datafj= 1, 2 for R = 0.5.
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Figure 6.45 —Fatigue paramete¥,,,.s applied to the experimental datakj= 1, 2 for R = 0.
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Figure 6.46 —Fatigue paramete¥, . applied to the experimental datakj= 1, 2 for R = -1.
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Figure 6.47 —Fatigue paramete, s applied to the experimental datafs= 0, 0.5 for R = 0.

6.6.3 — All the experimental data

Because of the nature of this model, it is not jpbdsgo represent all the data in a single plot,
since two different parameters are involved. Anywhgth the fatigue parameters manage to
collapse very well the data obtained under theit@pdonditions in which they dominate, as can be

seen in Figures 6.48 and 6.49.
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Figure 6.48 —Fatigue paramete¥, ,,.s at A,,=1, 2 for R=0.5, 0, -1.
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Figure 6.49 —Fatigue paramete¥, s at A,,=0for R=0.5,0, -1 and &,,= 0.5 for R = 0.
137



6.7 — A quantitative comparison between models

A possible quantitative tool for evaluating of th@odness of the models here reported, until
now evaluated only at a qualitative level, canheeratio between the value of the fatigue parameter
corresponding to a probability of survival of 90%dahe value for a probability of survival of 10%,
bot evaluated at N = f0cycles. This ratio is called,Tfor stress-based models ang, Tor
energy-based models. As previously stated, thdioeldbetween the fatigue parameters and the
number of cycles is assumed to be linear in a éggdcale for all the analyzed models, and

expressed here in the form:

fatigue parameter =bN,* (6.10)

And the curves for different probabilities of swal are found by assuming a log-normal
distribution of the fatigue life. A square roottbke Ty (called always J) must be done in order for
the energy-based models to be comparable to thessbiased ones, since energetic parameters are

proportional to the square of the stresses. Thetsesf this analysis are reported in Table 6.2.

Fatigue
Model notes parameter a Ps09s Tw Ts
El Kadi — Ellyin (original) Energy-based % -0.345 | 15.237 5.567 2.36(0
El Kadi — Ellyin (modified) Energy-based Wy -0.240 5.538 2.613 1.616
Plumtree — Cheng (original) Energy-based AW;;t -0.481 | 268.339 12.533 3.54
Plumtree — Cheng (modified) Energy-based AW, ,* | -0.217 | 4.004 2.103|  1.45(
Petermann — Plumtree (original) Energy-based W;t -0.508 | 199.967| 15.54f% 3.943

Petermann — Plumtree (modified L) Energy-basedNy . © | -0.345| 8.205 | 5.567| 2.360

Petermann — Plumtree (modified 2) Energy-basedW,y  * | -0.233 | 2.485 | 2.465| 1.570

Kawai (original) Stress-based W, -0.153 1.825 - 2.007
Kawai (original) Stress-based > * -0.142 1.713 - 1.760
New model Stress-based| W s | -0.102| 0.983 - 1.420
New model Stress-based| W s -0.101| 1.299 - 1.227

Table 6.2 —Coefficients of the regression curves and valu€g;of

The quantitative comparison confirms everythingt theas already said in the previous

Sections. In particular, the parameter in literatilvat best takes into account the effect of costbin
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multiaxiality and stress ratio appears to be Kasvaiie. The modifications that have been proposed
to some of those models lead to results that arguebbetter than the original ones, but alsodrett
respect to Kawai's model. The new model that hanl@oposed, based on the one that is being
developed by the Department of Management and Eagimg of the University of Padova, reaches
the best results overall, along with the advantagg being based on damage mechanisms, is more
general and reliable.

The same conclusions on the performances of theelm@dn be observed in Figures 6.50 to
6.60, in which, for each experimental point, thedacted number of cycles is plotted against the
experimental number of cycles. Points close tobisector in log-log scale are the ones better

predicted. Lines relative to errors of 100%, 200% 400% are also reported in these Figures.
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Figure 6.55 —NpredictedVS Nexperimentafor modified Petermann and Plumtree’s mod&, (. * ).
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Chapter 7
Conclusions

A study on the influence of the stress ratio on mharix-dominated fatigue behavior of
composite materials was carried out in the presenmk, by means of an extensive experimental
campaign and the analysis of several fatigue Ifegjgting models that take it into account.

For what concerns crack initiation, it was foundtttower values of R lead to lower fatigue
curves. The fact that fatigue curves are also stef lower R indicates that the effect of this
parameter on crack initiation is larger at smatlkeesses. The influence of R does not seem to vary
sensibly under different multiaxiality conditions.higher biaxiality ratio causes the fatigue curves
to be lower, but it doesn’t seem to have any efbecthe slope of the curves.

The crack propagation is found to be faster for R and slower for larger values of R. The
Paris-like curves are steeper for smaller R, indigathat the effect of this parameter on crack
propagation is larger for smaller values af.3 ' he presence of a compressive stress seems&o hav
a greater influence for larger values of the bisyiaatio A,,. The addition of shear causes the
Paris-like curves to be shifted towards smalleugsalof CGR (for the same value ofd; and this
is due to the presence of fibers that prevent theks to deviate, as they would do in presence of
shear stress.

It is possible to observe from fractographic exations that the damage mechanism appears
to be the same for all values of R whigp= 0. In presence of shear stress instead the damade
seems to remain the same for R = 0 and R = 0.5reasket is hard to draw conclusion for R = -1
because of the unclear separation surface thabtmsng condition leads to.

