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Abstract: The problems discussed in the present paper are well-known both from the theoretical
(numerical) and experimental point of view. The novelty of our approach depends on the
application of hybrid experimental methods and a comparison of their effectiveness in the
description of complicated fatigue problems arising in the analysis of the behavior of laminated
panels with open holes and subjected to tensile loading. Three experimental methods were
used: infrared thermography (passive), structural health monitoring (active), and digital image
correlation. The experimental investigations were supplemented by the finite element description of
the problem dealing mainly with the static behavior, monitoring the development and final fracture
of composites. The considerations concern laminated panels oriented at +45° with different types of
holes, i.e., vertical elliptical, horizontal elliptical, and circular.

Keywords: fatigue; open holes tensile tests; infrared thermography; structural health monitoring;
digital image correlation

1. Introduction

A typical problem designers have to face during the development of a new product made of
composite materials is the presence of joints, notches and openings. The behavior of such structures
either in isotropic or composite materials has been extensively investigated in the last few decades
analytically, numerically and experimentally. However, the problem of static and fatigue design of
notched composite laminates is still far from being resolved due to the significant influence of several
design parameters on behavior and final failure. During static or fatigue loading of a notched laminate,
high stresses exist near the notch root and result in much more rapid degradation of the material in the
vicinity of the notch than throughout the rest of the laminated structure. The first investigations [1,2]
were carried out in the area of aircraft/aerospace applications and dealt mainly with the analysis
of laminated panels with circular notches, oriented at [0°] or [0°/£45°] and subjected to tensile
loading. Those studies demonstrated the complex form of the static and fatigue-failure initiation,
the growth, and the final damage that consisted of the mixture of splitting along the fiber directions
and delaminations between layers. It was observed that matrix-dominant failure was common in
the early stages of in-plane loading and initiates around the open hole. The primary mode of fatigue
failure of notched unidirectional angle-ply laminates was the propagation of cracks parallel to one of
the fiber directions. In the case of woven-roving structures with fibers in directions of applied tensile
stress, the cracks propagate transversely across the specimen. A broader review of published papers in
this area is presented e.g., by Shokrieh [3,4] and Muc, Romanowicz [5]. The fatigue failure and damage
analysis of composites with an open hole is also discussed by Khan et al. [6,7]. These papers make
also clear distinctions between the empirical and continuum damage mechanics-based models for
fatigue analysis.
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The fatigue life predictions and the response of multilayered composite structures under cyclic
loading can be investigated with the use of different fatigue models. The commonly used approach
can be classified into the following categories [8,9]: strength and stiffness degradation models,
stochastic and probabilistic models, fatigue-life models, and continuum-damage models based [10]
and micromechanics models.

The development of the experimental techniques allows us to monitor the particular phases
of the static and fatigue damage growth around the holes. Sims [11], Kuhn et al. [12] discussed
in detail various methods that can be applied in the analysis of the aforementioned problems.
The authors divided the existing NDT (non-destructive testing) methods into five groups relating to the
physical method applied in the analysis: (a) mechanical (ultrasonic or acoustic emission); (b) thermal
(thermography—passive or active); (c) magnetic (eddy current); (d) X-ray (tomography); and (e)
visual (penetrant testing or CCD (charge-coupled device) camera). They introduced also six criteria
characterizing the suitability of the particular NDT techniques in the examination/evaluation of an
individual problem. It is worth emphasizing that in the present literature it can be observed that the
use of hybrid methods is preferred; see for example Kordatos et al. [13], Zalamaeda et al. [14].

Since the growth of the literature in the area of the NDT methods applied to the analysis of fatigue
problems in notched laminated structures is drastically increasing, we limit our review to monographs
and fundamental works devoted to the problems considered in the present paper. Our attention
is mainly focused on the hybrid application of three methods: passive infra-red thermography,
active structural health monitoring (SHM) using piezoelectric (PZT) transducers, and the digital image
correlation (DIC) method.

The application of infrared termography to monitoring damage in materials and mechanical
structures is described in detail by Maldague [15], Vavilov [16] and Meola et al. [17]. The latter
monograph is devoted in particular to the analysis of composite structures. The review of existing
work in this area is also shown in the work Mug, et al. [18].

