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ABSTRACT

The fatigue damage progress is analyzed both theoretically (FE modeling) and
experimentally. Since the cyclic loading causes damage, reducing the strength until the
material can no longer sustain even the service loading, the theoretical analysis is associated
with the definition of the damage parameter corresponding to the stress criterion in the form
proposed by Tsai and Wu. The detail analysis is mainly devoted to the consideration of two
structural elements, i.e. rectangular plates with a centrally located circular hole (made of
GFRP) and a square plate (made of Kevlar/epoxy resin) subjected to shear loading. The
experiments demonstrate the scatter of results. The fuzzy set analysis have been proposed in
order to estimate the uncertainty in the evaluation of critical number of cycles corresponding
to the final fatigue damage.
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INTRODUCTION

Two types of damage mechanisms can be distinguishes in composites under fatigue
conditions: interlaminar damage and delamination. Propagation of interlaminar cracks cause
the degradation of material properties and overall failure of the laminate. There are several
types interlaminar damage of composite structures such a transverse matrix cracking, fiber-
matrix debonding and fiber ruptures. Thus, main source of structural failures in composites is
loss of adhesion between two adjacent laminas — delamination. Delaminations can arise as the
result of interlaminar stress concentration or manufacturing errors. Phenomenon of
delamination may be analyzed in the context of fracture mechanics (failure modes) or damage
mechanics (loss of contact between the laminas) (Carneiro, 2000).

In the state-of-the-art there are many analysis and models of different composite structures
delaminations.

Existing fatigue models are presented in several reviews article (Degrieck, 2001). The authors
distinguish three main categories of fatigue modeling:

1. models, which use s-N curves or Goodman-type diagrams and presented some kind of
fatigue failure criterion but ignored the actual degradation mechanism

2. phenomenological models, which calculated residual stiffness/strength

3. progressive damage models which include damage variables included measurable
manifestations of damage (f.e. delamination size).
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Carneiro and Savi (Carneiro, 2000) developed motielelamination in composite material
for two structures: antisimmetric laminated tubd &minated bar. Model of the laminate had
a finite thickness interlayer and estimations ¢¢itaminar stresses from modified lamination
theory. Numerical results agreed with experimedéh available in literature.

Fatigue delamination growth in composites strucuseone of the most important topic in
delamination research. Several authors used felMment method and cohesive elements to
analysis different mode of loading.

Roe and Siegmund (Roe, 2003) presented fatigue glargeowth with adding a damage
evolution equation for cyclic loading to cohesivewl This article described separately
unloading and reloading processes in form of hgsier loop between unloading and
reloading paths. Cohesive zone model for the sitimmaof delamination propagation under
high-cycle fatigue loading was developed by Turdnak (Turon, 2007). The damage
evolution laws were combined with the law of damagelution for quasi-static loads within

a cohesive element. Results showed that this naddmage is suitable for both quasi-static
and high-cycle fatigue delamination.

A fatigue degradation law for cohesive interfacengnts is developed by Harper and Hallet
(Harper, 2010) using Ls-Dyna finite element sofevdbelamination crack propagation under
cycling loading was analyzed by cohesive zone fater element degradation law and it is
implemented using three-dimensional interface efgmeé/alidation is done with composite

material fatigue fracture toughness tests: Doulaetlizver Beam (Mode |) and End Notched
Flexure (mode Il and mixed mode bending).

Computational modeling of delamination and delaidma growth in composites was
presented with using nonlinear finite elements (G/2901). This work showed dependence
the direction of delamination growth with maximutnain energy release rate. The main role
sublaminate lay-up in the distribution of localastr energy release rate components along the
delamination front is showed.

Bennati and Valvo (Bennati, 2006) presented modeldelamination growth under
compressive fatigue loads in composite plates. ddraposite structure is modeled as two
sublaminates partly bonded by an elastic interfegeresented by continuous distribution of
linear elastic springs. Authors applied a mode-ddpat fatigue growth law to easily predict
the number of cycles needed for a delaminationxtensl to a given length or for complete
failure, for any values of the minimum and maximapplied loads.

Hu et al. (Hu, 2008) developed cohesive model forutating delamination propagation
under transverse loads. They analyzed DCB problaéth 8D hybrid finite element for
evaluating the delamination propagations on int&$eof composites.

Two parameters monitoring damage evolution duratgyéie test of composites: stiffness and
dissipated energy per cycle were chosen in wor&iahcane and al. (Giancane, 2010). This
article is showed that this parameters are veryomapt to describe the state of composite
damage. Monitoring this parameters showed thregestéor all testes. First and third stages
are characterized by rapidly degrades of composbiteson the other hand second stages of
damage has more slowly and steadily progress.pdpsr presented a study of fatigue effects
with long glass fiber under tension-tension fatidped. Residual life evaluation is tested by
experimental non-destructive method.

