Experimental Mechanics (2023) 63:871-883
https://doi.org/10.1007/511340-023-00956-9

RESEARCH PAPER q

Check for
updates

Fatigue and Progressive Damage of Thin Woven CFRP Plates Weakened
by Circular Holes

|1,2

L. Heinzimeier'2® . S, Sieberer' - C. Kralovec' - M. Schager

Received: 17 October 2022 / Accepted: 6 March 2023 / Published online: 3 April 2023
© The Author(s) 2023

Abstract

Background In order to design thin-walled components it is necessary to consider the presence of holes and their effects. For
high performance composite structures, this is still an issue, since usually only coupons are used in experimental observa-
tions and the influence of free edges and the hole affects the fatigue behavior mutually.

Objective This work aims to find, through experimental trials, an empirical model that can be used to describe and predict
the damage propagation, originating from a circular hole.

Methods A fatigue test series is performed and the damage initiation and propagation is monitored with three-dimensional
digital image correlation, with which the occurring damage can be measured. Validation of the experimentally induced
damage size measured with digital image correlation is performed intermediate with an in-situ measurement with active
thermography and phased array ultrasonic. The novelty of this approach is that wide specimens are used, where the influence
of the free edges on the hole does not occur.

Results The progression of the detected damage over the test reflects the applied loads, where higher loads cause larger
damage. For all defined load levels a similar damage propagation is identified, allowing to establish an empirical model and
fit it to the test data.

Conclusion The proposed empirical model provides a novel approach to describe and predict damage propagation originat-
ing from a circular hole in thin-walled composite plates. In addition, it is shown that the damage propagation ceases for the
selected plate configuration and thus does not lead to a complete failure.

Keywords CFRP - Plate with hole - Plain-woven composites - Tension-tension loading - Fatigue - Digital image correlation

Introduction

In order to achieve the climate targets set by the International
Civil Aviation Organization (ICAO), the Carbon Offsetting
and Reduction Scheme for International Aviation (COR-
STA) has been defined as a roadmap for civil aviation to
fulfill its part in lowering emissions. A voluntary pilot phase
began in January 2021. Primarily, this regulation affects the
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airlines. Thus, aircraft manufacturers are also responding to
this scheme and developing more fuel-efficient aircrafts [1,
2]. One option for aircraft manufacturers, which is already
applied, is to use advanced materials, such as carbon fiber-
reinforced plastics (CFRP). CFRP have been used increas-
ingly in commercial aviation for the last 40 years and nowa-
days, these advanced composite materials account for up to
50% of the mass of modern aircrafts. In future, the growth
is expected to continue [3, 4].

During assembly, the individual parts have to be con-
nected together. To join the components, usually holes are
machined, in which bolts or rivets are inserted. The holes
are causing stress concentrations, which can significantly
reduce the strength and may lead to premature failure of the
structure. Consequently, it is crucial to assess the stress state
surrounding holes. Lekhnitskii et al. [5] and Savin [6] were
concerned with the analytical description of stresses around
cutouts (e.g. holes) in anisotropic and orthotropic plates.
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They introduced complex stress variables with which the
boundary value problems could be solved. Based on their
formulations, new approaches to determine the stresses
around holes under static loading have been derived. Fre-
quently used approaches were developed by Whitney and
Nuismer [7]. They proposed the average stress criterion and
the point stress criterion. For both, the stress in the loading
direction is compared to the tensile strength of the same
plate without a hole. In the case that the stress in loading
direction is equal to the tensile strength, damage will occur.
The average stress criterion averages the stress in the vicinity
of the hole over a small area. Whereas the point stress cri-
terion evaluates the stress at a single point in the vicinity of
the hole. Karlak [8] reported, that the assumptions made in
that context are not generally valid and require modification.

However, if the loading is cyclic, the damage behavior for
plates with a circular hole becomes more complex. Depend-
ing on the laminate design, the size and location of the hole,
the material constituents and the applied load, different dam-
age modes can be activated. In general, the damage under
cyclic loading is a combination of matrix cracks, fiber break-
age, delaminations and debonding between fiber and matrix.
According to Aymerich and Found [9], and Ambu et al. [10],
the damage caused by cyclic tensile loading leads to a reduc-
tion in the stress concentration. This means that the load car-
rying capacity compared to the initial load carrying capac-
ity is increased. Nevertheless, the growth of the damage
proceeds, until final failure occurs. In their investigations,
only narrow specimens made from UD plies were taken into
account, whereas in aeronautical applications, woven fabrics
are often preferred due to their superior impact resistance.