The general description of the SHM methods is given by Giurgiutiu [19]. The author introduced
also the classification of SHM methods. The characterization of the specific problems arising in the
analysis of composite plates and shallow panels is demonstrated, for example, by Muc, Stawiarski [20].

The digital image correlation (DIC) method allows us to obtain accurate displacement and
surface-strain distributions (called the speckle pattern) of the analyzed isotropic or composite structures
under static or cyclic loads. It is an optical technique that measures deformation by comparing images
from an unloaded reference surface to a deformed surface. For 2D measurements, only one camera
is enough, but to evaluate 3D-displacement fields, two cameras are required in image acquisition.
The broader discussion of this method as well as the existing variants of numerical packages suitable
for the analysis is presented by Sutton et al. [21]. The possibility of applications depends entirely on
the particular problem considered by researchers.

The aim of the present paper is twofold:

e to demonstrate the failure forms of the plates and cylindrical panels and to confront them with
finite element (FE) analysis;

e  to compare the experimental results for the hybrid analysis including the infra-red thermography,
the SHM and the DIC methods, and to evaluate the effectiveness of these methods for static and
fatigue tests.

The analysis is conducted for laminated plates and cylindrical shallow shells with elliptical
(horizontal and vertical) and circular central holes. The composite panels are made of woven roving
fabrics and unidirectional laminates oriented at £45°.

2. Experimental Equipment

The experimental fatigue tests were performed on the MTS Landmark 370 servo hydraulic testing
machine. Samples tabbed at both ends, installed in grips designed for fatigue tests, were mounted in
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the MTS 647.10A (max. loading—100 kN) hydraulic wedge grips. The experimental fatigue tests were
made under force control mode; however, different maximum stress levels were applied depending
on the geometry and material of specimens. The experimental tests were conducted with the use of:
(1) the infrared (IR) passive thermography system; (2) the active structural health monitoring system;
and (3) the digital image controller system—Figure 1.
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Figure 1. Fatigue-testing machine with equipment for damage-growth monitoring.

The acquisition of the thermal field was made with the use of a thermography Flir A325 IR camera
(FLIR Systems, Inc., Wilsonville, OR, USA) Damage detection and control were also made using
the active SHM system for the wave-propagation analysis. For the active pitch-catch measurement
technique, the Noliac CMAP06 (Noliac, Kvistgard, Denmark) piezoelectric transducers with dimension
3 x 3 mm? and 2 mm height are used. One of them is used as an actuator which excites the five
cycles of the Hanning windowed tone burst excitation signal with 100 kHz frequency. The full-field
displacement and strain analysis were conducted using the 3D-digital image correlation stereo system
DANTEC Q-400 (Dantec Dynamics, Skovlunde, Denmark).

The composite specimens used in the experiments were made of eight layers both for
unidirectional and woven-roving fabrics. The fatigue testing information and dimensions of the
specimens are shown in Table 1 and Figure 2, respectively.

Table 1. Fatigue loading conditions.

Hole Circular Circular Elliptical Vertical Elliptical Horizontal
a=b=25mm a=b=25mm a=17.5b=357mm a=35.7,b=175mm
Material Woven-roving Unidirectional glass/epoxy
glass/epoxy
Stress ratio 0.818 0.833 0.852 0.810
Frequency (Hz) 15 15 30 30
Mean load (kN) 40 44 50 38

Amplitude (kN) 4 4 4 4
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Figure 2. Dimensions (mm) of the specimens (a) and (b) used in the static and fatigue loading tests.

The presented system allows us to collect simultaneously the data obtained from three

measurement systems as well as the deformations during the static and fatigue tests. The results are
shown in Sections 3 and 4.

3. Mechanisms of Failure Modes for Multilayered Panels with Open Holes

For unidirectional rectangular coupons (without holes) subjected to tensile loads, a ply has

different deformations with respect to the direction of loading (Figure 3):

In the fiber direction, the behavior is almost elastic. The damage is observed before the final
fracture. Three major intralaminar mechanisms are responsible for all observed non-linearities in
the stress—strain curve of a composite lamina: matrix microdamage, matrix macroscopic cracking
(modes I and II), and axial fiber failure (mode I).

