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What is fatigue?

I

e Fatigue is an interdisciplinary subject as depending on who asks the
guestion and in what context a reasonably answer exists!

» Fatigue in life of humans or animals is connected to continuous activity—
“loading”

e Fatigue of materials is connected to continuous loading—usually under
fluctuating loads

* A typical definition: The phenomenon under which properties of a material
are degraded due to cyclic loads. Fatigue failure may result after a number o
reversals, even if the applied loads are (way much) lower than the material
strength.
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What happens when a structure operates?

Fatigue (failures)

* Fatigue has been the subject if intensive investigations for almost 200 years and, despite the
progress made, fatigue failures continue to occur* !

* The first attempts to analyse fatigue behaviour of materials and structures were led by the
experience with constructions that were operated under real loading conditions. Everything that
is loaded, even if the loads are low, has a finite life.

* Itis well documented that 80-95% of structural failures are due to fatigue or fatigue related
phenomena** - Most of them are unexpected failures — fatigue can be considered “...as an
essential statistical effect of happenings on a submicroscopic level”***

*A. ). McEvily. Failure by fatigue. National Bureau of standards special publication 423, May 1976.G.

** A. M. Freudenthal. Fatigue mechanisms, fatigue performance and structural integrity. Airforce conference on fatigue and fracture of aircraft structures and materials, Miami beach, Florida, Dec. 1969.
*** A. M. Freudenthal. The statistical aspect of fatigue of materials. Proc. Royal Society London A, 187;1946
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“Barly” fatigue failures

* On May 8, 1842, one of the trains carrying revellers on their return from Versailles to
Paris, having witnessed the celebrations of the birthday of Louis Philippe, derailed and
caught fire. The derailment had been the result of a broken locomotive axle. The failure
has been attributed to fatigue loading.

CIVIL-443
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“Famous” fatigue failures

* In 1954 three de Havilland Comet passenger jets had broken up in mid-air
and crashed within a single year. Investigators found out that sharp
corners around the plane's window openings acted as initiation sites for
cracks. All aircraft windows were immediately redesigned with rounded

corners.

Fuselage fragment (Science museum London)

de Havilland Comet passenger jet
CIVIL-443 Advanced Composites in Engineering Structures
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de Havilland Comet failure

COMET Aircraft

Cracks initiate

O Round
window

at corners of
sguare reduces stress
window concentration

Stress concentrations created by geometry

CIVIL-443 Advanced Composites in Engineering Structures 8
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The ALOHA Airlines flight 243 (1988)

This was a scheduled flight between Hilo (USA)
and Honolulu (Hawaii). Due to a weak

Boeing’s B737— 297 fuselage, the body of an
aircraft, there was an explosive decompression in
flight which ripped the top of the fuselage off
leaving passengers in scarce air. One cabin crew
member was ejected, but unfortunately, his body
was never found. The pilot maneuvered

the plane to a safe altitude for breathing and was
able to land safely at Kahulu Airport on Maui. There
was only one fatality in this airplane crash and
another 65 passengers and crew were just injured.

The National Transportation Safety Board (NTSB)
blamed a combination of corrosion and widespread
fatigue damage, the result of repeated
pressurization cycles during the plane's 89,680-
plus flights after of 19 years of service!

The plane was designed for 20 years lifetime and
75000 flights

http://www.newfoxy.com/2016/10/23/top-5-memorable-airplane-crashes/

CIVIL-443 Advanced Composites in Engineering Structures 9


http://www.aviationcv.com/aviation-blog/?s=B737
http://www.aviationcv.com/aviation-blog/2015/10-most-expensive-planes-in-the-world
http://www.newfoxy.com/2016/10/23/top-5-memorable-airplane-crashes/

The Aloha 243 flight
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Train 9T90 axle failure (Australia 2017)

The Australian Transport Safety Bureau says a fatigue crack on a failed axle has likely
caused two derailments on the Mount Isa — Townsville railway line.

The ATSB are drafting a final report into the Derailment of Aurizon train 9T90

at Kimburra, near Pentland, on the night of September 28, 2017.

The train was travelling from Townsville to Phosphate Hill with 1.67 million litres of
sulphuric acid.

The ATSB said the leading wheel set of the trailing bogie of a wagon failed and derailed
at 72 km/h. The train crew were initially unaware of the axle failure and derailment as it
had no noticeable effect on the performance of the train and the train travelled a further
1.3km.

Later, the driver confirmed to the NCC an axle on the train had fractured, allowing one
wheel set on the fourteenth wagon to derail.

An examination of the failed axle found it fractured due to “a fatigue crack that
propagated until it reached a critical size resulting in an overstress fracture” which
separated of the axle halves and caused the derailment.

The ATSB said the crack was big enough to be detected at the previous inspection but
https://www.northweststar.com.au/story/5878054/atsb-puts-two-derailments-blame-on-cracked-axles/ wasn’t and as a result Aurizon increased the number of inSpeCtionS from Aprll 2018
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History of fatigue — the starting point

I

* Fatigue has been identified as a critical loading pattern
very early by the scientific community.

* In 1829 the German mine engineer W. A. S. Albert was
the first that realized fatigue tests on metallic
conveyor chains and later reported his observations.

* In 1837 Wilhelm Albert published the first article on
fatigue, establishing a correlation between applied
loads and durability.

* Also invented the wire rope to replace the expensive imported
hemp ropes!

The Albert rope

CIVIL-443 Advanced Composites in Engineering Structures 12


https://en.wikipedia.org/wiki/Wilhelm_Albert_(engineer)#:%7E:text=Wilhelm%20Bedzheit%20Albert%20(24%20January,record%20observations%20of%20metal%20fatigue.
https://www.casar.de/Portals/0/Documents/Brochures/casar-history.pdf

History of fatigue — the starting

¥ UARTILLERIE BT DU GENIE , MEMER
L'acankuis BOTALS DE WETZ, DE L'ACADEMIE UES SCIENCES DK BEELIN, ETG.

00INt MECANIQUE INDUSTRIELLE,
PHYSIQUE OU EXPERIMENTALE,
* In 1839 Jean-Victor Poncelet described metals as being 5. v, rogcstar,
tired (fatigue) in his lectures at the military school at Metz. T e

DEUXIEME EDITION,
* The first manuscript where fatigue was referred to is o comminanons oo,
probably the book written in 1841 by Jean-Victor

Poncelet, a French mathematician and mechanical

engineer. In that book, entitled “Introduction a la .
méchanique industrielle physique ou expérimentale”
Poncelet mentioned that any spring subjected to push- e
pull force will, eventually, break under a load which is METZ.
far smaller than the static breaking load. n o, mus RUE DU PALAS, 2.

BACHELIER, QUAI DES AUGUSTINS, 55.

1839.
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History of fatigue — observations...

* Later, failure of axles of post coaches was attributed to fatigue
loading. With the development of railways, in the middle of 19t
century, failure of wagon’s axles was so frequent that attracted the
attendance of the engineers.

Still happens today!

TS [ g Y

ATSB — Derailment of Aurizon train 9T90 at Kimburra, near Pentland,
on the night of September 28, 2017 — due to a fatigue crack.

https://www.northweststar.com.au/story/5878054/atsb-puts-two-derailments-blame-on-cracked-axles/
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History of fatigue — Implementation...

* Between 1852 and 1870 German engineer August Wohler realized the first
extended experimental program on fatigue of metallic materials

* The program was comprised of full-scale fatigue tests on wagon axles but also of coupon
tests under cyclic loading patterns of tensile, bending and torsional loads.

* Wohler constructed a test rig on which he could test wagon axles under bending moments
which were developed by loads that were suspended by the ends of the axles.

* The developed stressed were recorded along with the number of rotations up to failure. The
results were drawn on the o-N plane and the first S-N curve (?) was a fact.
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The Wohler experiment (and publication

Fic: |-

Wohler's
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Publication of Wohler's
fatigue experience, 1871
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The Wohler experiment
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What is the output?

g How can | evaluate the loading effect  *
; > on the lifetime of the axles?
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The runout accuracy of a mounted spetiiman i n . . Nf .
: Wohler supported that the range of stress was more important than the maximum

stress (A. Wohler. “Wohler’s experiments on the strength of metals” Engineering,
August 23, 1867, p. 160)
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Basquin’s curve fitting — The first S-N curve!

P

And what about the intermediate stress levels? 80

This log-log relationship means that a small change in stress
level makes a big change in life (number of cycles)

Opmax (MPa)

1 : : 1 1
Basquin, 1910 introduced the log-log linear relationship Omax = O'ONf k N U R ST S R
(after observation of the existing fatigue datasets) 10° 10° 10° N 10° 10° 107
f
Olin. H. Basquin “The exponential law of endurance tests” 1
Proc. ASTM, Vol. 10, Part Il, 1910, p 625. log(omax) = log(ay) — Elog(Nf )

And guess what; We still use the same (Basquin) formulation today!

CIVIL-443 Advanced Composites in Engineering Structures 19
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Curve fitting?

The statistical aspect of fatigue of materials

By A. M. FreupesTHAL, D.Sc., Hebrew Institute of Technology, Haifn,‘Pale.!lim

“The relation expresses the effect of a general mechanism of fatigue and oot 5 e s S
is more than purely empirical (best fit line of large number of e s ey e ot

progressive destruction of the cohesive bonds as a result of the repetitive action of an external

load. 1t has the typical features of a mass phenomenon; both the cohesive bonds and the load
repetitions are collectives in a statistical sense (Mises 1931). By applying the fundaméntal
1

observations) is suggested by the circumstance that it is valid for o

existence of a statistical distribution function ef the separation-strength of cohesive bonds,

practically any kind of material, whatever its deformational performance”. L Trmonooron

The very extensive experimental research concerning fatigue of miterials in general
and of metals in particular has resulted in the establishment of certain relations
between the principal variables, such as amplitude, frequency and number of load
eycles sustained, type of stress, size of sample and of erystalline grains, temperature,
surface conditions and environment (Batelle Memorial Institute 1941). Attempts
‘ ~ “ h 1 1 | f f H f m H | ” have not been lacking to formulate theories of fatigue, on the strength of which the

( . IVI . F re u d e nt h a I T e stat I Stl Ca a S p ect O at I g u e O ate rI a S prineipal facts and relations could be rationally explained (Gough 1926, 1931,
pp. 207-227). However, the technique of fatigne testing is rather complex, and it is

d : f h I M f d . h . I d difficult to secure representative and reproducible results. Therefore, both the

vati ries 2 i B in e: t, remained

Proceedings of the Royal Society of London. Series A. Mathematical an v 1 s e g bae, i xon, i

. . Gough (1933, 1937), by accomplishing a synthesis of the accumulated evidence,
P hyS I Ca | SC I e n Ce S 1 94 6 ° 1 8 7 ( 1 O 1 1 ) . 4 1 6_4 2 9 ) has succeeded in presenting a rounded-off descriptive theory of fatigue. However,
I i *

this theory, like all previous theories, falls short of the explanation of the essential

problem of how the fatigue crack develops from the submicroscopic into the micro-
scopic stage. The available experimental evidence is concerned with the propagation

. ‘ of the crack, once it has been formed and has attained microscopic size, not with its
. initial formation. No working hypothesis has, so far, been proposed concerning the
S ‘ bmicroscopic happeni which, ily, precede the appearance of the

visible cracks, although Gough has recognized the statistical character of the

process (Gough 1937).

More recently Orowan (1939) presented a quantitative theory of fatigue which
considers local plastie slip and subsequent strain-hardening as the principal cause
of fatigue. He assumes that the ‘total plastic strain’, which is understood to be the

[ ) sum of the absolute amounts of all positive and negative plastic strains, has a

characteristic finite value. Since, for constant amplitude of the load cycle, this

\ ‘ ‘total strain’ is a function of the sum of the areas enclosed by the hysteresis loops
u [ 416 )
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VMean stress effect

* Wohler supported that the range of stress was more important than
the maximum stress h

* In 1899 John Goodman proposed to quantify the interaction of mean
and alternating stress on fatigue life of a material.
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Mean stress effect — Goodman diagram
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John Goodman (1862-1935) Prof. Civil and Mechanical Eng. Leeds Uni, England.
In his publication “Mechanics applied to Engineering” (15t Ed. 1904, 8t" Ed. 1914)
he wrote: “It is assumed that the varying loads applied to test bars by Wohler
and others produce the same effects as suddenly applied loads”. This

o, UTS Om statement has been modified for application to actual behavior and gives what is
called the “modified Goodman diagram” for mean stress.