To fully understand the effect of a hole on structural com-
ponents under cyclic loading, experimental investigations
are required. Usually Open-Hole fatigue (OHF) standard
testing is carried out, where narrow coupons are mainly used
[11-13]. These show a short time of damage propagation
after initiation in which the free edge and the hole mutually
affect each other. Typical lightweight structures are plates
and shells and thus, show a different damage propagation
behavior after imitation. Consequently, larger structural ele-
ments, like plates, need to be considered for the investiga-
tion of the strength of mechanical components from damage
initiation till failure.

In order to assess the initiation and propagation of dam-
age, a number of methods are available, which have been
established in recent years. Exemplarily, digital image
correlation (DIC), ultrasonic flaw detection, x-ray meth-
ods and thermography are named. In the literature, sev-
eral methods are usually applied together so that a vali-
dation is possible [10, 14—17]. Pirinu et al. investigated
the fatigue behavior of holed CFRP elements under tensile
and bending loads and utilized a DIC system along with
active thermography and ultrasonic to determine damage.

However, coupons with small dimensions built up from
unidirectional plies were used [18].

The objective of the present paper is to investigate the
fatigue behavior of thin plain-woven CFRP plates with a
circular hole, composed as an aircraft laminate [19], under
cyclic tension-tension loading. In detail, the focus of the
experimental investigation is placed on the damage initia-
tion and propagation under different load levels. For this
purpose, a three-dimensional digital image correlation
system (3D-DIC) is used with which the damage is quanti-
fied by determining the area of damage. A validation of the
determined area of damage is performed by using active
thermography (AT) and phased array ultrasonic flaw detec-
tion (UFD). This work aims to find an empirical model with
which the area of damage can be described as a function of
the number of cycles. The article is structured as follows.
First, the experimental procedure is presented, including
the manufacturing procedure of the plates, the testing rou-
tine, the damage monitoring and the data evaluation. Sub-
sequently, the experimental results and the validation of the
measured damage are given. Following this, an empirical
model is established with which the damage propagation
in plates with an circular hole can be described. The final
Section of this paper gives a Discussion of the results, along
with Conclusions.

Experimental Procedure

The manufacturing procedure of the plates, which includes
the specimen preparation, along with the description of the
testing routine is explained in this Section. In addition, the
explanation of the used measurement equipment, as well as
the data evaluation is described.

Manufacturing Procedure

A single ply is composed of epoxy resin and carbon fiber
tows of type Solvay CYCOM® 970 and 3k-T650, respec-
tively. The plates are composed from four of these plain-
woven prepreg plies. The plies are arranged [Of / 45f] . Which
is used as an aircraft laminate, vacuum bagged and cured
in an autoclave (120 °C, 0.9 MPa). The laminate thickness
after curing is 0.816 mm with a fiber volume fraction of 0.6.
The circular hole and the outer contour of the individual
plates are cut by water jet cutting, as this manufacturing
method has negligible influence on the fatigue behavior
[20]. Hereafter, the holes and outer contours are finished by
sanding and polishing Subsequent inspections of the indi-
vidual plates to check if there are any damages caused by
the hole cutting and finishing process are carried out using
UFD and AT. Exemplary the result of an UFD (C-Scan) and
AT measurement of a plate are given in Fig. 1. The identical
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UFD (C-Scan) AT measurement
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* arrow indicate vertical direction (direction of loading) ‘

Fig. 1 Examination of the hole of a pristine plate to identify possible
damage using UFD (C-Scan) and AT

parameters as listed in Tables 3 and 4 are used. However, the
UFD measurements are carried out in a water basin. Each
plate revealed that there was no induced damage and there-
fore all plates are used for the experimental investigations.
After the inspection glass fiber-reinforced plastic (GFRP)
tabs are applied to both ends of the plates, so that clamping
in the test rig is possible. The tabs are bonded to the plates
with a 2-component epoxy adhesive and cured at a tempera-
ture of 60 °C. To avoid dislocation of the tabs during the
curing process, an in-house designed bonding device is used.
Moreover, this device is used to apply a constant pressure to
ensure an uniform bond layer thickness. In a final step, the
close-up regions surrounding the holes (100 mm x 100 mm)
are prepared for the 3D-DIC acquisition. For this purpose,
a white primer is applied to create a base on which a fine,
black speckle pattern is airbrushed. In Fig. 2, a representa-
tion of the tested plate with hole is illustrated, including
the dimensions and GFRP tabs. Additionally, the close-up
region covered with a speckle pattern is indicated.