Different life-predicting models have been tested the present experimental data, and
evaluated by means,.TOf all the models found in literature, Kawai’seoresulted to be the one that
could collapse better all the data in a narrow baredl describing both the effect of the stresgorat
and of the multiaxiality conditions. Smalle @re reached with the modifications proposed to El
Kadi and Ellyin’s, Plumtree and Cheng’'s and Petemmand Plumtree’s models, but the even better
results are reached by the proposed new model lmaséte one that is being development by the

Department of Management and Engineering of thevéfeity of Padova, that presents also the
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advantage of having a higher reliability and geligragiven the fact that it is based on damage

mechanisms.

7.1 — Future developments
Possible future work in the in the analysis of &fiect of the stress ratio on the multiaxial

fatigue behavior of composite materials could ig@d on the following topics:

1) Understand the damage mechanism in presence @adiveestress ratio, that is not clear
from SEM images. This would be important for agag life predicting model based on

damage mechanisms.

2) Develop a model for the propagation of the cradhsprder for the damage evolution

description to be more complete.

3) Find a way to express the passage from a loadingitton governed by LMPS to one

governed by LHS, in order to model loading condisi@lose to the transition.

4) Analyze the fiber dominated behavior, that is edato the final separation of a composite

laminate.
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Appendix

Implementation in a Matlab® code of a
stiffness degradation model for cracked

multidirectional laminates

The department of Managment and Engineering ofUhwersity of Padova is working on an
analytical model that could relate the stiffnesgrddation in a composite laminate to the crack
density in each layer. Given the difficulties il\sing analytically the passages described in [R2] t
passages have been implemented in a Matlab® cdursendescription follows. The full scripts can
be given by the author upon request.

The program analyzes half of a symmetric laminh&e tan be composed by any number of layers
(i.e. if the laminate is made of 7 layers, the pang analyzes 4 of them, the last one having half of
the thickness of the™layer of the original laminate). In order to rumistprogram, it is required to
have Matlab® installed on the computer. An attetgpimake a standalone application (i.e. an
executable file, format .exe) was made, but sorserggl commands used in the program are not
compiled by the Matlab® compiler (as all the funo8 of the Symbolic toolbox), therefore this
option was not available. Nonetheless, a graphisat interface (GUI) was developed in order for
the code to be more user-friendly and easy to use.

The version of Matlab® used for writing the codeRi2010a. Tests with R2009b version showed
that it works with this version as well, but notsesere made with previous versions, meaning that

the compatibility with them is not guaranteed.

A.1.1 — Main window
The main window that is opened as the graphical imserface is run is shown in Figure A.1. It is
possible to choose to input the data manually omfran Excel file (see paragraph A.1.2 for

specifications about data input).
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B Shear Lag GUI @ |
Select input mode: Bro
() Input data from Excel file (.xlsx, .xis) ® Al From to

 Input data manually
1
Value | N |cd1 -jmm"-l]_cdzu.jr'nm-‘-—lj__cd3|.'mm"_-1j|:cdd (mm*-1))

El (MPa) |5 "
Et (MPa) | 2
nit (adim) | 3
Glt (MPa) | 4
Glz (MPa) =5
Gtz (MPa) | 6

t1(%) 7

t2 (%) 8

3 (%) | 9

td (%) 10
hl (mm) 11
h2 (mm) | 12
h3 (mm) | 13
h4 (mm) | 14 b

Q) xlsx xis

Irows e .
Yes (@ No

Figure A.1 — Main window as the GUI is run.

The following panels are present in the window (iF&gA.1):

1- Input mode panel

2— Input from Excel file panel

3- Manual input panel

4— General settings panel

At first, the only panel enabled is the Input m@d@el (); all the others are “grey” and clicking on
them has no effect. Depending on the option saleictehe Input mode panel) the Input from
Excel file panel ¥) or the Manual input paneBY becomes enabled. The General settings pdhel (
becomes enabled in both cases. Figures A.2, A.3Raiddescribes the objects present in these

panels.
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Z

3
Input data file path: / :

Worksheets to read: @ Al ) From to

Notes: in order to ensure a proper data read, use the input data template files present in the rar
archive, carefully reading the file notes_on_input_data_from_Excel_file txt before.

Figure A.2 — Input from Excelpanel.

The objects present in the Input data from Exdeldanel are (see Figure A.2):

1 — Input data file path
2 — Browse button
3 — Worksheets to read options

In the Input data from Excel file panel, the usarsmindicate the path to the input fil&).( The
Browse button %) allows to directly research the file. The programludes the possibility to
choose between reading all the worksheets of thecedile and reading only an interval of them

A3).

1 2

v -
Z

Value N |cd1 (mm*-1)/cd 2 (mm*-1) cd 3 (mm"-l]:cdli (mm*-1)

El (MPa)
Et (MPa)
nit (adim)
Glt (MPa)
Glz (MPa)
Gtz (MPa)
tl (°)
29
()
t4 ()
hl (mm)
h2 (mm)
h3 (mm)
h4 (mm)
Notes: all the fields must be filled. Notes: - The column relative to the number of cycles (N) can be empty.
- The number of value on all the columns must be the same (i.e. the last value of each
Output files format: column must be on the same row).

@ xlsx ) xis L— 3 - There must be no empty fields between two values of crask density/number of cycles
) ) (if no cracks are present, write 0).

m

WO 00 |~ |h | [ & W ko=

=
(=]

[y
—

[
[N ]

[y
w

[y
F=
1

Figure A.3 — Manual input panel.
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The following objects are present in the Manualingata panel (see Figure A.3):

1 — Laminate properties table
2 — Number of cycles and crack densities table

3 — Output file format options

If the manual input mode is selected, the userwiihe data directly in the main windowgnd?).
It is possible to choose the format of the outgasfbetween .xIsx and .xI8)(

The objects present in the General settings paedkae Figure A.4):

1 — Results folder path
2 — Browse button
3 — Calculate stresses and strains options

4 — Run the program button

3 1 2 4
) 7 Z Z_ /
Results folder path: ||| Browse... | r =

Run the program

Calculate stresses and strains in each layer? Yes @ No

Figure A.4 — General settings panel.