Soderberg
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s that (CA) loading realistic?

Cyclic stress or strain
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A. P. Vassilopoulos. “The history of fiber-reinforced polymer composite laminate fatigue” Int J Fatigue, 2020;134:105512
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I

Pr-L GR«MeC
Block and variable amplitude loading

* |n 1925 Palmgren developed a linear cumulative damage model (although not a lot was known

about block and/or variable amplitude loading yet). 1.0
* He has also introduced a four-parameter equation for the S-N curve

0.8f

0.6

0.4]

Ny
* In 1939 Gassner emphasized the importance of variable amplitude loading and promoted the use

of an eight-step block loading spectrum for simulation tests.
* However variable amplitude loading was not very often applied before the 1950s and the development of the closed-
loop electrohydraulic test systems

References
A. Palmgren “Die Lebensdauer von Kugellagern” ZDVDI 1924;68(14):339
E. Gassner “Festigkeitsverschiche mit Wiederholter Beanspruchung im Flugzeugbau” Deutsche Luftwacht, Ausg. Luftwissen, 1939;6:43
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Block and variable amplitude loading

* [n 1945 Miner “re” introduced the linear cumulative fatigue damage rule

Zi =1 1.0 ! , , ] =

fi 2™loading block T "y

Damage index

Load

Time

n/N

References
M. A. Miner “Cumulative damage in fatigue” Trans. ASME, J. Appl Mech, 1945;67:A159
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Block and variable amplitude loading

In 1968 Matsuishi and Endo introduced the rainflow counting method

>
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0 P 2649" cycle \ Y
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Sequence is lost!

References

M. Matsuishi, T. Endo “Fatigue of metals subjected to varying stress” The Japan Society of Mechanical Engineers, Fukuoka, Japan, 1968
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Weibull or Gaussian distributions?

e In 1951 W. Weibull introduced the “Weibull” distribution. ’b\

* Weibull carried out thousands of tests on bolts and aIumin@%\/elop a
statistical probability distribution for failures. 0O

* He found that fatigue failure probabilities c t be described using classic
Gaussian distributions and instead devel is Weibull distribution which
included a shape function. “e

Ernst Hjalmar Waloddi Weibull

0.05
el 1.0 —
| —Type .3
0.04 |- —Type ;
> 08} - WEIBULL, Ernst Hjalmar
%:- B % WALoDDI,
$ 003 | : ; 3 18/ 87 (33). Professor i liran om
o [<] 06 > . ~
2z s maskinelement. TFil. D. h. c.
% 0.02 ‘g
g . - ® 04+
g 2
001 3 https://en.wikipedia.org/wiki/Waloddi Weibull
& 0.2

o
o

0.0 A L L . L i r ] L
70 40 50 60 70
o, (MPa) Equivalent strength, o, (MPa)
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Most investigations based on observations

* Empirical modeling following experience

* Physical modeling/ physics-based understanding of fatigue failure.
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Fracture mechanics

* |t was Alan Arnold Griffith (1920) who published* the results of his theoretical calculations
an experiments on brittle fracture using glass.

Griffith developed the basis for fracture mechanics — he thus became the “early father”
of fracture mechanics

He introduced the “Griffiths criterion”

oya = const

To explain this behavior with thermodynamics theory
introduced the “strain energy release rate” known as “G” which
can physically be understood as: the rate at which energy is
absorbed by growth of the crack:

wola - wola
G = critical G,or G, = i

*@riffith, A. A. (1921). "The Phenomena of Rupture and Flow in Solids". Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences. 221 (582-593): 163—198. do0i:10.1098/rsta.1921.0006 (open access).
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Fracture mechanics

* In 1957 Irwin introduced* the concept of the stress intensity factor (K)) setting the basis

for the linear elastic fracture mechanics.
Irwin invented the term “fracture mechanics” and is assumed as the modern “father of

fracture mechanics”

Most engineeri ng mate rials show some Analysis of Stresses and Strains Near the
End of a Crack Traversing a Plate

nonlinear elastic and inelastic behavior sk v

A..h-.‘..ur.m:...m,...,.:..-«.. rocieted wlh cargy, or xtimple,from svument of i forose sppliog ta-
erack extension might be eliminated if the description of sion to the material For convenieace this in referrod to here
e :

He introduced the “Stress intensity factor” to SEESTESRIERT M
estimate the energy in linear elastic media: e mﬁm@ |

of s ovack extension. 1t is e that the otber by mare than 8 sl Fracton of he arch leagth.
parameter, called the stressinteosity factor, is b
Tional to the wyuars root of the force tending to caue o s eknics of facarng Mmybr sammarised
crack extonsion. Boch [acior bave w clea nterpreation . inpara fllvs
and field of usefulness of . an
mechanics.

nal boad bua in comtrolling time rate of plastie extersion of & tensile
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O‘ na —_— K URING and subsequer mwmmwmwu'm-s- m;:umwmmﬁwm.m. Tn the former caso &
- I ations af fmeburiog have shared i the general growth dafined
o it meehasieseareh Atmong th fnedin Tl 15 e of o rate of comverion of wesin gy 10 thermal
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EG, for plane stress e e AR e, B imi oyl s § o ot r et
b&u ghven (3, 4, 5) \lll\]m tormh a8 frasture work rata and ofmpdlmluﬁnlmdlb'mn\lumdwnh mearurements to
relnase Tat “fallanfu’* design procadures have boen discussid alsewbere (4, &,
i ot s s 5 T S T

dn-hbl-hﬂimnlnnmmnm iate the fracture work per eraek tip and normal to the plane of the erack are determined by
the foron tendeary 5. The diecusion s srrangod 5 un t do-

K. = Tror ke v sisoly irned rl. T fos, V9
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)

*Irwin G (1957), Analysis of stresses and strains near the end of a crack traversing a plate, Journal of Applied Mechanics 24, 361-364 .
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Fracture mechanics

* Parisin 1961 shov_ved that the fatigue crack growth rate
(da/dN) is a function of the stress intensity factor range AK,

(dFeCs(g)ribing what is called today a fatigue crack growth curve

30 x|
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x
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:
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* H . . n H .
Paris, P. C.; Gomez, M. P.; Anderson, W. E. (1961). "A rational analytic theory of fatigue". The Trend in Engineering. 13: 9-14
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A Rational Analytic Theory of Fatigue

PauL C. Paris

Mario P GoMEZ* and WiLLiaM E. ANDERSON

dssistamt Prafessor of Civil Engs

i/{ﬁ,{ljy“n

b Engé 5, Boging Airplane Company

P. C Paris M. P. Gomex W. E. Anderson.

A great deal of effort has recently centered around
examination of the factors influencing the growth of
fatigue cracks. Fatigue has been considered a multi-
phase problem: eg., initiation of a crack and its
growth are often considered as separate phenomena.
Tn contrast, the objective of this work is to show that
the growth of an initial “crack-like” imperfection to
a critical size, which causes static failure of a struc-
ture, may be described by a single rational theory.

Two loading parameters, the nature of the stress
field near the tip of a crack and the variation of this
field, are taken to control the rate of erack extension
in a given material. This hypothesis is proven by
using it to correlate data from three independent in-
vestigators. Since it shows a positive correlation of
all available data for crack-extension rates from 10~
1o 107 in. per cycle, the hypothesis may be used to
formulate a theory of fatigue that permits computing
the structural lives of complicated geometries from
simple laboratory tests of material properties.

The Stress Distribution Near the Tip of a Crack
The form of the stress distribution in the vicinity
of a crack root was given by Sneddon® in 1946 and
has recently been expanded by Irwin®?® and Wil-
Eams.* The unique character of this form, as Irwin
showed,? is a controlling factor in attempts to analyze
crack extension under static loads. We will show that
this same character becomes fundamental in crack
extension under ¢yclic loading upon the addition of
new concepts to desckibe the cyclic mature of the
loading.
T T recei . o fur
e G L o s which . ket
for Boeing, He is now Senior Scientist at the Missile Sys-
tems Division of Lockheed Aircraft Corporation.

JANUARY, 1961

—he Trenel in En?:nm&a«g 13, 4—iu ( "?éij

Restricting this discussion to cracked bodies in
which the geometry and loading of the body are sym-
metric with respect to the plane of the crack results
in very little loss of generality. The nature of cracks

y

GRACK

Fi6. 1. COORDINATES USED To DESCRIBE STRESSES
NEAR 4 CRACK TR (& 75 75 v)

is to form most often on such planes, ie., planes per-
i to maximum-principle fension stresses.
Williams* and Irwin® have given the required forms
of stresses for other cases, but these will not be dis-
cussed further in this work.
The coordinates of points in a cracked body with

9
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Fracture mechanics — supported by imaging methods

* It was in early 1900s when Ewin and Humfrey* used the optical microscope to pursue the study of
fatigue/fracture mechanisms

* In the 1950s the scanning electron microscope
* Today DIC/ x-ray tomography

DIC
38.0kN

Eyy [%]

-0.35

-0.71

SEM: Fiber kinking due to compression DIC measurement of strain fields

Tomography: Architecture of, and crack in an adhesively bonded joint

*). A. Ewin, J. C. W. Humfrey. “The fracture of metals under repeated alternations of stress” Philosophical transactions of the royal society A. Mathematical, physical and engineering sciences, 01 Jan 1903
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And composites?

* Yet, nothing was said about fatigue of composites !!!

* Do they actually fail?
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Composites are “fatigue insensitive” (?

Research on carbon fiber-reinforced polymers showed no
fatigue failures observed at reasonable numbers of cycles at
stress levels below 70% of the mean static strength of the
specimens, and therefore, CFRP materials were designated
as fatigue-resistant materials, (Fatigue insensitive) showing
less steep S-N curves than those derived for GFRP

By M.J. Owen* and S. Morris* Modern Plastics, April 1970

Fatigue resistance of carbon fiber RP

laminates.

An Isophthalic polyester and an epoxy resin were
used with untreated high-modulus carbon fibers to
prepare unidirectional and cross-plied specimens
by the wet layup and prepreg methods,

Fatigue properties were evaluated In zero-tension
axial and zero-moment flexural modes. No fatigue
faillures were observed at stress levels below 70%
of the mean static strength of the specimens. The
fatigue behavior of cross-plied carbon fiber
laminates is similar to that of unidirectional
composites and contrasts with the behavior of
glass-reinforced plastics wherein initiation

and propagation of debonds produces failures

at relatively low stress levels.

form (10,000 filaments) in lengths up to 39 in, The ten-
sile properties supplied by the makers are as follows:
Tensile strength

Mean ultimate, p.s.i. 271,000
Coefficient of variation, % 25.5
Tensile modulus ,
Mean, 10* p.s.i. 598
Coefficient of variation, % B.6

Resins. In most of the work an isophthalic polyester
resin (Cellobond A2784, B.P. Chemicals Ltd.} was used
in wet layup preparation. One percent of MEKP-RGS
(Laporte Industries Ltd.) was used in conjunction with
0.25% of cobalt naphthenate. After gelation, the com-
posites were post-cured for at least 3 hr. at 80° C.

An epoxy tesin (Epikote 828, Shell Chemical Co)

Fraction of ult, flesural strength

6 p . . .
ol . T was used in preparing specimens by both wet layup and
T— 5 05 1% 105 10F 10 : prepreg methods. In wet layup, 100 parts of Epikote
c,g,,s' 0107 10T 10t 0% et A technical feature 828, 75 parts of Epikure NMA and 1 part of benzyldi-

methylamine were used. The cure schedule consisted of

Gordon M. Kline, technical editor
1 hr. at 100° C, followed by a postcure of 16 hr. at

. Normialized flexural curve for
Fig- =~ rbon fiber RP.

ST_BY ca )
poi)’e )
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Importance of fatigue for composite structures

There is a long list of reasons why fatigue is critical for composite structural components or structures*:

* Composites are used for critical structural components and nowadays they participate as a material candidate equal to the traditionally used steel,
aluminum or concrete, in emerging structures that must bear significant fatigue loads during operation, such as airplanes, wind turbine rotor blades,
leisure boats, foot and vehicular bridges etc. This development changes the common perception concerning the sensitivity of each structure to
fatigue. For example, whereas a concrete road bridge is normally not fatigue-sensitive since the dead loads are significantly higher than the live loads,
fatigue becomes an issue for a lightweight composite bridge.