In shearing, obtained from a tension test on a +45° laminate, we can observe a non-linear behavior;
there are anelastic strains. We can observe a classical behavior in the form of splitting along the
fiber direction (the intralaminar mechanisms) associated with delaminations (the interlaminar
mechanism).

0°
-1
~ +—490°

Stress [MPa]
(=]
8
L

Strain [%]

Figure 3. The stress—strain diagrams and photographs of failure modes for unidirectional specimens
under tensile loading.
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The material used in the tension static and fatigue experiments was a unidirectional glass/epoxy
composite and a glass woven-roving fabric/epoxy resin. Their mechanical properties are presented
in Table 2.

Table 2. Mechanical properties and fiber directions of the tested specimens—“0°” means the

warp direction.

Materials Fiber Direction E; (GPa) E, (GPa) Gq; (GPa) V12
Unidirectional glass/epoxy +45° 46.4 14.9 5.2 0.27
Woven-roving fabric glass/epoxy 0° 62 62 7.8 0.26

Figure 4 demonstrates the static deformations of the open hole panels having the following
stacking sequence [+45°/ —45°]4. At the beginning of the loading process the random scatter of splits
along fiber directions was observed. Then, the splits accumulated along four major directions and
formed the “X” pattern. All cracks were initiated and then emanated at the tangent directions of
holes—see Muc, Romanowicz [5]. As can be observed for the increasing load delaminations appeared
along the x-axis, their influence was much more significant for horizontal ellipses. The static damage
patterns [(0°/90°)4]s and [(0° /45° /90° / —45°),]s for glass epoxy laminate with an open hole were also
investigated by Khan [22]. The reference [22] shows a detailed failure plot around the hole based on
five different modes of failure on a ply-by-ply basis. Tohgo et al. [23] proposed use of the mixed-mode
condition for the description of the splitting crack initiation (tension and shearing). Bazhenov [24]
applied the single-mode criterion (the second mode of fracture) but for the splits propagated along
fibers oriented at 0° (panels with circular holes).

Force [KN]

4 6 8
Displacement [mm]

Figure 4. Static deformations of rectangular panels with elliptical holes.

For cylindrical panels (the stacking sequence [+45° / —45°]4) with circular holes the fracture pattern
“X” (Figure 5a) is identical to those plotted in Figure 4. However, for plates made of woven-roving
fabrics the standard first mode of fracture occurred (Figure 5b). More information about the fracture
analysis and results can be found in Ref. [5].
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Figure 5. Photographs of cracks in composite panels: (a) shallow cylindrical panel [+45°/—45°]4;
(b) plate made of woven-roving fabric.

Even for static loading, it is very difficult to conduct detailed accurate progressive failure analysis
of deformations since splits have a stochastic character [22]. Hu et al. [25] presented such results
obtained with the use of an approximated stress—strain diagram, however, the authors did not take into
account delaminations arising during deformations. Achard et al. [26] introduced the special FE model
(the interface finite elements in the form of 3D springs) allowing investigation of the development of
delaminations and splits, but they assumed the deterministic character of splitting cracks.

Composite panels with open holes subjected to uni-axial tension along the y-direction exhibited
one very characteristic feature, i.e., global/local buckling under tension due to the combined effects of
tension and compression arising around the hole—Figure 6. Kremer and Schurmann [27] indicated
that the initiation of buckling could precede fracture due to stress concentrations and result in final
failure (modes and loads) both under static and fatigue-loading conditions.

Figure 6. Undeformed (blue) and deformed (red) distributions of total displacements around the
hole—the finite element analysis (not to scale): (a) vertical ellipse; (b) circular; (c) horizontal ellipse.

It is worth emphasizing that the analysis in this section deals mainly with the static behavior of
panels with cutouts; however, the problems discussed above (i.e., failure modes and their description)
may be simply transferred to the fatigue analysis.