The user must indicate the path to the folder imctvinesults files and figures will be created.

The Browse button?) allows to directly research the folder. The usan choose if having the
program calculate the stresses and strains praseach of the four layer of the laminate, relative
to all the crack densities in inpu)( These calculation sensibly heighten the timedadefor the
program to finish. The Run the program buttdh @s the name suggest, launches the code that
makes all the calculations.

A.1.2 — Data input

As stated in the previous paragraph, the programwalthe possibility to input the needed data in
two ways: by inputting them manually at the montéetprogram GUI is run or by directly reading
an already existing Excel file.

The input data to be declared are the following:

- Elastic properties of the laminate (elastic modull longitudinal-transverse Possion’s ratio)
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- Geometrical properties of the laminate (off-axiglas and thicknesses for all the layers)

- Crack densities on each layer

- Number of cycles corresponding to the crack desss{ipptional)
The point corresponding to N = 0, in which all dtkare equal to zero and all the elastic properties
of the laminate are equal to its nominal onesutsraatically added by the program in the outputs
(even in the case that N data are not given int)ntherefore there is no need to write data redati

to this condition in input.

A.1.2.1 — Input data from Excel file

A template is given in order for the data to bedrearrectly by the program, which is reported in
Figure A.5.

ELASTIC AND GEOMETRICAL PROPERTIES MNUMBER OF CYCLES (M) AND CRACK DENSITIES (cd)

Property Value N cd 1 (mm~-1) | ed 2 (mmA*-1) | cd 3 (mmA*-1) | cd 4 (mmA*-1) |ed 5 (mmA-1) |ed 6 (mmA-1) |ed 7 (mi
El (MPa)
Et (MPa)
nit (adim)
Glt (MPa)
Glz (MPa)
Gtz (MPa)

off-axis angle (*) | thickness (mm)

layer 1
layer 2
layer 3
layer 4
layer 5

layer 6
layer 7
layer 8
layer 9
layer 10

Figure A.5 — Excel file template for data input.

The following notes are to be respected in usiegnput data template:

- All the laminate properties must be assigned aevalu

- The columns relative to the number of cycles (NJ amthe crack densities (cd) can include
any number of values.

- The column relative to the number of cycles cafefieempty.

- The number of values in the crack densities coluamikin the number of cycles column (if
it's not empty) must be the same (i.e. the lastieslof these columns must be in the same
row).

- There must be no empty fields between two valuesaifk density or number of cycles.

(if no cracks are present, assign cd = 0).
153



Values of crack density equal to 0 will be autowelty changed by the program to 0.001, in order
to avoid the presence of singular matrices dufiregcialculations.

A.1.2.2 — Manual input data

If it is chosen to input the data manually, thédéeto be filled are present in the GUI main window
(Figure A.3). The notes to be followed in inputtithg data are the same as the input from Excel file
(even the one concerning cd = 0), with the follaywthfferences:

- It is possible to analyze only a symmetric laminatade of seven layers (configuration
found in many works in literature)

- A maximum of 50 values of number of cycles and kidensities is allowed.

A.1.3 — Program progress window

When launched, the program creates a window in whg progress state is displayed, which is
shown in Figure A.6. It was chosen to create thisdew because the program may take a
considerable time before finishing, and in this vilag user can check what the program is doing.

The steps shown in this window are:

- The combination of cracked layer, external streageq{100}, {010} or {001}) and crack
density that is being analyzed.

- The saving of the figures efastic properties vs crack density to the chosen folder.

- The saving of the figures sfresses and strains vs length between two cracks to the chosen
folder (if the option for their calculation was seted)

- The printing of the elastic properties resultsh®e telative output Excel file.

- The printing of the stresses and strains resuliise@elative output Excel file.

- The termination of the program.
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il
i

Program progress
PROGRAM PROGRESS STATE.
(for a correct functioning of the program, DO NOT close this window)

Worksheet being analyzed: 18 1
Input data read.
Elahorating: cracked layer=2 stress state=2|(2/3)|cd=0.423403|(710)

N
w
S

Figure A.6 — Program progress window.

When the program is displaying the combination raicked layer, external stress state and crack
density that is being analyzed, is also shows hamyncombinations are left, to help the user
understand at what point the program is and sceéshé can be sure that the program is running:

referring to Figure A.6, the numbers are to be iiadte following way:

1- number of the worksheet being analyzed on tatailver of worksheet to be analyzed (it remains
also when the other steps listed above are disg)aye

2 — number of cracked layer being analyzed on tatatber of cracked layers to be analyzed in that
worksheet.

3 — number of external stress state (1, 2 and 3Istespectively for {100}, {010}, {001}).

4 — number of crack density being analyzed on tatiahber of crack densities to be analyzed in that

worksheet.

When the calculations of stresses and strainsmogiselected, it is displayed the number of tisé la
figure saved on the total number of figures to efate.

When the progress window is displayed, it disalitking on other Matlab® windows. In order to
avoid this, it is sufficient to press ctrl+c. Thanse shortcut, pressed on the Matlab® command

window, interrupt the execution of the program.
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A.1.4 — Output files
The following files are written in output by theoggram. They are all saved to the selected results
folder.