* Unidirectional composite materials are generally brittle and behave linearly under load. Since their failure is sudden, without any prior notice, An
understanding of their fatigue behavior and prediction of their fatigue life are of major importance.

* An understanding of composite material fatigue behavior is also valuable for the improvement of product development practices. The hitherto
followed product development practice was based on an iterative process whereby a prototype was built and tested against real, or realistic, loading
patterns. However, this process is costly and time-consuming. The ability to simulate the fatigue behavior of the material, structural component
and/or structure reduces the cost and allows the development of a wider range of products without the need for increasing the number of physical
prototypes.

* The durability of composite structures is also an important factor. The danger of evaluating durability on the basis of static strength calculations is
that the durability impact of cyclic loads is likely to be disregarded. The introduction of fatigue life prediction methodologies into durability simulation
procedures allows the assessment of durability performance early in the product development process and the establishment of clear
recommendations for guiding major design choices.

*A.PI\Vdssilopoulos, T. Keller. Fatigue of fiber reinforced compositésgiSpriager Czonposites in Engineering Structures 36
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Fatigue of composites

*  R-ratio and frequency effect — self-
generated heating

. Viscoelastic behavior
(matrix and fiber)

. No obvious threshold

. Influence of the constituents and the
fiber architecture

* Different tension and compression
fatigue behavior —» Goodman
diagram not applicable

A literature search (www.scopus.com) with keywords “fatigue” and
“composites” in the disciplines “Engineering”, “Materials science”,
“Energy”, and “Multidisciplinary” in 2010 gave ca. 9500 research articles in
the field, with more than 85% of them published after 1980, and around
400 articles per year after 1995. The same search today gives more than
26000 research articles, an average of ca. 1200 per year since 2015. This
immense increase shows, among others, the high interest of researchers,
engineers, and industry in this field*!

Investigations on fatigue of composites started very early, with the

introduction of these (structural) materials - in the 1950s.

In 1955 Hulbert** wrote “Fatigue and creep are such important aspects of
dynamic and static behavior that, among the welter of data accumulated
around reinforced plastic materials, it is astonishing to find little or nothing
published about either property”

* A. P. Vassilopoulos. Fatigue life prediction of composites and composite structures — second edition, 2019, Woodhead Publishing
**@G. C. Hulbert. Plastics Structures. J. Royal aeronautical society, 1956;60:114-120
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First studies on composites’ fatigue

Investigations of the fatigue behavior of composite materials were
initiated together with their introduction as structural elements in HEUE LISrATY RAPS, N
several engineering applications, back in the 1950s. |ﬂﬂ”"ﬂ|ﬂﬂ|ﬂﬂmlﬂﬂlﬂﬂﬂﬂﬂﬂ

LUyELS

NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

100. Properties of Plastics THCENICAL ROTE XO. 1560 1948

101. Mechanical MECHANICAL FROFERTIES OF FIVE LAMINATED PLASTICS

By William N. Findley and Will J. Worley
[101.1] Strength and fatigue tests on a laminated paper-

base plastic proposed for use in molding pro- SUMMARY
pellers. B. M. Axilrod, NACA Advance Re- .
stricted Report (Aug. 1942). .

Reeults of mechanical tests of the following laminated plastics are
reported: canvas laminate molded at low pressure, grade—{ canvas lami—
nate, reyon laminate, paper laminste, and gless—fabric laminate. The
following teasts were performed on these materials: static tension, com—
presslon, and torslon teste; long—time creep tests at different stresses
on specimens loaded in tension; fatigue tests of unnotched specimens in
bending; fatigue tests of notched specimens in bending; fatigue testa in

. e bending at temperatures of ~75%, 779, and 160° F; and fatigue tests in
Dr. Gordon M. Kline, Technical Editor _ torslon.

| Technical Section

. _ 1957 0f the five laminates studied, the glass—fabric leminate had tha
. . : most desirable mechanical properties for nearly all the properties meas—
Fat ] g U e p rop e rt I eS of fibrous glass-reinforced ured.

The propertles of the paper laminate were nezt in order of desira—
"pility. It wae observed that the creep rate of the glass—febric laminate
. increased only slightly (compared with the other laminates) with increase
plastics laminates subjected to various conditions | By Kenneth H. Bolert in shtress and that temperature made much less difference in the fatigue
’ strength of the glass—fabric laminate thanm of the other laminates. The
mechanical propertles of the canvas laminate molded at a pressure of

4?;;‘6“‘3 eare a‘“:es‘tfreg“e.““’ 180 pei were about 30 percemt lower than those for the canvas laminate

. of cycles per minute. Various

Fatigue strength valuss are presented for © standard wnd 4 heatresistunt 0y T T ere super- molded at 1800 peil for most of the properties tested. The most pronounced
resin h"f"':iz‘:: ;‘g"":ﬁfze‘;‘:‘lfi;"fmn;“‘; nd 10 million cycles, show the  imposed on various tensile mean effect of the lower moldi essure was & decrease of 61 percent for the
enting fa . ng pr

’Zﬁm gcm fatigue strength of notching, moisture, fabrics, resins, mean stress  stresses. The complete relation- fatigue strength in torsion.

levels, angles to warp, and temperatures up to 500° F. ship between alternating stress

and mean stress with respect to
time was clarified by stress-rup-
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First studies on composites’ fatigue

 Plastics Structures

As early as 1955 Hulbert mentioned that “fatigue and creep are such important
aspects of dynamic and static behavior that, among the welter of data accumulated
around reinforced plastics materials, it is astonishing to find little or nothing published
about either property”.

However, for Hulbert, the main problem lay in the “welter of data”
signifying the inconsistency of the existing data (for several reasons,
including specimen preparation and new problems arising during fatigue
testing of composites) that result in less confidence in fiber- reinforced
materials for primary structures.

Almost 20 years later, Harris wrote, “The abundance of experimental data does not
contribute to our understanding about the fatigue of composites, and there is not
yet (in 1977) any general agreement about what kind of design data are most useful
for reinforced polymers”

Fatigue and accumulation of damage
in reinforced plastics

B. HARRIS
COMPOSITES . OCTOBER 1977

CIVIL-443

by

GR«MeC

G. C. HULBERT, B.Sc,
(Polyester Technical Service, Scott Buder & Co. Ltd))

1. Introduction

More than two years ago Pollard™ in a paper given
to the Society made out the case for the use of fibre-
reinforced plastics in the structural field. He and others
have shown that materials based on strong, inert fibres,
such as glass or asbestos, have mechanical properties
which, when stabilised by suitable resins, permit them
to function with a high degree of efficiency within certain
well defined parameters of loading.

Four distinct groups of resin are used in combination *

with such fibres, phenolic, polyester, epoxide and
silicone. With the present exception of silicone resins,
each can be used at low or even contact pressures during
moulding and thus do not impose serious processing
limitation upon the size, quantity or complexity of the
structures which can be contemplated.

In addition to their mechanical and manufacturing
possibilities, individually these materials possess certain
valuable secondary properties. It was by making use
of such properties as radar transparency that their use
was first established.  Such use continues to the present
time and in fact still constitutes the reason for adopting
the material in the majority of existing applications.

The growth of structures making use of the
mechanical properties for important load bearing
applications has been slow, despite the courage of
certain companies who have built important prototypes,
such as complete wings, which have undergone searching
tests with reassuring results.

- The serious use of any material is bound to be
proportionate to the confidence which can be placed in
it. It is the intention of this paper therefore to examine
the experience and knowledge of the material, to isolate,
if possible, some factors which hinder this necessary
growth of confidence and, where possible, to offer
encouragement to those, who, like the author, believe in
the ultimate valuable service of which the material is
capable.

2. Factors

Within the scope of a single paper it will not be
possible to examine all the factors, the study of which
could help to further the use of the material, The
author has therefore chosen the following four for
consideration. They have been chosen firstly because
of their immediate importance to the position and
secondly, because it is felt that a state of knowledge has
already been reached where something immediate and
constructive can be done about them. They are: —

*A Section Lecture given to the Royal Aeronautical Society on
3rd May 1935,
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1. Consistency of test results and its effect upon the
design safety factor.

2. Permanence of behaviour when exposed to
weather and other normal external agencies.

3. Fatigue and creep behaviour.

4. Temperature resistance.

3. Consistency of Test Results

Plastics “materials, particularly those containing
reinforcement of glass or asbestos fibres, have
unfortunately gained a reputation for a high degree of

* scatter in test results. So long as this persists designers

will suffer the handicap of a high safety factor in their
designs. At present this is approximately double that
operating for metal structures and largely nullifies the
strength/weight advantage the material has over its
competitors. It must be ascertained therefore whether

.this scatter is inherent in the material or whether it is

due to the treatment of it either in manufacture,
processing or in testing. Fortunately the experience of
at least one large company indicates that scatter inherent
in the material is neither more nor less than in any other
and that, once correct and full control of treatment has
been . established, its mechanical behaviour is fully

consistent. Correct and full control of treatment would -

therefore scem to be the key and it is necessary to
ascertain what this involves,

It must first be realised that in producing a moulding
of reinforced plastics material we have largely tele-
scoped into one moulding operation many factors which,
in metal it would have been possible to control and test
at various clearly defined stages such as foundry, rolling
mill and finally fabrication of the raw material into the
component. Further, that it is impossible “in the
reinforced material to find a true equivalent to the raw
material stage for a metal sheet. Reinforced plastics is
not a single homogeneous material but, even in a simple
test piece, is a structural alliance of two dissimilar
components. It is therefore obvious that all factors in
the make-up, handling and -processing together of the
glass, asbestos or resin can affect the final behaviour of
the structure.  Only now is a state of knowledge being
reached when it is possible to recognise the factors and
to select those which can be regarded as key factors, the
control of which will ensure consistent behaviour of the
final product.

At this point a comparison between the state of
knowledge about the asbestos-reinforced phenolic
materials and the many combinations of glass fibre ang
resin is of interest.

With the asbestos phenolic resin materials a limited
number of forms are available, two or, at the most, three
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Composites are “fatigue insensitive” (?

Research on carbon fiber-reinforced polymers showed no
fatigue failures observed at reasonable numbers of cycles at
stress levels below 70% of the mean static strength of the
specimens, and therefore, CFRP materials were designated
as fatigue-resistant materials, (Fatigue insensitive) showing

By M.J. Owen* and S. Morris* Modern Plastics, April 1970

Fatigue resistance of carbon fiber RP

less steep S-N curves than those derived for GFRP

laminates. used with untreated high-modulus carbon fibers to
prepare unidirectional and cross-plied specimens Tensile strength
by the wet layup and prepreg methods, Mean ultimate, psi. 271,000
Fatigue properties were evaluated in zero-tension Coeflicient of variation, % 25.5
axial and zero-moment flexural modes. No fatigue Tensile modulus _
fallures were observed at stress levels below 70% Mean, 10* p.s.i. . 59.5
L E of the mean static strength of the specimens. The Coefficient of variation, % B.6
g fatlgue behavior of cross-plied carbon fiber Resins, In most of the work an isophthalic polyester
T laminates is similar to that of unidirectional resin (Cellobond A2784, B.P. Chemicals Lid.) was used
'8 composites and contrasts with the behavior of in wet layup preparation. One percent of‘MEl_(P-R(‘]S
] glass-reinforced plastics wherein initiation (Laporte Industries Ltd.) was used in conjunction with
v and propagation of debonds produces failures 0.25% of cobalt naphthenate. After gelation, the com-
= — at relatively low stress levels. posites were post-cured for at least 3 hr. at 80° C.
S o6 ] An epoxy resin (Epikote 828, Shell Chemical Co)
£ %1 . T was used in preparing specimens by both wet layup and
g T—— I o 0% 108 i 7 : repreg methods. In wet layup, 100 parts of Epikote
N Cyﬁlii' ° -102 © : o e e A technical f:eature h led 52313 '.r'g parts of Epikure NMAP and 1 pa:’t of benzzld[t:
i n M. Kline, technical editor methylamine were used. The cure schedule consisted o
. eé&?!ﬂfﬁgﬂiﬂfmﬁl curve for Gordo o ® 1 hr. at 100° C. followed by a postcure of 16 hr. at
pDiY . -
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An Isophthalic polyester and an epoxy resin were

form (10,000 filaments) in lengths up to 39 in, The ten-
sile properties supplied by the makers are as follows:
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Composites used (not only) in aerospace

% ey Boeing 787 Dreamliner . \

)
@ F-111 COMPONENTS
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TYPE bt RasC pe i 1
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e ass - AR SANOHI ::NMM Engineer Ray Greene, who had worked for Owens-lllinois Glass, made a dinghy from fiberglass and polyester resin. The boating world
RAYPAN BORDN
SANOWICH FABRIC ""EG"'; @ Fistrs 1 g |OPTIMIZATIN would never be the same.
E" GLASS EROXY STRUCTURE RESINS BORON & ?cn
POLYESTER ~ RESIN FEEA] ’ TAPE net . . .
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FIG. 1-Chronology of composites usage.