4. Fatigue Analysis—Experimental Results

Composite panels with circular and elliptical holes were tested to ultimate failure in a fatigue
with the mean tensile load equal to 80% of the static failure load (see Figure 4). The maximal and
minimal stresses were equal to £10% of the mean load values.
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4.1. Infra-Red Thermography (Passive)

In the thermography analysis both passive and active methods are used. As it is claimed in
the literature [28-30] the active infrared thermography (IRT) enables a full field visualization of
surface-stress distribution. However, the use of thermoelastic stress analysis (TSA) is needed in such
circumstances. As will be demonstrated, the application of the passive method is sufficient to detect
fatigue evolution and final damage. For a different number of loading cycles and shapes of holes,
thermal images are presented in Figure 7. Around half of hole circumferences (at the edges of circles
or ellipses y = 0), the localized rise in temperature gradient At (as a function of number of cycles—n
related to the total number of cycles 1) is used as a method of monitoring fatigue-damage growth.

0 0.2 04 06 0.8 1

n/n;
n=35000 n=450000 n=850000 n=1600000

22 5 1300°C

(a)
7
6
5
o4
g3
2
1
0

0 0.2 04 06 08 1
ning
n=30000 n=230000 n=700000 n=1500000
270 °C ———— ] 410 °C
(b)

Figure 7. Cont.
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Figure 7. Rise of temperatures At at the edges of holes s: (a) the vertical elliptical hole (Atmax = 8.2 °C;
(b) the horizontal elliptical hole (Atmax = 5.8 °C; (c) the circular hole (Atmax = 8 °C).

At the beginning, the maximum surface temperature over the structures is almost constant up
to 5000 cycles. Then, the temperature starts to increase in the middle of the holes for horizontal
ellipses and circular holes. For the vertical elliptical holes, the distributions of temperature become
unsymmetrical. The rate of the temperature growth is the highest for the vertical ellipse and the
lowest for the horizontal ellipse. The locations of the maxima of the temperature rise vary along the
circumferences, since the positions of the damage initiations and further damage growth depend
on the hole geometry—see Muc, Romanowicz [5]. Distributions of temperatures around the holes
is non-homogeneous since local matrix cracks (splits) arise at the fiber directions 45° and —45°
simultaneously, and thermal images demonstrate the global picture on the 2D plate surface only.
When the increase of the temperature rise is significant, the complex damage pattern appears in the
form of matrix cracks and delaminations. The maximal temperature rise of 37 °C is far below the
glass-transition temperature of the matrix.

4.2. Structural Health Monitoring (SHM) Method (Active)

Modeling wave propagation is usually associated with the modeling techniques for
piezoelectric-laminated composite-coupled construction where the piezoelectrics are used to generate
(actuators) and collect (sensors) elastic waves. Piezoelectric layers can be embedded inside
multilayered composite structures or piezoelectric disks can be mounted on the top or bottom surfaces.
Generally, guided waves in panel-laminated structures can manifest themselves as longitudinal,
transverse (shear), Rayleigh (surface), Lamb (plate), Stoneley and creep modes, according to the
particle motion style induced—see e.g., Bindal [31].

The classical Lamb wave propagation properties, such as amplitude, phase shift, and velocity, are
strictly connected with the locations of actuators and sensors, geometrical dimensions of the tested
object, and test frequency. A 3.5-cycle tone-burst signal, applied to the top surface of the piezoelectric
actuator, is used in this study as an excitation signal—Figure 8.
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Figure 8. The schema of the excitation signal used and an example of the possible Lamb-wave response.

The change of the Lamb-wave response measured by the PZT sensor is characterized by the phase
shift A}, the normalized amplitude reduction AA and the time of flight ToF (Figure 8). The response
signal data demonstrate the influence of defects, but usually the received signal contains the scattered
waves from all cracks (splits), delaminations as well as from the boundaries of the plate including the
hole edge. The results are also affected by the frequency of the signal generated by the actuator. It is
much better to correlate the response with the FE predictions. However, such a procedure is impossible
for fatigue tests due to the random character of splits and delaminations arising during the progressive
failure of structures. In our opinion, the random character and the total number of the cracks (splits)
occurring in the panels during fatigue damage does not allow the crack length, direction and growth
to be quantified during the fatigue analysis. It is necessary to introduce the parameters and forms of
the uncertainties characterizing the problem of the fatigue analysis of composite structures with holes.
Figure 10 demonstrates evidently that the signals received at the final stage of fatigue damage growth
are completely damped (degenerated) by the variety of signals from various sources of individual
damage (local splits and delaminations) and by the waves reflected from the plate boundaries.