A.1.4.1 — results_elpropr_(inputfilename)

results_elpropr_(inputfilename) is an Excel filentaoning the calculated elastic properties of the
laminate as a function of the number of cycles@N)- in case no number of cycles is inputted — as
a function of the crack density of the first cradHlayer. In the case that the data were inputted
manually, the “input file name” will be “Manual inp'.

The properties calculated are normalized respectheo value with no cracks present, with the
exception of the normal stress — shear stress iogupbefficients, in order not to obtain infinite
values of these parameters in the case that thigal ivalue is zero (i.e the properties displayged
Ex/Exi, EJ/Eyi, Gy/Gyyiy Vxy/Vxyis VyxIVyxis Scxys S-xy)-

The properties are calculated separately for eaetked layer, and also considering the
simultaneous presence of all the cracked layerdy tith and without taking into account the
interactions between cracks present on differgmria

The worksheet in which the elastic properties tssalle written is the same as the one read by the
program for data input. Note that it is possibtethis way, to make the calculation, for exampbe, f
the first three worksheets of an Excel file, clddstlab®, and when the program is run again for the
remaining worksheets, the results can be addetieécsame results_elpropr_(inputfilename) file
already existing. Moreover, since the name of dhiput file depends on the name of the data input
file, it is possible to save in the same folder tlesults of different input files without any
overwriting. If data are inputted manually, theules will be written on the first worksheet of this
file, and the “inputfilename” will be “manual ingut

The format of this output file can be .xIsx or .Ml case that the data is inputted from an Extz| f
the format is the same as the input file. In casamanual data input, the user can choose if create
this file in .xIsx or .xIsformat from the Main wiog@. Figure A.7 shows part of a worksheet of the

output file results_elpropr_(inputfilename).
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Cracked layer: 4

N Ex/Exi Ey/Eyi  Gxy/Gxyi nxy/nxyi nyx/nyxi sx-xy Sy-xy
0 1 1 1 1 1 -2.7e-20 -2.4E-19
1400 0.971058 0.983861 0.986217 0.99922 0.983707 5.79e-07 1.26E-06
11700 0.944752 0.970738 0.973062 0.999827 0.968641 1.08E-06 2.48E-06
23700 0.936856 0.967649 0.968963 1.000812 0.964177 1.21E-06 2.86E-06
34200 0.936856 0.967649 0.968963 1.000812 0.964177 1.21E-06 2.86E-06
79200 0.936856 0.967649 0.968963 1.000812 0.964177 1.21E-06 2.86E-06
109200 0.936856 0.967649 0.968963 1.000812 0.964177 1.21E-06 2.B6E-06
199200 0.936856 0.967649 0.968963 1.000812 0.964177 1.21E-06 2.86E-06
304200 0.92945 0.965252 0.965056 1.002229 0.960053 1.31E-06 3.21E-06
401700 0.922547 0.963503 0.961354 1.004033 0.95627 1.39E-06 3.55E-06
491700 0.922547 0.963503 0.961354 1.004033 0.95627 1.39E-06 3.55E-06

Cracks on layers: 2 4
N Ex/Exino Ex/Exiwit Ele\ri no Ey/Eyi wit Gxy/Gxyi | Gxy/Gxyi ' nxy/nxyi r nxy/nxyi\ nyx!n\,rxi rnyx/nyxi v sx-xy no it sx-xy with sy-xy no it sy-xy with interaction
0 1 1 1 1 | 1 1 1 1 1 -2.7e-20 -2.7E-20 -2.4E-19 -2.4E-19
1400 0.971058 0.971058 0.986217 0.986217 0.983707 0.983707 0.986987 0.983861 0.986987 0.99922 5.79E-07 S5.79E-07 1.26E-06 1.26E-06
11700 0.944752 0.944752 0.973062 0.973062 0.968641 0.968641 0.97323 0.970738 0.97323 0.999827 1.08E-06 1.08E-06 2.48E-06 2.48E-06
23700 0.920601 0.921102 0.961053 0.96126 0.954781 0.95506 0.961095 0.964168 0.961095 1.000614 8.8E-07 9.89E-07 2.13E-06 2.12E-06
34200 0.904927 0.906601 0.953352 0.953996 0.945716 0.946611 0.953913 0.956555 0.953913 1.000475 5.62E-07 6.196-07 1.42E-06 1.42E-06
79200 0.899852 0.90185 0.950867 0.951653 0.942828 0.943929 0.951423 0.954078 0.951423 1.000638 4.62E-07 4.95E-07 1.19E-06 1.19E-06
109200 0.889971 0.892512 0.946047 0.947108 0.937305 0.938808 0.946252 0.949423 0.946252 1.001361 2.73E-07 2.57e-07 7.46E-07 7.5E-07
199200 0.88052 0.883478 0.941441 0.942755 0.932158 0.934033 0.940806 0.945337 0.940806 1.002634 1.05E-07 3.75E-08 3.23E-07 3.34E-07
304200 0.873115 0.876495 0.937534 0.939044 0.928034 0.930176 0.935539 0.942996 0.935539 1.004287 2.07E-07 1.59E-07 6.8E-07 6.88E-07
401700 0.861678 0.865627 0.931613 0.933461 0.921819 0.924432 0,927299 0.939314 0.927299 1.00723%9 2.11E-07 1.576-07 8.12E-07 8.22E-07
491700 0.857287 0.861422 0.929447 0.931443 0.919485 0.92231 0.924414 0.937617 0.924414 1.00827 1.43E-07 6.33E-08 6.15E-07 6.29E-07

Figure A.7— Part of a worksheet of a typical output file tesielpropr_(inputfilename).