Structures that are facing intensive fatigue loadings during their lifetime

CIVIL-443 Advanced Composites in Engineering Structures 41


https://discovercomposites.com/what-are-composites/history-of-composites/index.html
https://discovercomposites.com/what-are-composites/history-of-composites/index.html

cPrL

Fatigue in (composite)

-~~~ Commercial aircraft
|
1
: -----Bridges, ships
: :
1 I
T i Helicopters
1
g 1 Wind turbine
-+
o blades (30 years)
-+
7}
2
©
>
®)
L L MR | L L PR | L N PR | L L L
10° 10° 107 10® 10°
Fatigue cycles to failure
) g == r
e e JOI” A @umsre
https:fdol.org,/10.1080/09 506608, 2020.1845110 Irerale snc Minrg INTERMATIONAL Tader & fruncli Creup
FULL CRITICAL REVIEW |80 comoctorvpones |
Review of fatigue of bulk structural adhesives and thick adhesive joints
Peiyuan Zuo® and Anastasios P. Vassilopoulos (ol
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107 meters, LM Wind Energy's blades for the Haliade-X, 12MW
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What we know about composites’ fatigue

More troublesome to test composites in fatigue...

Self heating

low frequencies
Fiber reorientation

For MD and angle ply laminates
Strain rate

Important for composites (especially more susceptible to viscoelastic effects)
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What we know about composites’ fatigue

* Manufacturing defects

Voids in adhesives
Misalignment of fibers

* Material (pre)conditioning

Expose to humidity, temperature, solvents, etc

* Specimen geometry -

(Many) Tab failures
Standards e.g. ASTM for Type |, Type Il, Type IV — different results!
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Damage modes are known!

By the end of 1970s’ scientists already knew almost everything about failure

modes, damage mechanisms, and material behavior of composites (almost as

much as we know today!). It was common knowledge that composites exhibit

several damage modes including delamination, matrix crazing, fiber failure, void M. J. Salkind’
growth, matrix cracking, and composite cracking.

A structure may exhibit any or all of these damage modes and it is difficult to

predict, a priori, which mode will dominate and cause failure. Chapter ”l —_— VTOL Aircraft
Therefore, although all damage that occurs in a composite material can be

identified, it is extremely difficult to accurately quantify its effect on fatigue life.

i P—— REFERENCE: Salkind, M. J., “VTOL Aircraft,” Applications of Composite
D‘,’::f:,:" * Materials, ASTM STP 524, American Society for Testing and Materials, 1973, pp.
Crack length ?6'107.

“;ﬂ::?bm ABSTRACT: Fibrous composites offer significant potential for structural
Delamination improvement in VTOL (vertical take off and landing) aircraft. In addition to the
Matrix cracking i potential for light weight fuselage structures, composites offer the unique
Compostie capability of providing dynamic tuning of the fuselage. Composites provide
b — substantial potential for helicopter rotor blades because of improved fatigue
Voids " = capability, _good dama;e tolerance, and ability to be molded in complex

aerodynamic configurations.
Porzagation This chapter summarizes the major design considerations in VTOL aircraft and
reviews composite hardware which has been developed to date.

Fatigue cycles or time KEY WORDS: composite materials, fibers, aircraft, helicopters, rotary wings,
fatigue (materials)
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Metals
Crack length

Composites
Broken fibers
Delamination /
Matrix cracking -
Composite
cracking |
Debonding . - :::: cal damage
Voids

Fracture

threshold

pMetals E Propagation
NDation .

Fatigue cycles or time
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What we know about composites’ fatigue

More troublesome to test composites in fatigue...

10 T T T T T T
E_ I I
. . . o, ] +— Region | —* le— Region Il —* | Region Il —=
Composites ARE NOT fatigue insensitive! £ : :
Eypl I I ]
They DO fail in fatigue — show no fatigue threshold... £ [ tnstes for e micr cracs
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What we know about composites’ fatigue

A specimen of a certain rank in the static strength probability distribution
has the same rank in the fatigue life distribution!
Introduction of the “SLERA” by Hahn and Kim in 1975.

Proof Testing of Composite Materials

H. T. Haun anp R, Y. KM

Ur:ﬁersr‘:y of Dayton Research Institute
Dayton, Ohio 45469

max

(Received July 7, 1975)

ABSTRACT

The paper presents a concept of proof testing for composite materials.
A unique relationship between the static strength and time to rupture is n N n
demonstrated for a unidirectional glassfepoxy composite subjected to
static fatigue, The maximum significance level at which a Weibull distribu-
tion is applicable to represent scatter is 35% for the static strength and 61% Schematic represe ntatlon . Stress Ilfe eq ual ran k assum ption
for the fatigue life. Limitations and variations of the strength degradation :
madel for the life prediction arc discussed. :

|

1 I
1 I
| |

A 4

B

o Fatigue Damage Modeling
e Sa o of Composite Structures:
-énhegr:ncnuwasw[es Safran Group) 'he ONERA VieWpDim

E-mail: Myriam Kaminski@onera.

DOI - 10.12762/2015 AL0-06
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What we know about composites’ fatigue

Composites follow a Weibull strength probability distribution

—
o

onal Joumnal of Fatigue 190 (2025) 108600

Contents lists available at ScienceDirect 3_ §
i International Journal of Fatigue 0.8

PN > >
FILSEVIER journal homepage: www.elsevier.comlocatalijfatigue i o —
0 —_

© ®

‘ : ‘ ‘ & o 06 2

Standard specimen geometries do not always lead to consistent fatigue el E. o
results for epoxy adhesives o o
= @

Filippo Mannino *", Dharun V. Srinivasan“, Daniele Fanteria ", Anastasios P. Vassilopoulos ** — 2
L

 Mechanics of Compasites Group (GR-MeC), Ecole Polytechnique Federale de Lawsanne (EPFL), Stfion 16, Bagiment BP, Lasarne CH-1015, Switzerland E 0' 4 [11]
* University of Pisa, Civil and Inuustrinl Engineering D Lgo Lucio Lazraring, Pisa 56123, Iy 3 3
ARTICLE INFO ABSTRACT 8 - ]
Keywords: ‘This paper questions the recommendation regarding the use of standard specimen geometries, (Type I, Type 11, 0_ 2 U

:LI:’KUP and Type IV), for estimating the tensile quasi-static and fatigue properties of structural epocy adhesives. The

N work presents results from an experimental program investigating the performance of structural epoxy adhesives
gm‘;mﬂn_ indicating & significant effect of the specimen geometry, especially when referring to fatigue loading. Simple
wr'ar_m model finite element models are also developed to facilitate the comparison of the stress distribution along the three

specimen geometries. The fatigue experimental results allowed the derivation of probabilistic &N curves,
showing higher fatigue sensitivity of Type I specimens compared to Type I and IV. Furthermore, probability
distribution function (PDF) curves of the equivalent static strength estimated by using Sendeckyj's wear-out
model attributed lower mean strength and higher variance for Type | specimens validating the fatigue data.

o
o

70

CIVIL-443 Advanced Composites in Engineering Structures 49



=PFL
What we know about composites’ fatigue

Low frequencies — avoid self-heating

Frequencies lower than 10Hz, sometimes as low as 1Hz are used to avoid self-heating

N, A

International Journal of Fatigue 134 (2020) 105512

Contents lists available at ScienceDirect

International Journal of Fatigue

journal homepage: www.elsevier.com/locate/ijfatigue e ]
Main phenomenon: } Main phenomenon:
Creep-fatigue coupling i Temperature effect
. . . . . . , et LR EEEE e -
The history of fiber-reinforced polymer composite laminate fatigue ) 1
Anastasios P. Vassilopoulos o o
f Frequency

Frequency of transition
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What we know about composites’ fatigue

0% 60% 90%

Internaticnal Journal of Fatigue 109 (201E) 60-69

Contents lists available at ScienceDirect

International Journal of Fatigue

journal hoemepage: www.alsevier.com/lacatalijfatigua .

(@) Omax = 68 MPa

Fatigue damage in angle-ply GFRP laminates under tension-tension fatigue | M)

A. Vahid Movahedi-Rad, Thomas Keller, Anastasios P. Vassilopoulos’

Composite Construction Labormory (CCLab), Feole Polytechnigue Fédérale de Lowsmane (EPFL), Station 16, Bdtiment BP, CH. 1015 Lowsenne, Switzerland

Light transmittance (damage indicator) and self-generated temperature
at different percentages of fatigue life at two stress levels

(b) Omax = 47 MPa
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What we know about composites’ fatigue

Viscoelastic material behavior (even for thermosets)

Block i Block i+1 Last Block
I tation LT l 1 7 [ Vv A i A
E- Fatigue Recovery g. Fatigue Recovery E- Fatigue
Contents lists available at ScienceDirect e & &
b4 Failure
. . )
International Journal of Fatigue &
journal hamepage: www.elsevier.com/locate/ijfatigue .
60 s 20% of Nysqcr 2h 60 s 20% of Ny gcr 2h
—rt—————P|¢—p [« —P < >« > III
. . . . . Time
Interrupted tension-tension fatigue behavior of angle-ply GFRP composite )
laminates it 80
i . ) . +  Conf]
A. Vahid Movahedi-Rad, Thomas Keller, Anastasios P. Vassilopoulos « Intf
70 - -
A 'u\,
’a A
o
2 60f
g
o
50 |-
Exp. results
40 1 1 1 1
10° 10° 10°* 10° 10° 107
N
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What we know about composites’ fatigue

Viscoelastic material behavior (even for thermosets)

International Journal of Fatigue 123 (2019) 144-156 Block i Bloc;( i+1 Last rlock
I \r \ i |
Contents lists available at ScienceDirect = - R s creee e creee Ff:ﬂg:lee y gli’fuerz
@
International Journal of Fatigue E
journal homepage: www.elsevier.com/locate/ijfatigue s
60s 20%0f Ny oo 2hord8h 20% of Ny e 2hor4gh ,20% 0 N, o,
N Time
Creep effects on tension-tension fatigue behavior of angle-ply GFRP )
composite laminates Wi
A. Vahid Movahedi-Rad, Thomas Keller, Anastasios P. Vassilopoulos” EPFL - :
E GR-Me
L
d \’_:ll-ll
—— : C
[ iy e

.'-_':-' Faiigus faiurs

2wt

= o

-’ Exp. results
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80
«  Conf
- «  Cref (2h)
Creep failure «  Cref (48h)
TOF =
)
o
= 60}
DE
Eﬂ -
4u i B awamzil i & & saasal s & & & agaal & 5 weaazcl & E B @ EmEd
107 10° 10 10° 10° 10°
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What we know about composites’ fatigue

Goodman... is not good any more ©

 Constant life diagrams are used instead reflecting the
combined effect of mean stress and material anisotropy on
the fatigue life

e Predictive tools...

Main parameters for defining a CLD:
The mean cyclic stress, o,

The cyclic stress amplitude, o,

The R-ratioR=0,,./0,.,,

Three sectors for three different loading types...