sensor 7 sensor 8

=] =] o =]
B B o to

S
Normalized amplitude

Normalized amplitude
5 = o

o
b

-

0.39 0.40 0.41 0.42 0.43 0.44 0.45 0.39 0.40 0.41 0.42 043 0.44 0.45
Time [ms] Time [ms]

Figure 9. The signal responses at various stages of the fatigue damage (the sensor numbers are
explained below in Figure 9).
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To demonstrate and compare the ultrasonic transmission of the Lamb waves for different types of
elliptical holes, an active sensor network was arranged in the form of three similar paths (see Figure 9):
I—actuator and sensors s3 or s7 where the wave crossed the hole, II—actuator and sensors s8 or s4
where the wave moved at the direction of the cracks along the fibers oriented at 45° (red lines in
Figure 9) and Ill—actuator and sensors s9 and s8 where the wave was transmitted mainly in the
composite plate area. Note that the proposed paths resembled the “X” pattern of splits—see Figure 4.

actuator
actuator
s6
a
s7 s8 " s9 .
Sensors s3 s4
sensors
(a) (b)_

Figure 10. Configurations of actuators and sensors (the piezoelectric (PZT) disks for vertical (a) and

horizontal (b) elliptical hole are visible as dark shadows in Figure 4)—the red dotted lines show the
directions of cracks at 45° or —45°.

In general, with the increasing number of cycles and, in this way, the propagation of cracks,
the amplitudes of the response waves always decrease, whereas the phase change increases—Figure 11.
However, those results cannot be used for the quantitative evaluation of the fatigue degradation.
For the simplest example of a single crack in an aluminum specimen, the discrepancy between
theoretical predictions and variations of the signal-processing features was also observed [32].
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n/n; n/ng
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Figure 11. Comparison of the approximated amplitudes and phases: (a) vertical ellipse;
(b) horizontal ellipse.

4.3. Digital-Image Correlation (DIC) Method and the Damage Variable

The digital-image correlation method (DIC) was used to measure spatial strain fields. It is an
optical technique that measures deformation by comparing images from an unloaded reference surface
to a deformed surface. Recent advances in digital-image processing have improved its accuracy and

reliability. DIC has been used to describe strain gradients surrounding circular holes in dynamic [33,34],
static and fatigue loading [6,35].
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A high contrast speckle pattern was applied to the test surface prior to mechanical testing,
as shown in Figure 12. Numerical FE analysis was performed for quasi-static tensile loading conditions
using ANSYS Software with the use of the SHELL181 elements with 6 degrees of freedom per node.
The number of finite elements was approximately equal to 10,000. Figure 12 shows comparison of the
results demonstrating the distribution of the longitudinal ey strains for woven-roving composite where
the stress concentration and final static and fatigue failure occurs along the x-axis. In the analysis,
the longitudinal ey strain and hence the sample’s elongation AL, can be obtained as follows:

le;y - Eyl;y (1)

The elongation, and hence the strain, are known from the MTS data. Using those results,
it is possible to represent the variations of the longitudinal ¢y strains versus the number of cycles for
notched specimens and correlate them finally with the DIC images. For the low-stress ratio, the analysis
should also take into account the possible grip’s slippage, but in our case it is not necessary—see
Xu et al. [36].

+359E-04
.001173
.00231
003448
004585
005722
00686
007997
L009134

.010271

(b)

Figure 12. Area monitored by digital-image correlation (DIC) (a) and finite element (FE) simulation
(b)—woven-roving composite.

For unidirectional laminates, the plot of deformations versus the number of cycles (Figure 13)
consists of three phases (stages), independently of the type of holes [10]: phase [—matrix cracking
along fibers oriented at 45° and at —45° (splitting); phase II—splitting at four directions tangent to the
hole and along fibers oriented at 45° and at —45° (the pattern “X”) with possible delaminations near
the main directions of failure; phase Ill—delaminations and fiber debonding along the main directions
of failure.

The slope of the initial part of the curve plotted in Figure 13 can be derived from the static tests
since that part corresponds to the appearance of splits in the matrix. The first phase is a characteristic
feature for the matrix-dominated angle-ply symmetric laminates. As demonstrated in Refs. [5,37,38],
it does not occur for woven-roving laminates with circular and elliptical holes.
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Figure 13. The strain-life curve for structures with holes; the strain corresponds to the total strain of
the plate, i.e., € = (Ly — Lyo)/Lyo where L,—the actual plate length and L, c—the initial plate length.