Wu and Yao (Wu, 2010) developed existing damageaisa@&paarachchi, 2005, Mao, 2002),
which defined strength degradation, stiffness degian and energy dissipation and they
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compared its with experimental data. Model preseimethis work is based on the stiffness
degradation rule of composite materials under t&tigpading.

Nilsson et al. (Nilsson, 2001) showed model of d&ncomposite panel loaded in
compression with artificial delaminations at twoffelient depths (shallow and deep
delamination). The study presented change in delaimn depth induced a transition in the
direction of delamination growth along with a chanm the basic fracture modes and
stability. Developed model included contact zongvieen delaminated members, calculation
of energy release rate with fracture mode separdiyp approximate as well as a reliable
method for general layups and moving mesh scheraedount for delamination growth.

Andersons et al. (Andersons, 2004) showed empincadel for the stress ratio effect on the
fatigue delamination growth rate under both mo@ad mode Il loading. Fatigue damage is
estimated by linear cumulative assumption. Comparisf prediction based of this model
with results for different type of fiber reinforcemt composite give reasonable results.

Kawashita and Hallett (Kawashita, 2012) used saf#w&-Dyna to present crack tip tracking
algorithm for cohesive interface element analydisfatigue delamination propagation in
composite materials. This method is used to armlgsninates with central cut plies as well
as a circular benchmark under cyclic loading. Cieesone models with using Ls-Dyna was
proposed also by Elmarakbi et al. (ElImarakbi, 206®)ite element code ANSYS is used in
model delamination growth (Landry, 2012) in comp®sinder fatigue loadings of varying
amplitudes. Nikishkov et al. (Nikishkov, 2013) deped fatigue failure simulation methods
for multidirectional carbon/epoxy laminates with A&ETheir model used stress-based fatigue
failure criteria and fatigue damage accumulation.

One of the most useful method to detect damagesomposites with delamination is

Structural Health Monitoring (SHM) method (Muc, 2)1Muc and Stawiarski presented the
study of SHM using to test delamination and damag@ameters. Diamanti et al.

(Diamanti, 2007) presented tests of large compasitectures with using SHM. In this work

defects of critical size caused from low-velocitypact were successfully identified.

Presented article is also an extension of the arsalyf design of composite plates under
cyclic loading, made by Muc et al. (Muc, 2000, MA602, Muc, 2010, Muc, 2011).

FINITE ELEMENT MODELLING OF FATIGUE DAMAGE

In this article, a one-dimensional residual stifsenodel is proposed. It aims at simulating
the three stages of stiffness degradation, inctyfimal failure. To that purpose, the damage
evolution law consists of two terms, separatelyoaoting for damage initiation and
propagation. The macroscopic damage variable dnsaeroscopic measure for the fatigue
damage, since the structural changes on the mapascscale are characterized by a
macroscopic reduction of the stiffness. To simulhie stage of final failure, the strength
properties of the composite material must be inetlidThereto, a new stress measure, the
fatigue failure index, has been defined, based onodified use of the classical Tsai—Wu
static failure criterion:
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where:
o - the components of the stress tensor,
F - the appropriate failure indices.

The fatigue failure index, defined as: d= 1/RBpaticularly useful to model the stage of
final failure. This is to be introduced with valubstween zero (virgin material state) and
unity (final mode of failure). The damage parametkaracterizes and simulates the three
stages of stiffness degradation (sharp initial ideel-gradual deterioration—final failure)
(Muc, 2003). The above approach will facilitate tdamage (fracture) analyses to be
conducted for individual plies in any arbitrarigid-up the laminate. To put it differently, this
novel approach will allow the applicants to utilitee meso-model whereby the existing FE
modeling can be used.

In the proposed research, the spatial non-unifgrnuf material’s properties at the
microscopic level is to be taken into account frexperimental data obtained during fatigue
tests conducted for plies oriented & @5 and 98 in tension and compression. When
processed, this information will be representedhgylower and upper bounds of the stiffness
degradation, i.e., as stiffness E(n) versus thebaurof cycles n relationships. These sets of
lower and upper bounds will be available indepetigigor 0°, 45° and 98 orientations and
Figure 1 illustrates the form of diagrams obtairied fibres oriented at ©for specimens
subjected to tension.