CIVIL-443

International Journal of Fatigue 32 (2010} 659-669

Caontents lists available at ScienceDirect

International Journal of Fatigue

journal hemepage: www._elsevier.com/locate/ijfatigua -

Influence of the constant life diagram formulation on the fatigue life prediction
of composite materials

Anastasios P. Vassilopoulos °, Behzad D. Manshadi, Thomas Keller

?
R=-1 o
Gy,
R=- e
C-dominated
R=+eeo
oit) B T-C
.'.I WY t e . f
I\ ( |
I' | ’( |
: / :
C-C, R>1
I
|
/4
§ s/ &
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What we know about composites’ fatigue

Goodman... is not good any more ©

My cycles
1.0 . & 1d
- - : 0.6 A=-1.3 2% o3 . 106
Constant life diagrams are used instead . o . 1
— different behavior in tension and compression! ab :
’ 0.5

o=C o,
i

=
P
]

", g Line of mean
" tension failure
Py W

JOURNAL OF MATERIALS SCIENCE 23 {1588) 1732-3743 W
[ T T s AT W W N N B B

Fatigue behaviour of hybrid composites: 06 04 02 0 02 04 06 08 1
Part 1 Carbon/Kevlar hybnds Mean stress parameter, m=a,/a,

Alternating stress parameter,

Constant life diagram for [(£45/0,),] laminate
G. FERNANDO, R. F. DICKSON"®, T. ADAM, H. REITER, B. HARRIS
Schools of Materials Science and Mechanical Engineering, University of Bath,
Bath BA2 7AY, UK
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What we know about composites’ fatigue

Goodman... is not good any more ©

CLDs depend on the material system

International Journal of Farigue 32 (2010} 659-669

Contents lists available at ScienceDirect

International Journal of Fatigue

journal homepage: www.alsevier.com/locate/fijfatigue

Influence of the constant life diagram formulation on the fatigue life prediction

of composite materials

Anastasios P. Vassilopoulos *, Behzad D. Manshadi, Thomas Keller

CIVIL-443
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Flg. 2. Constant life diagrams for N = 107 - 107, material #1 (linear-a, piecewise linear-b, Harris-c, Kawai-d, Boerstra-e).
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What we know about composites’ fatigue

Multiaxial stress states — even under uniaxial loading!

Blade root \

Trailing edge

1.00 \ i
Neglecting some of the stress components =
0.75 of plane-stress states is misleading and 7 :
overestimates substantially the fatigue life .
& of composite structural components
& 050 ;
. .
Infernattional 2 '
0.25 - ! umal of -
’ F--SF-V[R International Journal of Fatiguc 24 (2002) §25-830 L FG“gue
Complex stress state effect on fatigue life of GRP laminates.
Part I, Theoretical formulation
0.00 L > L . -
0 30 60 90 Theodore P. Philippidis °. Anastasios P. Vassilopoulos

Deparment of Mechanical Engineering and Aeronautics, University of Patras. PO Box 1401, 26500 Paias, Greece

off-axis angle (degs)
Multiaxial stress state at principal
coordinate system for off-axis layer.
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What we know about composites’ fatigue

¥ on-axis orthotropic >

1 K

m?  n? 2mn ] (%x
n® m?* —2mn [\%

—mn mn m?—n?l1\0;
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What we know about composites’ fatigue

Specimen type and size play a role!

900
(a) R.ﬁt.) | + Dog-bone B
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: w 1307 A~ 4 N oyl N = 2.018-10%-§-8%
S 7004 & Tra v2oan o M= I,,\,h
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< 600 LI W M ™ N = 5.856:10%0-S°3
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@ 2 ‘-\_‘ \‘ \\ ®
Ty 5004 N =1.628-10%3-§-1036 P 5. s EXp. results
Plane C 2= L
(b) s 3 , 450 4 R?=0.8810 T R oni
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F
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Life [Cycles|

S _ 1100 * Dog-bone B
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a 1000 A A L
= SN A Rectangular (1SO 527-5)

plane C A ~ay :

Plane C = 90 1
2
= swo{ ®
w
= 700 | Scaled results by stress

International Jjournal of Fatigue 85 (2016) 114-129 & .
o 600 concentration factors
Contents lists available at ScienceDiract 2 S
= 500 Run-out
. . ; 3 -
International Journal of Fatigue 400
1000 10000000
journal homepage: www.elsevier.com/locate/ijfatigue ) Lif [C | |
e [Cycles
Influence of specimen type and reinforcement on measured @mwmk

tension-tension fatigue life of unidirectional GFRP laminates

Samuli Korkiakoski **, Povl Brendsted ®, Essi Sarlin, Olli Saarela*®
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What we know about composites’ fatigue

Specimen type and size play a role!

ASTM D7791-22, refers to ASTM D638-22

International Journal of Fatigue 190 (2025) 108600

Contents lists available at ScienceDirect

International Journal of Fatigue

journal homepage: www elsevier

omflocatelijfatigue

ELSEVIER

Standard specimen geometries do not always lead to consistent fatigue
results for epoxy adhesives

Filippo Mannino #b Dharun V. Srinivasan”, Daniele Fanteria ”, Anastasios P. Vassilopoulos

* Mechanics of Compasites Group (GR-MeC), Ecole Polytechnique Federale de Lawsanne (EPFL), Swtion 16, Batiment BP, Lausarse CH-1015, Switserlond
* Universiry of Pisa, Civil and Induserial Engineering Departmen, L go Lucio Lazaring, Pisa 56122, laly
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Polymer Testing 121 (2023) 107975

Contents lists available at ScienceDirect

POLYMER
TESTING

Polymer Testing

journal www.elsevier.cor

)

Fatigue performance of wind turbine rotor blade epoxy adhesives

Dharun Vadugappatty Srinivasan, Anastasios P. Vassilopoulos

Composite Construction Laboratory (CCLab) Ecole Polytechnique Fédérale de Lausanne (EPFL) Station 16, CH-1015, Lausanne, Switzerland
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What we know about composites’ fatigue

New materials, new joints, new geometries...

Also know that methods used for metals (and composites for
aerospace) are not any more appropriate for composites
used in other domains!
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What we know about composites’ fatigue

New materials, new joints, new geometries...

Suction side shell

10 mm
Pressure side shell — L ———
Flow front :
Adhesive laver
; Trailing cdge Process zone /

Visible crack front Real crack front

g S e o par e e e S e e Sec GG e \JEME g SuSe SGAR SEN SR TSR 8
o S Bot - .o g
e > 7 T RN = SR TN A

Thick adhesive joints

Fracture analysis of adhesive joints in wind turbine blades WJﬂd Eﬂﬂfgy Volume 18, Issue 6

M. A Ederig R D. Bitsche &= ) June 2015
= Pages 1007-1022
First puclished: 01 April 2014 | https://doi.org/10.1002/we.1744 | Citations: 37 ==

Composite Structures 327 {2024) 117705

Contents lists available ar ScienceDirect

The behavior of the bulk
adhesive dominates the
joint performance

Composite Structures

vy
ELSEVIER journal homepage: www.elsevier.com/locate/compstruct

Mode I fracture of thick adhesively bonded GFRP composite joints for wind
turbine rotor blades

Jialiang Fan®, Anastasios P. Vassilopoulos”, Veronique Michaud *"
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What we know about composites’ fatigue

Thick adhesive joints

Piano hinges

Grooved DCB specimen
with pattern

Stamped ruler

Internatianal Journal of Fatigue 188 (2024) 108508

p—
Contents lists available at ScienceDirect .

International Journal of Fatigue

journal homepage: www elsevier.com/locatelifatigue -

m
Void content and displacement ratio effects on fatigue crack growth in thick &%
adhesively bonded composite joints under constant amplitude loading

Jialiang Fan®, Keiyu lkeda ", Anastasios P. Vassilopoulos ‘, Veronique Michaud
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What we know about composites’ fatigue

Fracture mechanics — G for K or maybe ... AG ? or VG ? or...

Mode Il

Load 10°

250 - — —Crack length P 014 10 ; R=01

L. = R=05

, = D R W/ |
200 T~ - f' (1_(_)Q)

)

/ vl

010
z 277 e

o rd

3 1 .

= 100 ’ 0.08

Crack length (m
dovdN {mmfcycle)

0 0.04 10 . R A s *M. Shahverdi, A. P. Vassilopoulos, T. Keller “A total fatigue life model for the prediction of the R-
0.00 001 002 003 004 100 200 ) 300 400 500 60O ratio effects on fatigue crack growth of adhesively-bonded pultruded GFRP DCB joints”
Displacement (m) G /M) Composites A, 2012;43(10):1783-1790
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What we know about composites’ fatigue
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*A. Cameselle-Molares, R. Sarfaraz, M. Shahverdi, A. P. Vassilopoulos, T. Keller “Fracture mechanics-based progressive damage modelling of adhesively
bonded fibre-reinforced polymer joints” FFEMS, 2017;40(12):2183-2193
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What is expected?
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Conclusions #1

Fatigue failures are the most common in components, and structures in all engineering fields

e Fatigue — a BIG problem in design of engineering structures

* Fatigue failure - The combined (synergistic) effect of the load, environment, geometry, material
architecture, time, defects... (seems complicated ®)

* Fatigue can be addressed by different approaches

* Prediction capacity limited due to the lack of exp. data for validation
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(a)

Load cell

Failure after N; cycles

£ (%)

N,

Failure after N;+N,+...+N. cycles
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Experimental characterization of composite laminates

Objectives of experimental investigation:

Identify material performance (qualitative)

Identify failure modes

Collect data for life estimation/durability/performance (quantitative)

Use data for modeling / create databases!

Experimental data are essential — either in quasi static or in fatigue data are
needed to validate any theoretical estimation!

Fatigue is more complicated (and more costly ®) — The material properties
variate with loading (not linearly and history plays significant role!)
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* Depending on the needs!
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* Collect lifetime data (S-N curve) Ilgé@hatlon

* Measure load
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* Measure load
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pt the test and perform static strength test
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M#1: Multidirectional laminate results

Anti buckling device

&S \\' X
N\
NN
\
= \\}‘\\
AP A\
QAN
\ g \
\ N
W
N\
Q)
x\\
A

\\Q"FE protective

Specimen geometry and stacking sequence

[0/(45),/ 0],

Clamping plate

\

liner

Why this geometry?

Aluminum tabs
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1: Multidirectional laminate results

QS results
UTS (MPa) UCS (MPa)
mean value s.d. mean value s.d.
Displacement control, I mm/min
0° 244.84 (4) 18.08 216.68 (4) 14.67
30° 130.52 (2) 14.23 145.52 (2) 13.94
450 139.12 (2) 25.61 106.40 (2) 2.69
60° 117.26 (2) 16.64 99.52 (2) 3.59
90° 84.94 (3) 2.06 83.64 (3) 5.37
Shear 61.38=(139.12+106.40)/2.2
Load control, 40 kN/sec
0° 417.49 (5) | 74.86
CIVIL-443

o, (MPa)

300

200

104

o Tension
E + Compression

-100

-200|

-300

0 (deg)
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...mechanics...