A.1.4.2 —results ss_(worksheetname)

If the option to calculate stresses and strairsgliscted (Figure A.4, object number 3), the program
calculates the stresses and strains in each layarfanction of cracked layer, external stresestat
({100}, {010} or {001}), crack density of the cra@d layer, and the coordinate x2 normal to the
fibers of the cracked layer.

Given the great quantity of stresses and straiss’ (lenotes stresses and strains) data that are
calculated, the program creates for them to beemria separate Excel file for each worksheet read
as input. The name of each of these output filesatos the name of the relative input worksheet, in
order for them to be easily identified. If data ev@mputted manually, the “worksheet name” will be
“manual input”.

In each file, a worksheet is created for any commtoam of cracked layer, external stress state and
layer in which the stresses and strains have balkeunlated. In each worksheet, the values of the
stresses and strains are calculated as a fundtitne @oordinate x2 for each value of crack density
of that certain cracked layer. The simultaneousgee of cracks on more than one layer is not
considered for this analysis.

The format of this output file can be .xlsx or ,xlas explained above for the file
output_elpropr_(inputfilename). In Figure A.8 iseported part of the output file

results_ss_(worksheetname). Each x2 column is fmalved with the column at its right
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Input worksheet: FO4 complete
Cracked layer: 4, Stress state: 010, Layer: 3

Crack density: 0.0391389 Crack density: 0.117417
x2 sigmall x2 sigma22 x2 sigmal2 x2 epsilonll x2 epsilon22 x2 gammal2 x2 sigmall x2 sigma22 x2 sigmal2 x2 ep
0 -0.24616 0 -6.7E-05 0 0.952818 0 0.000118 0 -0.49482 0 -0.00016 0 -0.24682 0 -6.7E-05 0 0.950843 0 0
0.0511 -0.27121 0.0511 -6.7E-05 0.0511 0.879858 0.0511 0.000108 0.0511 -0.42364 0.0511 -0.00014 0.017033 -0.2556 0.017033 -6.7E-05 0.017033 0.925284 0.017033 0.
0.1022 -0.29262 0.1022 -6.7E-05 0.1022 0.817381 0.1022 0.0001 0.1022 -0.36839 0.1022 -0.00013 0.034067 -0.26393 0.034067 -6.7E-05 0.034067 0.901027 0.034067 0.
0.1533 -0.31097 0.1533 -6.7E-05 0.1533 0.763751 0.1533 9.4E-05 0.1533 -0.32571 0.1533 -0.00012 0.0511 -0.27184 0.0511 -6.7E-05 0.0511 0.877998 0.0511 0.
0.2044 -0.32672 0.2044 -6.7E-05 0.2044 0.717608 0.2044 B.B8E-05 0.2044 -0.29297 0.2044 -0.00011 0.068133 -0.27933 0.068133 -6.7E-05 0.068133 0.856129 0.068133 0.
0.2555 -0.34028 0.2555 -6.7E-05 0.2555 0.677814 0.2555 B8.45E-05 0.2555 -0.26803 0.2555 -9.8E-05 0.085167 -0.28645 0.085167 -6.7E-05 0.085167 0.835357 0.085167 0.

0.3066 -0.35197 0.3066 -6.7E-05 0.3066 0.64342 0.3066 6.1E-05 0.3066 -0.24924 0.3066 -9.2E-05 0.1022 -0.29321 0.1022 -6.7E-05 0.1022 0.815621 0.1022
0.3577 -0.36208 0.3577 -6.7E-05 0.3577 0.613631 0.3577 7.81E-05 0.3577 -0.23528 0.3577 -8.8E-05 0.119233 -0.29963 0.119233 -6.7E-05 0.119233 0.796865 0.119233
0.4088 -0.37084 0.4088 -6.7E-05 0.4088 0.587776  0.4088 7.57E-05 0.4088 -0.22509 0.4088 -8.4E-05 0.136267 -0.30573 0.136267 -6.7E-05 0.136267 0.779034 0.136267 9

0.4599 -0.37845 0.4599 -6.7E-05 0.4599 0.565293 0.4599 7.38E-05 0.4599 -0.21785 0.4599 -8.1E-05 0.1533 -0.31152 0.1533 -6.7E-05 0.1533 0.762079 0.1533 9
0.511 -0.38506 0.511 -6.7E-05 0.511 0.545706 0.511 7.22E-05 0.511 -0.21291 0.511 -7.9E-05 0.170333 -0.31703 0.170333 -6.7E-05 0.170333 0.745953 0.170333
0.5621 -0.39083 0.5621 -6.7E-05 0.5621 0.528612 0.5621 7.09E-05 0.5621 -0.20974 0.5621 -7.7E-05 0.187367 -0.32227 0.187367 -6.7E-05 0.187367 0.730611 0.187367 9
0.6132 -0.39586 0.6132 -6.7E-05 0.6132 051367 0.6132 6.98E-05 0.6132 -0.20793 0.6132 -7.6E-05 0.2044 -0.32725 0.2044 -6.7E-05 0.2044 0.716012 0.2044 8
0.6643 -0.40025 0.6643 -6.7E-05 0.6643 0.50059 0.6643 6.89E-05 0.6643 -0.20717 0.6643 -7.5E-05 0.221433 -0.33199 0.221433 -6.7E-05 0.221433 0.702115 0.221433 &
0.7154 -0.4041 0.7154 -6.7E-05 0.7154 0.489123 0.7154 6.81E-05 0.7154 -0.20719 0.7154 -7.4E-05 0.238467 -0.3365 0.238467 -6.7E-05 0.238467 0.688884 0.238467 &
0.7665 -0.40747 0.7665 -6.7E-05 0.7665 0.479059 0.7665 6.75E-05 0.7665 -0.20781 0.7665 -7.3E-05 0.2555 -0.34079 0.2555 -6.7E-05 0.2555 0.676284 0.2555 &
0.8176 -0.41042 0.8176 -6.7E-05 0.8176 0.470217 0.8B176 6.7E-05 0.8176 -0.20885 0.8176 -7.3E-05 0.272533 -0.34487 0.272533 -6.76-05 0.272533 0.664282 0.272533 8
0.8687 -0.41302 0.8687 -6.7E-05 0.8687 0.46244 0.8687 6.66E-05 0.8687 -0.2102 0.8687 -7.3E-05 0.289567 -0.34876 0.289567 -6.7E-05 0.289567 0.652846 0.289567
0.9198 -0.4153 0.9198 -6.7E-05 0.9198 0.455596 0.9198 6.63E-05 0.9709 -0.21346 0.9198 -7.2E-05 0.3066 -0.35246 0.3066 -6.7E-05 0.3066 0.641948 0.3066 &
0.9709 -0.41731 0.9709 -6.7E-05 0.9709 0.449569 0.9709 6.6E-05 1.0731 -0.21704 0.9709 -7.2E-05 0.323633 -0.35599 0.323633 -6.7E-05 0.323633 0.631559 0.323633 7