The initiation of the splitting cracks (the point A in Figure 13) at the four major directions (the “X”
pattern) can be evaluated with the use of the plane strain energy-release criterion:

a b
() + (&) = »
I II

The broader discussion of the criterion and the form of the coefficients a and b can be found in
Ref. [39].

The strain-life approach [5] is based on the observation that in many components the response of
the material in a critical location is strain- or deformation-dependent. As reported in the literature,
the strain-life approach is useful in evaluating the fatigue life of a notched component.

Due to the complexity of fatigue mechanisms, it is very difficult to characterize micro-damage in
polymer composites in terms of deformation and stress state. To tackle this problem, it is customary
to introduce a damage variable to characterize the fatigue-damage state. The damage variable d
is generally described as a function of the maximum applied stress, a number of loading cycles ,
load ratio R, and material properties such as stiffness E. Change in material stiffness, which has been
adopted by many researchers, is utilized in this study to express fatigue damage in composite materials.

The damage variable d is defined as:
E(n)
d=1—- ——— 3
E(n=0) ®)
However, the experimental results show that the measured Young’s modulus before complete
failure is not equal to zero as it is plotted schematically in Figure 14. Since for an increasing number
of cycles the experimental results demonstrated the linear behavior in the stress—strain diagrams

(Figure 15), the value of Young’s modulus can be approximated as follows:

E ( I’l) _ O-maxA;yO-min )

where the increments of strains are computed with the aid of Equation (1). Combining Equations (3)
and (4) one can notice that the strain ¢, can be easily identified to the damage variable d.
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Figure 14. Variations of the global plate Young’s modulus versus the number of cycles.

From the superposition of the infrared thermography surface temperature data with that of the
global effective strain data, it is possible to validate observations based on the coincidence of both the
curves—Figure 16 (compare also with Figure 14). The increase in the temperature rise appears to agree
well with evolution of the damage events, especially in view of three phases of monitored evolution of

failure process.
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Figure 15. Global fatigue deformations of the plate with the vertical elliptical hole.

Recording images of the speckled pattern from two cameras allowed out-of-plane displacements
to be determined. In our opinion, the digital image correlation method would be helpful in the
measurement of the global effective axial strains and their evolution with the number of cycles.
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Figure 16. Variations of the global effective strains and the temperature rise with the normalized
number of cycles.

5. Concluding Remarks

The characteristics of damage accumulation in laminated panels with an open hole (circular and
elliptical) are studied in this paper. The experimental results of damage growth show that there are
three different phases (stages) during the damage evolution in composites under static or fatigue
loading. During the first stage, damage grows rapidly due to the occurrence of multiple splits along
fibers within the material of the panels. In the second phase, the damage increases steadily and slowly
due to appearance of the “X” pattern of splitting cracks tangential to the hole edge and parallel to
fiber directions. During the third (final) stage, the damage again grows rapidly due to delamination
growth and the final fracture. Total displacements around the hole and deformation form obtained
from the FE analysis were in good agreement with the experimental tests. Moreover, the FE analysis
exhibited that global/local buckling under tension may occur due to the combined effects of tension
and compression arising around the hole.

Infrared thermography gives both quantitative and qualitative mapping of the damage
evolution in the different phases as well as information about the localization of splitting cracks
and delaminations.

The structural health monitoring method strongly depends on the appropriate definition of paths
where the response signals are monitored. Due to the random and scatter character of responses one
can obtain general, qualitative information about the damage evolution in the form of the decrease of
the amplitude and the increase of the phase.

The digital image correlation method is helpful in the evaluation of the strain distribution images
on the surfaces of specimens. The increase of the strains can give both qualitative and quantitative
information about the growth of cracks. The results obtained from digital image correlation are
compared with the FE analysis. In the investigated example, good agreement for the experimental test
and numerical solution is obtained.

The strain life-based model is proposed to control and monitor fatigue damage evolution.
However, the accuracy and correctness of that model should be validated by further experimental
investigations for various laminate configurations constituting a composite panel with an open hole.
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