(¢ 'y’)max
in-plane

Maximum in-plane shear stresses

CIVIL-443

Tmax,in—-plane =

Advanced Composites in Engineering Structures
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M#1: Multidirectional laminate results

CA Fatigue loading conditions! Anti buckling device

1. Frequency 1OHZ Specimen

2. R-ratio (R=0,,,/0 =0.1, 10, -1, 0.5

max)

3. Laboratory conditions (£22°C, 50% RH)

Clamping plate
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Stress life data (life estimation

120

Fatigue data and S-N
curves for R=10

. 30
v 45
- 60

120

10

Fatigue data and S-N
curves for R=-1

CIVIL-443

120

Fatigue data and S-N
curves for R=0.1

g, (MPe)

Fatigue data and S-N
curves for R=0.5
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Fabrication:

% Used material: Glass/epoxy
(GFRP)

< Specimen layup (+45),,

% Vacuum assisted hand-lay up
technique

Specimen size
ASTM, D3039/D3039M

*Scales in mm 1%

Burn off test:
% 62% Fiber content
% 38% Matrix content
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Experimental results: S-N curves

i 80 : ‘
‘ + Exp.data / ,
—— S-N curve : 3 //
Omax |~y
70 \ % :
R AN | . hysteresis I
\; » area |
AN 0 |
\\ g :
60 o 7 : |
. \O\:' o 'o/ —- Shifting :
N 3] j !
. (->)| :
L J L] L] -
Y :
e [
.. . :
e * |
\\\‘ :
Owin oA Lo

m L e AECVUIC—'J

40 ol RN | Lo aaaal Lo el L4 aaui . L ’ s 1

10° 10° 10* 10° 10° 107

Cyclic strain

—— Quasi-static 1 mm/min
- - - Quasi-static 30.5 kN/sec

Fatigue behavior

120

Fatigue life

Fatigue stiffness

Hysteresis loop area

=47 MPa

OF  Omax

. ; . Cyclic creep: (€max€min)/2

Strain (%)
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80 80

High stress level Low stress level

r— [ ]
C/ \ atlgue 777777777 —N=1] £ 40 / / / /
—— 100 s
—— 200 ~  No?
L 400 ° —’.:x1109’
perrormance @ |
1000 // 5x10
1100 i / 1x10°
1 L —1.2x10°
0 ) 0 . 1 . 1 .
0 2 4 6 0.0 0.5 1.0 1.5
Strain (%) Strain (%)
1.0 ] ] | ] 0.10 ] ] ] f 4
68 MPa Hiah
. 64 MPa ngher O-miax
008 - 58MPa| oo T\ S
= + 53 MPa | T e
> < 49 MPa P ‘ |
g’0.06 3
(1]
(0]
©
@
2004
2
2
T
0.02
0.00 L
0.0
N/N,
v" Damage formation and accumulation v Internal friction v Viscoelastic deformation

v" Damage accumulation
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Thermal behavior/observation (R=0.1

Temperature (°C)

—— Maximum Temperature |
50| —— Average Temperature

0 200 400 600

CIVIL-443
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Low stress level
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> i | |
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o
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[
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50 °C

30°C

10 °C

Damage development with stress level
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Failure mechanisms

; 3 mm

Digital handheld
microscope <

CIVIL-443 Advanced Composites in Engineering Structures

250 pm

1000 pm

R
N

1. Fiber breakage

2. Fiber pull-out

GR«MeC
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Failure mode

A nr
L™ [
iy _"b/f
W\ A% ¥ ‘f,. ‘r f
Mixed fiber pull-out Y b k Mixed fiber pull-out Fiber breakage
and fiber breakage pt and flber breakage

Fatigue fracture surface, (a) omax = 68 MPa (Conf-0.1-68-c), (b) omax = 58 MPa (Conf-0.1-58-c), (c) omax= 53 MPa (Conf-0.1-53-c), and
(d) omax = 49 MPa (Conf-0.1-49-a).

All fracture surfaces exhibited a diagonal damage pattern
High stress = fiber pull-out, Intermediate and low stress = significant necking in the failure zone, mixed fiber
pull-out and fiber breakage (partially fiber breakage and partially fiber pull-out), low stress = extensive fiber breakage
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Failure mode

Delamination occurred in the resin-rich regions between the plies as a result of damage accumulation (cracks) in the matrix.
The delamination size is longer for specimens examined at higher stress levels, i.e. exhibiting fiber pullout.
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Demonstrate fatigue results with exp programs

e Material #3: Hybrid G/CFRP composite laminate

* Material system - 3 UD fabrics:
 ultra high modulus carbon (S&P C-Sheet 640)
* high strength carbon (S&P C- Sheet 240)
* E-glass (S&P G-sheet E 90/10).

* A solvent-free, transparent 2-component epoxy resin (S&P Resin Epoxy 55 HP)
* Quasi-static and fatigue experiments, CA fatigue for hybrid glass/carbon

* Objective: Investigate hybrid effect/fatigue performance

F. Ribeiro, J Sena Cruz, A. P. Vassilopoulos. “Tension-tension fatigue behavior of hybrid glass/carbon and carbon/carbon composites” Int J Fatigue, 2021;146:106143
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Experimental

. ’
w3
Cagr

results

700

600

500

Stress [MPa]

Pseudo-ductile tensile responses of GC and CC combinations.
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Failure process/failure modes

700 ,
600 | HH\!
500 | B
11
— 400 | R = =
o =
o I : _'! e v
@ E o =
200 | e =
- . (b)
100 | ' Failure modes: (a) GC and (b) CC combinations.
T
0 1 1 f
0.00 0.50 1.00 1.50 2.00 2.50

Strain [%]

Strain field of CC combination (CC-QS-03 specimen) during loading

CIVIL-443 Advanced Composites in Engineering Structures 89



=Pi-L GR«MeC
Fatigeu results (GC laminate)

550 ! i i T T T 80 T T T
® R=0.1 u
° . S-N curve
500 .
60 |
o i |
D 450
= -
©
S 400 f : 5. 40
w 0
& 350 : =
20 |
300 + .
250 2 5 D 1 1 L
10 10 0 5000 10000 15000 20000

N

Damage and stiffness degradation during the
fatigue test at lowest maximum stress level.
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Modeling and prediction in fatigue

* Experimental investigations
e Describe and understand(?) the fatigue behavior

* Models were established to simulate the exhibited behavior

* Actually, to Fit the material behavior and derive mathematical
representations (e.g. S-N curves, stiffness degradation models)

* Models for prediction

* Models to “estimate” the material behavior under “unseen” loads* (CLDs,
fatigue failure criteria etc.)

*Not necessarily possessing any behavior explanation ability — called as well as empirical/phenomenological models
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Objective of modeling approaches

* Replace the need for excessive experimental campaigns

* Develop virtual testing environments

 Validated analytical/numerical models can be used for:

The simulation of the material’s response under selected loading patterns, (S-N, E-N, CLDs).
The lifetime estimation under unseen loading patterns, including VA (failure criteria —
damage rules).

PDM, identifying damage modes, and predicting eventual material failure.

Material selection/optimization, especially through bottom-up micro-mechanical multiscale
approaches

* able to assist in selecting the appropriate mix of materials, as well as joining techniques.



I

P

=
N

L
Descriptive modeling

* Methods of investigation (rely mainly on experimental data)
* S-N curves and CLD*
 Stiffness degradation theories

e Residual strength theories

*CLDs also used for predictions

CIVIL-443 Advanced Composites in Engineering Structures
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S-N curve types and CLD modeling

* Empirical methods relying on the quality of the available data

* S-N curve — fitting the fatigue life data (cyclic stress or strain (e-N in
that case) vs. cycles to failure

e CLD — constant life diagram — Shows the mean stress effects
(summary of S-N data for different loading patterns)
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S-N curves

* S-N curves simulate the fatigue behavior — mean fatigue life @ a given
stress level

* They are simple representations of the material response — have no
physical meaning

* The best S-N curve is that equation that FITS better the fatigue data in
all fatigue regions*

* A. M. Freudenthal “The statistical aspect of fatigue of materials” 1946 - “The relation expresses the effect of a general mechanism of fatigue and is more than purely empirical (best fit line of large number of
observations) is suggested by the circumstance that it is valid for practically any kind of material, whatever its deformational performance”.
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The S-N curve

* One of the most explicit and straightforward ways to represent experimental fatigue data is the S—N
diagram.

* |tis preferred to other approaches for the modeling of the fatigue life of FRP composite materials, e.g. those
based on stiffness degradation, or crack propagation measurements during lifetime, since it requires input
data (applied load and corresponding cycles to failure) that can be collected using very simple recording
devices

» Usually, fatigue data for preliminary design purposes are gathered in the region of fatigue cycles ranging
between 103 and 10’.

* Depending on the application, high- or low-cycle fatigue regimes can be of interest. Additional data are
needed in such cases to avoid the danger of poor modeling due to extrapolation into unknown spaces.

R. Sarfaraz, A. P. Vassilopoulos, T. Keller “A hybrid S—N formulation for fatigue life modeling of composite materials and structures” Comp A, 2012;43:445-453
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The S-N curve

* Although for the high-cycle fatigue (HCF) regime long-term and time-consuming fatigue data must be
acquired.

* The situation seems easier (?) for low-cycle fatigue (LCF) where, static strength data can apparently be used
in combination with the fatigue data.

* When the static strength data are considered in the analysis, other problems can arise especially when they
have been acquired under strain rates much lower that those used in fatigue loading.

* The S-N curve flattens at the LCF region — this has been attributed to the sensitivity of FRP composites to
high strain ranges that occurred under high stress level.

R. Sarfaraz, A. P. Vassilopoulos, T. Keller “A hybrid S—N formulation for fatigue life modeling of composite materials and structures” Comp A, 2012;43:445-453
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S-N curve types

* Which type of S-N curve is the best?

* That one that fits better the fatigue data!

R. Sarfaraz, A. P. Vassilopoulos, T. Keller “A hybrid S—N formulation for fatigue life modeling of composite materials and structures” Comp A, 2012;43:445-453
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S-N curve types — methods for derivation

e Linear regression (Power low, logarithmic, ASTM etc)

e Statistical based S-N curves (Whitney, Sendeckyj, etc)

* Polynomial fitting (Harris, Vassilopoulos)

* “ML” methods for fatigue analysis of composites (Vassilopoulos)**

35 1.2
T T T ! T ! T ! 1.2 . GP predictions In equntions, X=Log(N)
: E:tlut; éHdL::; s  Expdata, Matl G =5.167- 21215X - 0.347%7 - 0.020°%°
30 b Exponential i . Exp. data, Mat 2
Power Exp. data, Mat 3 09t
K>S _ —..—- Wear-out / 50% 0.9 hd hd v  Exp. data, Matd ’
> e N I
= ~qo —-—--Whitney / 50% 2 . g
.25 w - py P’ ©
> -+ =
g ‘E v Wiee _3 L g,
S _E 0.6 T c 0.6 o= L114 -0, 435X = 0.007=X>
s S = O = " =X aeyls aposxt
2 7 Ch O =0.603 = 0.0615X - 0.032X % - 0.002219%
i i
03r
sl 0.3
Opg=0.008 = L1245X - 0.576°X7 - 0,106°%3 - 0,0075x%*
10 1 1 1 1 1 i 1 1 0.0 . | | . | | 0.0 i L L L i .
10° 10" 102 10°  10*  10°  10° 107 10®°  10° 1 2 3 4 5 6 = g 1 2 3 4 5 6 7 8 9
N; Log(N) Log(N)

*R. Sarfaraz, A. P. Vassilopoulos, T. Keller “Modeling the constant amplitude fatigue behavior of adhesively bonded pultruded GFRP joints” J. Adhes Sci Technol, 2013;27(8):855-878
** A, P. Vassilopoulos, E. Georgopoulos “Novel Computational methods for fatigue life modeling of composite materials” in Fatigue and life prediction of composites and composite structures, 2010
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Constant life diagrams

* Constant life diagrams reflect the combined effect of mean stress and material anisotropy on the fatigue
life of the examined composite material. Furthermore, they offer a predictive tool for the estimation of the
fatigue life of the material under loading patterns for which no experimental data exist

* The main parameters that define a CLD are the mean cyclic stress, o,,, the cyclic stress amplitude, o,, and
the R-ratio defined as the ratio between the minimum and maximum cyclic stress, R=0,../0,..,

* Three sectors... :—4 MW
* Radial lines emanating from the origin = S-N curves FAARA- .
R=- o0
- C-dominated P—
T-T, 0<R<1
* CLDs are formed by connecting data in various S-N curves w ~ w T i
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Constant life diagram types

e Linear CLD

GR«MeC

* The concept of the linear CLD model is based on a single S—N curve that must be experimentally derived. All
other S—N curves can be determined from the given one by simple calculations. This simplified formulation
assumes identical failure mechanisms in tension and in compression when the load amplitude is the same.