1.022 -0.41907 1.022 -6.7E-05 1.022 0.44426 1.022 6.58E-05 1.2775 -0.22409 1.022 -7.2E-05 0.340667 -0.35935 0.340667 -6.7E-05 0.340667 0.621653 0.340667 7
10731 -0.42062 1.1242 -6.7E-05 1.0731 0.439581 1.0731 6.56E-05 1.3797 -0.22727 11242 -7.2E-05 0.3577 -0.36256 03577 -6.78-05 03577 0.612207 0.3577
1.1242 -0.42199 1.1753 -6.7E-05 1.1242 0.435459 11753 6.53E-05 14815 -0.23015 1.2264 -7.3E-05 0.374733 -0.36561 0.374733 -6.7E-05 0.374733 0.603196 0.374733 7

Figure A.8— Part of a worksheet of a typical output file leswss_(worksheetname).

A.1.4.3 — Output fiqures

Several figures are elaborated by the program, fuotlelastic properties and for the stresses and
strains. The name assigned to these figures akogesck identification of the data they contain. An

explanation of how the figure name has to be redadvis:

» Elastic properties figures:

Figure name examplg: FO4 compl&te_elpropr_v
1 —worksheet name (“Manual input” in case of data ttgaimanually).

N

2 —denotes elastic properties against crack density.

3 —number correspondent to the cracked layer (“cl”heW multiple cracked layer are considered
simultaneously, all the cracked layers are includedhe figure file name (ex: (...)_cl24.fig if
cracks are present on layers 2 and 4).

4 —figure extension (.fig is the standard format foatMb® figures).

Figure A.9 and A.10 show examples of the elastoperties figures elaborated by the program. In
order not to leave doubt in the interpretation e symbols, they are all described in Table A.1.
The coefficient sy-xy is not reported in the figsiia order to have a better readability of the pthe
plotted — parameters. Its values are anyway cdbxillay the program, and written in the output file
results_elprpor_(inputfilename) (see paragraph4Al}. These output figures include the calculated
points (circles) and, in the case that the numbeydes (N) is not given in input, also a regressi

polynomial of fifth grade. It was decided not tolatdate this polynomial when the number of
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cycles are inputted because in this case it doealmays manage to acceptably describe the trend

of the calculated points.

Figure A.9 — Example of elastic properties output figuredoe cracked layer.

Figure A.10— Example of elastic properties output figurerfarltiple cracked layers.
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Symbol Meaning
Ex Young’s modulus in the direction of the appliedd.
Young’s modulus in the transverse direction respectthe applied load, in the
=Y laminate’s plane.
Gxy In-plane shear modulus.
nxy Poisson’s x-y coefficient.
nyx Poisson’s y-x coefficient.
SX-XY Normal stress in x-direction — in plane sh&agss coupling coefficient.
cd Crack density in the cracked layer reportedhentop of the figure.
The letter i in the figure denotes the initial peojees of the laminate, when no cracks are present.

Table A.1- Meaning of the symbols present in the elastiperties figures.

» Stresses and strains figures:

Figure name example: FO4 Complls te_ss v§ xE__cI4_Ib5]ﬂ§||fig

1 —worksheet name (“Manual input” in case of data ttg@imanually).
—denotes stresses and strains against coordinate x2.

3 —number correspondent to the cracked layer (“cl”).

4 — external stress state (ex: 010 corresponds t0}01

5— number of layer in which stresses and strainsailated

6 —figure format (.fig is the standard format for figures)

Figure A.11 shows a typical stresses and straifppuddigure. In the legend are reported the values
of the crack densities and the correspondent valuength between two crack (I = 1/cd). In the
plots, the curves are all normalized respect which means that the real value of x2 relative to a
certain stress or strain level cannot be direaadr Anyway, all the point calculated by the progra
in order to draw the curves present in the figu@® reported in the output file

results_ss_(worksheetname) (see paragraph A.1.4.2).
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Cracked layer; 2, stress state: 001, layer: 4

sigmall sigma22 sigmat2

cd=0.856 mm™!
1=1.17 mm

cd=0.856 mm™'
1=1.17 mm
cd=0.789 mm™’
1=1.27 mm
€d=0.77 mm"!
1=1.3 mm
cd=0.751 mm™'
1=1.33 mm
€d=0.722 mm™'
1=1.39 mm
cd=0.645 mm"!
I=1.55 mm
cd=0.616 mm™'
1=1.62 mm
cd=0.51 mm’’
1=1.96 mm
cd=0.414 mm™'
=2 42 mm
cd=0.308 mm™
1=3.25 mm
cd=0.202 mm™'
I=4.95 mm

cd=0.144 mm"!
1=6.93 mm

Figure A.11 - Example of stresses and strains output figure.