Using the arbitrary FE package it is possible tonpote the stress distribution for given
material constants and further it is possible hd fihe appropriate values of the failure index d
— eg. (1). With the aid of fatigue diagrams chageeing the stiffness degradation for each
number of cycles n it is possible to find the dmitions of failure indices with number of
cycles, i.e. d(n) and determine the fatigue lifeal the failure index reaches the value 1 (the
final damage). The numerical calculations are cotetlfor the mean, upper and lower values
of stiffnesses and for the chosen increments otjfudes. It is worth to emphasize also that
the numerical analysis is not limited to laminateade of plies oriented af, 045’ and 96
since stiffnesses for other orientations can be prded with the help of the classical
transformation law from local to global system obodinates, assuming the validity of the
linear, elastic Hook relations for orthotropic madés.
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Fig.1 Stiffness degradation vs. number of cyclesgm-M, upper — R and lower — L values, respectjvely
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FATIGUE LIFE PREDICTION

This article showed two models, which allows tareate fatigue life prediction: rectangular
plate with a centrally located hole and squaregpaibjected to an uniform shear.

Rectangular plate with a centrally located hole

Let us consider a rectangular plate with a centdalktated hole. The plate is made of glass
fibre/epoxy resin and the laminates consist of fayers. In the construction of finite element
model it is used mesh adaptation. Each layer wasatized with the use of 3D FE having
orthotropic properties and the corresponding valokshe stresses are demonstrated in
Table 1.

WOH-MISES STRESS

WIEM t 4451991
FAHGE: 22,24043

32,24

m:
27,70
B

25,432
23,16
20,89
13,61
16,34
14,07
11,80
9.530
7.259
4,982
2,717
LHAE2

Fig.2 The example of the stress concentration

Table 1 The stresses at the hole edge and x=0eatdth33 (compare with Fig.2)
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1 0,2145e+03| 0,3336e+02 0,4208e+01 0,1900e+02
2 0,2233e+03| 0,3258e+02 0,7242e+01 0,1811e+02
3 0,2262e+03| 0,3232e+02 0,8252e+01 0,1781e+02
4 0,2233e+03| 0,3258e+02 0,7237e+01 0,1811e+02
5 0,2145e+03| 0,3336e+02 0,4197e+01 0,1899¢+02
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Fig.3 Comparison of theoretical and experimentales of the damage parameter d

Using the presented in the section 2 proceduresldineage parameter d variations with the
number of cycles are plotted in Fig. 3. They amnpared also with experimental results. The
scatter of the latter values is even higher thaorttically established higher bounds.

Square plate subjected to an uniform shear

The next example deals with the analysis of fatipebavior and damage of square plate
made of aramid/epoxy resin. Similarly as previowstalyzed structure this plate is made of
five layers having identical thicknesses.
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Fig.4 Comparison of theoretical and experimentéles of the damage parameter d

The damage (Last-Ply-Failure) occurs always inupger ply. The slow (comparing with the
previous example) development of fatigue damage odstrates the existence of local
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delaminations and/or fibre debonding. The scattehe fatigue life is quite high and varies
from 16100 cycles to 45300 cycles. It is unsymngatnith respect to the mean (deterministic)
value denoted by the letter M — see Fig. 4. Theeslof four experimental data lies almost
exactly between upper and lower bounds. The batjeeement can be achieved when the
uncertainty of external loads would be taken intooaint since the uniformity of external
shearing loads is an assumption only. In additimuyndary conditions do not reflect exactly
the real experimental situation and set-up. Howeter agreement between experiments and
theory seems to be reasonably good.

RESULTS

Final fatigue damage is associated with fiber hirggin the fifth ply (Last-Ply-Failure) what

is illustrated in Fig.5. It is necessary to add th& observed local buckling of the ply joined

with the local delamination of the ply is the sedary effect being, in our opinion, the result

of the fibre breaking. Usually, the local buckliogcurs if the delamination area exceeds the
critical one — the detailed explanation of thisetfcan be found e.g. in the work (Muc, 2002).
The numerical computations demonstrates that tbeeabondition is not satisfied.

FATIGUE
DAMAGE

KEVLAR
REINFORCED
COMPOSITE
PLATE

Fig.5 The photograph of damaged plate (the expetitNe 3)
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CONCLUSIONS

The present study is a practical tool for the eeermg calculations with the evaluation of
fatigue life for real composite constructions. @e btther, the above model of fatigue damage
simulation can be easily adopted in the optimizapooblems that concerns maximization of
fatigue life with respect to laminate configuratigunderstood in the sense of design
variables). The next, still open problem, is contedcwith the total number of uncertain
parameters that should be considered in orderdoritie with an acceptable accuracy the real
behavior of engineering structures. It can be sblee each individual problem only because
of a large variety of related problems.
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