150

& Exp. dat

Tg Om
T, 0,

[

—N-— 1/k

o (MFPa)

S0+

— Pred. CL lines
* Used exp. data
a for

}

validation

N
\\\

A\

=

-100

CIVIL-443

104
T (MFPa)
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Constant life diagram types

* Piece wise linear (PWL) CLD

Derived by linear interpolation between known values in the (o,—0,)-plane
Requires a limited number of experimentally determined S—N curves, and UTS, UCS
Usually curves for R=0.1 for T-T loading, R=-1 for T-C loading and R=10, for C-C loading patterns

150,

. . ! UTLS' —— Pred. CL lines
If R In TT reglon J'ﬂ - UTS L ' - }-E::!!JJ.;E.f‘er:.Lljdu1jun 3
Ga 11T r rITT _
100} VT -
If R in CT regi o — 0qi(ri — Tis1) g / K/Ef
N region a [ = 1A
& (ri—r)=-+ (' —riu) = | 11X
i+ /) \
1
. : Ucs ‘
If Rin CC region g = ,
a Ucs i N
Gaicc nce -300 1 300
o (MPa)

r= (1 *R:‘)/(] —R;)
103
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Harris CLD

A semi-empirical equation based on fatigue test data

. . 200k Elrcdd. CL Iitllws
— y y L4 sed exp. data
a = f( ] o ﬁ”} (C L ”’} “ Exp. dalﬂ for validation ~
150k _ \

* where a is the normalized stress amplitude component, o,/UTS, 2 / \

. Z o0} % \ \
* m the normalized mean stress component, o,, /UTS, o® X/ W\

AT W )
* cthe normalized compression strength, UCS/UTS sol / /),[ \\- \ X
/ /!
* In this equation, f, u and v are three adjustable parameters . /// . \\
. . ) 300 200 -100 0 100 200 300
functions of fatigue life. o (MPa)

f=A1log(N) + B

Requests 3 S-N curves: u = Azlog(N) + B,
v = Aslog(N) + Bs
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Kawail CLD

* Asymmetric CLD based on the assumptions:

1. The stress amplitude, o,, for a given constant value of fatigue life N is greatest at the critical stress ratio,

2. The shape of the CFL curves changes progressively from a straight line to a parabola with increasing fatigue

life
3. The diagram is bounded by the static failure envelope 150
Pred. CL lines
&  [sed exp. data
#  Exp. data for validatjon
Loy (2= ) B
rm—t ) Y : 100
oF Y (oo N2 _ S
( o ;Ej ., UCS<g,<dl. -
50 F
. : O}
Critical stress ratio: ¥, = —=
OR
0
-300 300

105
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Boerstra

* An interesting formulation that does not need “complete” S-N curve

data —a modified “Gerber” diagram 150
Pred. CL lines Fi
o o N *  Used exp. data f
* The constant life lines are given by: s Edf?
For 6,y > 0:  Ggy = 04, (1 — (3,,/UTS)™) & %j\
For 6, <0: 04 = oap(1 — (6, /UCS)™) S0 ’ \'I\\Iltf'-.
%DO l -2IOD l -IIOO l \{} l IEIJD l 260 l 300
a, (MPa)
* A multi objective optimization is needed to estimate the model

parameters

106
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Piece wise non-linear

* Suggests plotting stress amplitude vs. R-ratio for different cycle
numbers

150 -
Pred. CL lines
— N=IO ®* Used exp. data
- - N=10F L ©  Exp. data for validation _ /
------- N=I0P \
------ N=10F 100k N a\
- i .
é -~ \ \‘
(r'.l b * e ——— | 5 \
k= \
..................... \
50+ / 'I,I
I|
|
i
A |
/ |
\ 0 L 1 1 1 L L 1 L 1 L
5 0 5 10 =300 =200 -100 0 100 200 300

0, (MPa)
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Stiffness degradation theories*®

* Theory of Continuum Damage Mechanics
In 1958, Kachanov proposed to describe brittle creep rupture under uniaxial

tension by a scalar field variable, the continuity

* (J=1 corresponds to a completely defect-free material

* =0 corresponds to a completely destroyed material

 D=1- ¢ is therefore a measure of the state of deterioration or damage, D=1
failure, D=0 undamaged material!

* W. Van Paepegem “Fatigue damage modeling of composite materials with the phenomenological residual stiffness approach” in Fatigue and life prediction of composites and composite structures, 2010
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Stiffness degradation theories

* Lemaitre introduced the concept of strain equivalence

* “A damaged volume of material under the nominal stress o shows the same strain
response as a comparable undamaged volume under the effective stress o “

o _ 2 , With £ the stiffness of the undamaged material.
E, E,(1-D) 0

oge:

* Then the damage variable D becomes a measure of stiffness degradation:

eD=1-L
Eo
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L GR«MeC
Stiffness degradation — early investigations

* Early investigations on composite materials were conducted by th egroups of Karl
Schulte and Kenneth Reifsnider in the 1980s.

* Schulte distinguished three distinctive stages in the stiffness reduction curve
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Stiffness degradation diagram

e Schulte distinguished three distinctive stages in the stiffness reduction curve (for
cross ply laminates)
* The initial region (stage ) with a rapid stiffness reduction
* Mainly matrix cracking

* The intermediate region (stage Il), approximately linear with cycles
 Damage due to edge delaminations and additional longitudinal cracks along
the 0°

* The final region (stage Ill), in which stiffness reduction occurs in
abrupt steps ending in specimen fracture.

* |n stage lll, a transition to local damage progression occurs, when the first
initial fiber fractures lead to strand failures.
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Stiffness degradation diagram

* Stiffness can be measured frequently or
even continuously during fatigue
experiments, and can be measured 1.0 5
without further degrading the material \

* The residual stiffness model may be ’
deterministic (a single-valued stiffness : :
property is predicted) or statistical Stage | Stage |l ' Stage ll |

(predictions are for stiffness 5 | |

|
distributions) Ry N | 0
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Summary: Stiffness degradation theories

'

* Stiffness degradation — decrease of the
elastic properties (especially E,) with 10

cycles | k _

* Residual stiffness = remaining stiffness

GR«MeC

E
after N cycles Eo
p-1-L : :
E, Stage | Stage I | Stage Il |
| | I
|
« With D=0 - undamaged (pure) material 00 p’ o
N

* D=1 - complete loss of integrity

Typical stiffness degradation response

CIVIL-443 Advanced Composites in Engineering Structures
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Residual strength degradation theories

* Basic assumptions

- The residual strength is monotonically decreasing with cycles
- The initial strength equals to the static strength
- The residual strength at failure equals to the applied CA stress

A
S sudden death (C>1
g, (1
0.70 4 ¢ "Wia » Fatigue lifetime data
O Remaining Strength Paints
-
. ) 0.6 .
a early linear . da =
S degradation egra ?‘l—nln | 2 o050 o O Oy |
£ (€<D) S : g 0 O btk
: = 0 . sssm o
| @ . . so g some ¢
g i il e 0.30 e
ma -
[
X | 0.20 T T T T !
: > 100 1,000 10,000 100,000 1,000,000 10,000,000
N Cycles to Failure log (N)

Residual strength concepts

* Exp. data One of the most demanding theories

CIVIL-443
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Residual strength data collection
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Strength degradation theories

 Strength degradation after fatigue can be described using residual
strength tests. In these experiments, a specimen is subjected to
fatigue loading and tested destructively in tension or compression at
a series of predefined percentages of nominal fatigue life

* Experimental data and a line representing a commonly used one-
parameter strength degradation model are shown in the next slide
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Strength degradation data

e Static strength data
e CA fatigue data

* Residual strength data. In this case,
tensile strength tests were carried out
at 20%, 50%, and 80% of average
fatigue life; hence, the residual
strength data are shown as vertical
bands of data at these nominal life
fractions

Normalised maximum stress

1.2 Static data I
T~

0.8 1

0.6

0.4

0.2

GR«MeC

P

N Residual strength data
0\

O max

i N
/ ]
I
/ Constant amplitude fatigue
Premature failure
0 0.5 1 1.5 2 2.5

Normalised fatigue life
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Strength degradation data

e A premature failure. This test was 1.2 Static data
intended to be a residual strength test at a .

certain life fraction, but failed before the , N
intended life fraction was attained : Y\$ Residual strength data
: 0.6 Omax

* A strength degradation curve, connecting ; \w :

the average static strength to the average é 0.4 L ———

fatigue life. Strength degradation for this 3 —— : #q/

dataset is almost linear. 0.2 /

Premature failure
0

In all strength degradation models, strength degrades monotonously
from either tensile or compressive strength down to the maximum (of
absolute values) applied cyclic load.

0.5 1 1.5 2 2.5

Normalised fatigue life
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Fracture mechanics theories-PDM

* Follow the development of crack (or cracks) and associate this to
energy

] I
1 : 100
i
- —53.T% fe : '[ 10
BOL . . .B36% : ': 100
- T33% V4 I -4
o 83.0% fu ' & 10
Eno. ; : r\B‘;)l'Dr\Il da/dN 1072
£ s0f da i I : mm/cycle 192
8 —_ 1 1
E 40r aa N : : : 10~
b =L
:g a0 A o : : i 1078
2 1 1 - @
20} e 1 b it S |
- _r- ] ] I 1 = .- 'l 1 i i 1 1 i i
10} s ll : 'l . 0.1 02 03 04 05060708001
oy
G'U 02 04 06 08 1 : : : GP::!GIR
Normalized number of cycles : : :
: l 1ID >
; Gimarl G ‘ Fatigue crack growth curve
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Mixed-Mode /I

*M. Shahverdi, A. P. Vassilopoulos, T. Keller “A total fatigue life model for the prediction of the R-ratio effects on fatigue crack growth of adhesively-bonded pultruded GFRP DCB joints” Composites A, 2012;43(10):1783-1790
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Fracture mechanics data interpretation
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What we know about composites’ fatigue

Mode Il

1600 T T 1500 T T T T
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G, (J/m") *A. Cameselle-Molares, R. Sarfaraz, M. Shahverdi, A. P. Vassilopoulos, T. Keller “Fracture mechanics-based progressive damage modelling of adhesively
bonded fibre-reinforced polymer joints” FFEMS, 2017;40(12):2183-2193
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Machine learning in fatigue analysis

 Computational engineering involves the design, development, and application of
computational systems for solving physical problems

* Novel computational methods such as neural networks and GAs have initially
been used as tools for optimization of design methods, and damage
characterization of composite materials

* Initially intended for optimization, such methods were later used for fatigue life
modeling

Available online at www.sciencedi

Awailable online at www.sciencedirect.com - - - -
Contents lists available at ScienceDirect

=
ScienceDire ScienceDirect oy e . e £3
il £k Svigpid Computational Materials Science
ELSEVIER rmal of Fatigue 29 (20 [ SEVIER International Journal of Fatigue 30 (2008) 1634-1645 & I}
journa | homepage: www.elsavier.com/locate leammatsc i
Artificial neural networks in ;peclrl Comparison _Of gepetlc ngmmmmg with Com’temlon‘Adaptive neuro-fuzzy inference system in modelling fatigue life of
of composite ma for fatigue life modeling of FRP composite mat myltidirectional composite laminates

Anastasios P. Vassilopoulos “*, Efstratios F. Georg Anastasios P. Vassilopoulos®*, Efstratios F. Georgopoulos ®, ThonAnastasios P. Vassilopoulos*, Raman Bedi®
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Theoretical background-implementation

e Artificial neural networks

* Genetic programming

* Adaptive neuro-fuzzy inference
systems

Typical ANN topology
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Modeling examples

* Various ML techniques were successfully implemented for representation of the
fatigue data of composite materials and structures under constant amplitude and
spectrum loading

ML methods need (big) data. Databases with extensive material datasets for the
characterization of entire categories of materials primarily used in specific
applications, such as databases DOE/MSU and Optidat for materials used in the
wind turbine rotor blade industry. Another fatigue database has been released by
Virginia Tech containing experimental data from axial loading on pseudo-quasi-
isotropic glass/vinyl ester specimens fabricated using the vacuum-assisted resin
transfer molding (VARTM) technique. Additional databases released by UPatras
for GFRP multidirectional composite laminates (Mat#1 of this presentation)
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Data for training

* Previous results have shown that 50%—60% of available experimental data
suffices for the derivation of reliable S-N curves and CLDs.

* An arbitrarily selected proportion of 50% of the data points proved sufficient for
the derivation of reliable S-N curves by implementing an ANN model (left) or an
ANFIS model (right).
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Data for training

* An increase in the data used in the training set does not seem to significantly
influence the accuracy of the ANN or ANFIS models

25 T
0  Experimental data
50% traimng
————— 60% training
---------- 90% training
20
Modeling accuracy of ANFIS =
according to data points =
used to train the network 5
15
30%-90% training
- 8=75 degs
R=0.1
10 |
3 4 5 ) 7
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Application of methods - ANN

» After a certain pre-treatment of the data (normalization, shorting etc)
an ANN was built using four input parameters for an output (N) with
very accurate results for S-N and CLD modeling!