A.1.5 — Output window

When the program finishes its calculations all thugput files and figures are written, an output
window is opened, shown in Figure A.12. The funttad this window is to allow an easy finding
of the desired results figure avoiding the manealsh by name among all the created figures.
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Figure A.12 — Output window.

The objects present in this window are:

1 — path of the input file and path of the resutislér

2 — button for opening directly the output file figsults_ss_(selectedworksheet) from the results
folder. The “selected worksheet” is the one chodsam the first popup-menu (see object 4). This

button is present only if the option for calculgtistresses and strains was selected in the Main

window.

3 — button for directly opening the output file fibsults_elpropr_(inputfilename) from the results

folder.

4 — popup-menus to select which of the several edefigures is to plot:

a) selection between worksheets read in input.

(B si6UL_output = =
% 8 O 1 2 3 ~
= - -
m?;m&ﬁlmm;mswAijwmf:;:}ﬁsx I [ Open results_ss_(selected worksheet) Open results_elpropr_(inputfiename) ‘ |
Select what t 3
i I Cracked layer: 2, stress state: 010, layer: 3
= _ cd=0.856 mm"’
sigmail sigma22 sigma12 1=1.17 mm
= 028 -0.18 065
FO6 pessia a)=. I ] _ cd=0.856 mm'
02} 1=1.17 mm
06; :
224 e 1 _ ¢d=0.789 mm™?
; 1 0.55 1=1.2T mm
) o - -1
Stresses and stransb) - 0.26 ¢ 14 05 Z.; lc=d1-g ::mmm
0.25 95 ' cd=0.751 mm""
028 0.45 1=1.33 mm
cd=0.722 mm™'
0.24 03 04 =
Crackedlayer2  C)w 0 4 U2 34 | 0 s 2 34 | 0o uva w2 3ya | =1.39mm
x2 x2 x2 cd=0.645 mm"!
5 i % ” I=1 56 mm
e %10 epsilon11 o x 10 epsilon22 = x10° gammai2 cd=0.616 mm""
| 1=1.62 mm
Stress state {010} (] )» cd=051 mm™!
) 3848 7 1=1.96 mm
/ cd=0.414 mm""'
3.846 Nl 1=2.42 mm
11| cd=0.308 mm!
Layer 3 e) v 3.844 1=3.25 mm
_ ¢d=0.202 mm™’'
1=4.95 mm
3.842 i
e U2 34 | _ cd=0.144 mm
x2 1=6.93 mm
. | Figure file name: FOB pesata_ss_vs_x2_ci2_010_layer3.fig | Open in .fig format ||
N\
5 6 8

b) selection between elastic properties figures amedsts and strains figures.

c) selection of the cracked layer (if elastic propertivas selected im), there is also the option “all

cracked layers”).
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d) selection between external stress states (enahlgdfstresses and strains option is selected in
4b).
e) selection between layers (enabled only if streasésstrains option is selectedif
5 — pushbutton that plots the selected figure irfitnee area).
6 — figure area.
— figure file name.

8 — pushbutton for opening the selected figure inttaowindow, in .fig format.

In the menu-bar of this window, tools for zoomimgaind out and for moving in the plotted figures
can be found.
It is strongly recommended to close this windowobefrunning the program another time, in order

to avoid superposition between the results obtaledédre and the new results.

A.1.6 — Analysis of results window

In addition to the Output window (paragraph A.1&)pther tool was developed in order to help the
figure search, that is the Analysis of results wiwd(Figure A.13). For the Analysis of results
window to be opened it is not needed to open oramm other GUI. It offers the possibility to
search between results obtained any time beforenandnly between the results obtained the last
time the main program is launched from the Maindeiwv. For example, if only a certain number of
worksheets is made read by the program once, aocessively the program is run again to
elaborate the remaining worksheets, the final Quipndow will enable to display the figures
relative only to the worksheets read the last timiegreas the Analysis of results window allow to
search among all the figures relative to that fiiethe condition that they are all saved in thaea
folder. This window cannot analyze data previowgitained with manual data input.

The difference respect to the Output window is anlthe panel at the top, zoomed in Figure A.13.
The objects present in this panel are:

1 — path of the input file used to generate theltesdhat are wanted to be analyzed (the “Browse”
button allows a direct search).

2 — path of the folder in which the results haverbsaved (the “Browse” button allows a direct
search).

3 — button for enabling figure plotting (it enabtée popup-menu on the left).

4 — button for directly opening the output file risuelpropr_(inputfilename).
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5—- button for directly opening the output fileresulss _(selectedworksheet) (it gets enabled when a

worksheet is selected in the popup menu on thg left

HslGUl_analysis_o‘f_results e ® @
L& >
Input data fie pathy [Browse...| . Enable piots | Open resuls_ebmn
Resuts folder path: [Browse... | pen resuls_ss_(selocted worksheet) |

aver 1

Input data file path: - Browse... ]
Results folder path: Browse... “I

= -
/[_ Enable plots Open results_elpropr 4

Figure A.13 - Analysis of results window and zoom on the Taped.

In the first popup-menu on the left panel, all therksheets of the input file are selectable, even i
some of them have not been analyzed yet, so cast beutaken in this selection. The second
popup-menu allows to select between elastic prgsefigures and stresses and strains figure, even

if the latters were never calculated, so care balset taken in this selection as well. If, for any
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reason, the output files or output figures to berma or displayed are not found (for example
because they have been deleted or moved or renamedyrror window will open (see next
paragraph).

A.1.7 — Error windows

In order to help the user to easily understanchérséventual errors in the input of the needed,data
or in the results display by means of the outputdew, several different error dialog windows are

provided by the program, that clearly explains ¢h®rs and avoid their display onto the Matlab®

command window, where they are hard to be undettdtmoanyone that does not deeply know how

the program was written. Here follows a list of firedicted possible errors:

* Input data from file Excel

- The input data file path does not exist or is éefipty.

- The format of the input data file is not .xIsx xis.

- Itis selected to read a certain interval of wodetls, but the any of the worksheet fields are
left empty, or they are non-numeric.

- The last worksheet selected to be read is higlaer tite first.

- Any selected-to-read worksheet does not existanrput data file.

- In any of the worksheet-to-read of the file, thare some missing value of the mechanical
and geometrical properties of the laminate, or sbeb@s are non-numeric.

- In any of the worksheet-to-read of the file, thare some missing value of the number of
cycles (if not entirely empty) or crack densities some fields are non-numeric.

- Last values of number of cycles (if not entirelymy) and crack densities are not in the

same row.

e Manual input data
- There are some missing value of the mechanicaljaondhetrical properties of the laminate,
or some fields are non-numeric.
- There are some missing value of the number of sy@fenot entirely empty) or crack
densities, or some fields are non-numeric.
- Last values of number of cycles (if not entirelymy and crack densities are not in the

same row.
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* Run program panel

The selected results folder path does not exigheofield is left empty.

* Output window

The file containing the elastic properties resigtsiot found (possible causes: the file has
been deleted, moved or re-named).

The (eventual) file containing the stresses arairsrresults is not found (possible causes:
the file has been deleted, moved or re-named).

The figure to plot in the output window is not fali{possible causes: the figure has been

deleted, moved or re-named).

» Figure analysis window

The field for the input data file or the resultédier (or both) are left empty while attempting
enabling plots.

The file containing the elastic properties resigtsiot found (possible causes: the file has
been deleted, moved or re-named).

The file containing the stresses and strains essilhot found (possible causes: the file has
been deleted, moved or re-named).

The figure to plot is not found (possible causes: figure has been deleted, moved or re-

named).

In addition to this possible errors, there are som@ening message that can be displayed on

Matlab® command window. It was decided not to avihidse displaying because they could be

important. Three typical warning messages aredghewing:

Warning: Matrix iscloseto singular or badly scaled.
Results may be inaccurate. RCOND = 4.524646e-020.

It is possible that, for small values of crack dgn@ypically <0.1) some matrix in the calculation

of the elastic properties of the laminate is climssingular. Several attempts to avoid this havenbe

made, but the problem remains. Anyway, the valuR@OND, which is related to how much the

singularity-closeness influences the results, atally very small.
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- Warning: Matrix issingular, close to singular or badly scaled.
Results may be inaccurate. RCOND = NaN.

This message can be displayed during the calculafioche elastic properties of the laminate, if the
value of crack density is very close to 0. In #tase, since the elastic properties of the lamiwdte
be very similar to the ones when no cracks areeptesand given the fact that they cannot be
calculated by the program, their values will besidaredexactly equal to the ones without cracks.

- Warning: Added specified worksheet.
When a new worksheet is added to a .xIsx/.xIs(filethe present case, the output files), Matlab®
displays a warning message. This message doesflugnce the program calculations and results.

A.1.8 — Program files
A very brief description of the files needed fdretexecution of the program follows, in
alphabetical order, in order for the user to unded at least what is the role of each of them.

- extrcoeff.m
this function extracts the coefficients of a lineymbolic system constituted by any number of

equations (even a single equation) in any numbegaoébles.

- HKFcalcfunction.m

this function calculates the H, K and F coefficeeat equations (17) to (19) in [22]

- input_data_template.xls

template for data input in .xIs format (see parpgra.1.2.1)

- input_data_template.xlsx

template for data input in .xIsx format (see paaphrA.1.2.1)

- mappacolorilucio.m

color map created for the plotting of the stresse$strains figures.

- notes_on_input_data_from_Excel_file.txt

text file containing the instructions for a correeading of the data from Excel file.
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- readme.txt
file containing a list of the created file and witiid¢ is to run to open the Main window (Figure
Al).

- regrpoli_constr_1pt.m
this function calculates in symbolic form the reggien polynomial of the selected grade, imposing

the passage through one fixed point.

- shear_lag_GUI_function.m
it is the core function, the one that makes all ¢hkeulations to find the elastic properties of the

laminate and (eventually) stresses and strainach &yer.

- SLfunction_partel.m, SLfunction_parte2.m
These functions calculates the strains in the glivhme of reference in the non-cracked layers It
part of the shear_lag_GUI_function.m above. Itiigded in two parts in order to decrease the time

needed for the program to complete its calculations

- sIGUL.fig
Main window figure (Figure A.1).

- slGUL.m
script relative to the Main window, that contairistiae functions associated with each object. This

is the file to run in order to start the data asely

- sIGUI_analysis_of _results.fig

Analysis of results window figure (Figure A.13).
- slGUI_analysys_of results.m

script relative to the Analysis of results winddhat contains all the functions associated wittheac
object. This is the file to run in order to stdm tanalysis of results obtained in previous session
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- slGUI_output.fig
Output window figure (Figure A.12).

- sIGUI_output.m

script relative to the Output window, that contaatighe functions associated with each object.
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