Hidden laver

=
r . —.—I Actual data S0 —-—I ,-\.":]O"f |
Input laver L —-0—- Predicted data — —_—N=10°
|t A"’J KQ\ " A{\RI ——N=10°
= _ L. — N=107
3 R=10
Y Y ° 60 \ -~ --0-- ANN, N=10%_]
6 )(/ /\\ ~0-— ANN, N=10°
=z » R=0.1 —v-—ANN, N=10"
- ;(‘// AN v
R < 10 '/f’) \ / ,
F ’f(’ . R=0.5
Om p
i 20 '{% < 5
0 0
3 4 5 6 7 110 60 “10 40 90 140
Log(N) o, (MPa)
Experimental data vs. ANN modeling. Tension-tension CLD for 45 degree off-axis coupons. ANN modeling vs.

fatigue, R=0.1. Coupons cut at 0, 15, 45, 75, and 90 degree;  experimental data in range 10-107 loading cycles.
30% used for training set, 70% for test set.

CIVIL-443 Advanced Composites in Engineering Structures 127



=PrL GR«MeC
Application of methods - ANFIS

 The Model creates fuzzified linguistic rules (e.g., “If fiber orientation angle is near

to zero and stress ratio is low and stress amplitude is low and maximum stress is
low, then specimen life is long”)

* The output must be “de-fuzzified” by selected defuzzification methods.

=O==Experimental data

=O== Experimental data ——»— Predicted data

0=0 degs ——»— Predicted data
o \
90 -
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10 O R
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0 | | 5
4 5 6 7 3 4 s B ;
Log(N) LoaV)

ANFIS modeling accuracy for 50% of training data ANFIS modeli f ly 30% of training dat
Developed ANFIS topology based on the & Y ° & modeling accuracy for only 30% of training data

first order Takagi and Sugeno model
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Application of methods - GP

* A domain-independent problem-solving technique in which computer programs
are evolved to solve, or approximately solve, problems.

* GPis a member of the broad family of techniques called evolutionary algorithms
that are based on the Darwinian principle of reproduction and survival of the
fittest and are similar to biological genetic operations.

* The evolution operates on a population of computer programs of varying shapes
and sizes represented as trees.

3
- ’/ \\\ -
SN N
- !
’ ﬂA // \‘\
b4 3 a 3
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Application of methods - GP

e Like other methods, GP needs to “learn”
using a data subset “training data” in order
to evolve programs.

* A termination criterion is set to define
when an evolved program is terminated
(when a desired accuracy is achieved)

e Another data subset is used to validate the
evolved programs.

e A test data set follows for the model
output.

CIVIL-443 Advanced Composites in Engineering Structures
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*  Exp. data, 15°R=0.1
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x  GP modeling
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GP modeling based on applied

datasets and genetic programming (Mat #1)
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In equations: x=Log(N)

80 0, =—1.824x" +37.348x" = 279.865x" + 894.623x —927.774
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Third and fourth order polynomial S—N curve

equations for GP output
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120

In equations: x=Log(N)
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Failure criteria/multiaxial fatigue

* Macroscopic fatigue failure theories for multiaxial stress states

CIVIL-443

Blade root \

Trailing edge

Neglecting some of the stress components
of plane-stress states is misleading and ~—:_-;'5_
overestimates substantially the fatigue life T
of composite structural components

: 2 . L R3a r.
Load time series

=L S = i = International Journal of Fatigue 24 (2002) 825-830 o
Complex stress state effect on fatigue life of GRP laminates. ’ i "'l. 1
Part II, Theoretical formulation u " I| r M I\Illf M A
Theodore P. Philippidis *, Anastasios P. Vassilopoulos 11 | LI FII |‘[H .H u ll“ J |I 'II
Department of Mechanical Engineering and Aeronautics, University of Patras, PO Box [401, 26500 Patras, Greece ‘ I I
vy N; \ Ns=0.074 N;
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Macroscopic fatigue failure theories for multiaxial stress states

* Theories that do not consider the interaction of the various stress
tensor parameters, like the maximum stress theory (Rankine) or the

maximum normal strain theory (Saint Venant) are reliable only for
specific cases of isotropic materials

* Maximum stress theory is the most appropriate for isotropic
materials that fail due to a brittle fracture

 Maximum shear stress theory or the maximum distortional energy

theory seems the most appropriate for the prediction of ductile
material behavior
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Strength of (isotropic) materials

e Estimate the stress at the time and location when failure occurs

* For conventional materials:
 Maximum tensile, compressive or shear stress and observation about the
failure is enough
* Usually, one strength constant is enough...

* Young’s modulus is enough since Poisson’s ratio equals to 0.3 and the uniaxial
tensile strength suffice since shear strength is taken to be about 50-60% of

the tensile.
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Strength of (composite) materials

* For composite materials:

* The “one-constant” approach for strength or for stiffness is (usually) no longer
adequate

* (For the simplest case of the unidirectional laminate) four elastic constants are
needed for the stiffness and six constants for the strength.

* Unidirectional composites have highly directionally dependent strengths.

* Therefore, for any state of applied stress, all stress components must be
examined before judgment on the cause of failure can be made.
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Macroscopic fatigue failure theories for (composites)?

* a) Maximum stress and strain criteria
* Not interactive failure criteria associated with failure modes

* b) Quadratic interaction criteria
* |Interactive failure criteria that can be associated or not with failure modes

VI
S
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Maximum stress and strain criteria

Related to the maximum normal stress theory by Rankine and the maximum
shear stress theory by Tresca, this theory is like those applied to isotropic
materials.

The stresses acting on a lamina are resolved into the normal and shear
stresses in the local axes. Failure is predicted in a lamina, if any of the stress
components is equal to or exceeds the corresponding ultimate strengths of

the material
—X'< o <X —(ef)uh <g <g,
Vo <Y OR forthe m.aX|mum _(53 <e <éel
2 strain theory: ult
-5 < o, < S _<56>u,, <& < Eou

For both cases: Each component of stress (strain) has its own criterion, and it is not
affected by the other components, i.e., there is no interaction
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Gﬁ
. . . !
Quadratic interaction
criteria |
01
Fio0+F0=1
* And for the strain components: O
o, o,
GcgtGe=1
 Where the F's and G’s are strength parameters an o,
to the constants in equations of maximum stress/st
criteria. Failure occurs when equation is met.
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Use of failure criteria

* Failure criteria constitute the analytical mathematical expressions for the
calculation of the failure under complex loading conditions as a function of the
“basic” material properties, that can be determined through “simple” tests.

 Failure criteria serve important functions in the design and sizing of composite
laminates. However, the criteria are not intended to explain the mechanics of
failure (although...). The framework should remain the same for different
definitions of failure, such as the ultimate strength, the yield point the endurance
limit or even a working stress based on reliability considerations.

* The quadratic criterion will be analyzed here. It is simple and versatile. It considers
interaction between the stress or strain components analogous to the von Mises
criterion for isotropic materials.
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Implementation of failure criteria in a design cycle

Or - How and where do we use a failure criterion

( Mflap
Medge
I\/Itorsion Start
Fflap ->
Fefge
L Faxial
End or logp

Failure criterion

CIVIL-443 140



I
"Il

L GR«MeC

Fatigue failure criteria

 Predictive formulations (failure criteria) implemented for composites
since the 1970s assuming uniaxial and multiaxial loading conditions

 “embedded” Locii...
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Hashin-Rotem

e Assume two main modes in the case of unidirectional materials: the
fiber failure mode and the matrix failure mode

* Failure prediction depends on failure mode and the critical angle of
transition between failure modes is defined by:

vJ[(R.N.fr)
ar . T\?2 tan Hﬁ - .
(;) HE) = &, fa(R. N fr)
* S-N curves for off-axis directions can then be calculated by:
I+ (& 2lan2 0
f"(R.N.fr) = f- () .
A\ 1+ (‘f—!}%) tan? 0

Z. Hashin, A. Rotem, A fatigue failure criterion for fibre-reinforced materials. J. Compos. Mater. 7, 448-464 (1973)
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Fawaz-Ellyin

* A very simple assumption that all the on- and off-axis S—N curves of
the laminate, when normalized by the corresponding static strengths,
lie in a narrow band on the S—N plane

* According to this criterion, if a reference S—N curve exists, e.g.:

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

* The S—N curve under any off-axis angle or biaxial ratio can be

calculated by: S(ay,az,0,R,N) = f(ay, az, 0)(b, + g(R)m,log(N))

ﬁ_r(ﬂf]_ﬁfz_”) Q(R) {Tmzlx(] _R)

L
X, Omax, — Omin,

flay,as, 0)

Z. Fawaz, F. Ellyin, Fatigue failure model for fibre-reinforced materials under general loading conditions. J. Compos. Mater. 28(15), 1432—-1451 (1994)
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Failure tensor polynomial in fatigue

* Modification of Tsai-Hahn failure criterion to consider fatigue cycles.

* Simple idea: Substitute the failure tensor components by the corresponding S-N
curves!

FTPF can be expressed in the material symmetry axes (1 and 2), under plane

stress by:
y F”{T?—|—F33{T§—|—2F|3{T]{TE+F]{TI+F3{T3+F55{Té—l=[]

l l l l | l |
I =——"Fe=G M =c—o.Fa=5—+;
XX’ YY' ‘e X X Y Y

And therefore, any off axis “S-N” curve can be estimated by:

N
| = g,cos” 0

iy =

o? o: 0100 0> :
1 2 1972 6 Oy =

+ — +—= — [ =0 - cos? 0 sin? 0 cos? O sin® 0 cos? 0sin”
XX’ YY’ XY ;52 XX/ + Yyr XY + 2
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Application of fatigue failure criteria - uniaxial

e Data from Hashin-Rotem - Glass/Epoxy, UD, Flat Specimens

400
Predicted S—N curves for :_ Predicted S—N curves for
5°, 10° and 20° off-axis 15°, 30° and 60° off-axis
specimens specimens 100 |
300
g 200 | %
xl':l‘* B 50 |
100
0 L 1 L wul g 1 1 roal g IR 0 1 M 1 gl o paaal o lllll_- |||||.| r 3 gl o L a2
10’ 00 100 10" 10 0° 100 10° 10’ 107 00 10t 10 10" 10 10°
N N
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Sensitivity analysis

* FWE sensitivity to reference angle selection
e (only 15° ref seems to work well)

CIVIL-443

Predicted S—N curves for
30° off-axis specimens using
various reference curves
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Application of fatigue failure criteria - uniaxial

I

e Data from Mat #1 Glass/Polyester, Multidirectional laminate, Flat Specimens 15°
. 100 . dicted S— f 80
Predicted S—N curves for . . Predicted S—N curves for 150
30° and 60° off-axis _ s .~ : E"‘p' 23“ 150, 75° off-axis . « Exp I,
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Application of fatigue failure criteria - Biaxial

* Data from Owen-Griffiths* glass/polyester thin-walled tubes under combined
axial loading and internal pressure under the stress ratio of R=0

400 400
Comparison of
theoretical (predicted by \
FTPF, and FWE) failure 200 | \ 200 | |
loci vs. experimental data of | ‘/I
cylindrical specimens loaded _ / -
- =
at 0° and 45°. FWE, ref. 45° = o} S ol
5 s + N=I
N N=1 5™ X
3 N=10’ < N=10
N=10* » N=10°
2200 F . Ne10° -200 = N=I10°
B v N=10°
— FPP}I%B - — FTPF, SB
: . ---- FWE, ref 45°
-400 ' ' ' : e B N T
-400 -200 0 200 400 ) -
AC_(MPa) Ac, (MPa)

M.J. Owen, J.R. Griffiths, Evaluation of biaxial failure surfaces for a glass fabric reinforced polyester resin under static and fatigue loading. J. Mater. Sci. 13(7), 1521-1537 (1978)
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Conclusions #2

* Modeling # prediction

 Methods (for both) exist
e Different types — no unique theory

* Prediction capacity limited due to the lack of exp. data for validation

* “Hybrid” fatigue theories should (could) be appropriate
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Where are we standing today?

Theoretical approaches exist and data are gathered in various labs

No commonly accepted theory exists

* Challenges in sharing composites’ fatigue data and methods

Homogenized protocols and standards for data sharing are missing

* We miss open access data bases

* We miss open access theory/model “databases”

GR«MeC
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