Testing Routine

The testing procedure and experimental setup is the same for
all plates. Only the chosen load during cyclic loading differs.
All plates are subjected to cyclic tensile loading with a load
ratio R = 0.1 and at a frequency of 4 Hz.

The loads are applied with a servo-hydraulic cylinder with
a nominal force of 100 kN. To control the servo-hydraulic

Fig.2 Geometry and dimensions of the tested plate, location of the
GFRP tabs and close-up region for the 3D-DIC acquisition

cylinder, a CUBUS controller from Zwick Roell® is used,
with which the testing routine is executed. The testing rou-
tine contains a series of test sequences that are repeated
multiple times. Each test sequence includes a quasi-static
loading, a cyclic loading and a quasi-static unloading. A
schematic representation of a single test sequence is depicted
in Fig. 3. Additionally, the stops at which the measurements
are carried out are indicated.

During quasi-static loading, the load is increased from
the unloaded level F),, to the measuring level F,,. Before
the cyclic loading between F,,, and F;, is commenced, a
pause is placed in which the acquisition mode of the 3D-DIC
is changed from quasi-static acquisition to cyclic acquisition.
This two acquisition modes are described in depth in “Digi-
tal Image Correlation (3D-DIC)” section. Once the desired
amount of cycles has been reached, the load is returned to
the measuring level F,,. Again the test sequence is paused
and the damage is assessed by means of AT and UFD. After
performing the measurements, the sequence is continued
with a quasi-static unloading to the unloaded level Fj,,.
Depending on the 3D-DIC measured area of damage, the
number of cycles for the succeeding test sequences are deter-
mined. The single plates are tested until one of the chosen
two stop criteria is reached. These are total failure or exceed-
ing 2 million cycles.

In Fig. 4, the experimental setup and the placement of the
used measurement equipment is given. The fundamental com-
ponents, including the load cell, guiding bars and the in-house
designed clamping device as well as a plate with hole, are
shown. The foremost guiding bar and one leg of the 3D-DIC
tripod are partially hidden for an improved visualisation.

The in-house designed clamping device consists of a
base and an upper part. While the base part is fixed to the
test rig, the upper part is mounted on the servo-hydraulic
cylinder, with the load cell positioned in between. To

3D-DIC quasi-static acquisition ‘ ‘AT UFD ‘

Applied load

cyclic loading

|
start of sequence stop to change DIC mode end of sequence

Duration of sequence

stop to assess damage

Fig. 3 Schematic representation of a test sequence, including the static
and cyclic load domains and the stops, at which the measurements are
carried out
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load cell
servo-hydraulic cylinder
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thermal imaging camera
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Fig.4 Schematic visualization of the experimental setup and the arrange-
ment of the used measurement equipment

ensure that the upper part of the clamping device does not
rotate about the cylinder axis, two guiding bars are used.
The clamping jaws of the device are pressed together by
bolts, thus creating the required clamping force to hold
the plates in place. To counteract any reduction in clamp-
ing force by setting-in of tabs, an initial value of 20k
cycles (k denotes thousand) at low load (70% of theoreti-
cal ultimate load) are defined. The bolts of the clamp-
ing jaws are tightened after 10k and 20k cycles. In addi-
tion, after these initial cycles, the first stops are made, in
which the measuring of potential damage is performed.
To exclude any issues of reclamping, the measurements
are carried out on the mounted plate, while the measuring
load F, is acting.

Succeeding this initial cyclic loading the load is
increased to the test load level.

Determination of the individual load levels is per-
formed by the following procedure. Based on ASTM
D4762-18 [21], the ultimate load for a 40 mm wide
coupon without a hole, made from the same material,
is determined. In accordance to the laminate theory, the
load is scaled linearly with the width of the specimen,
giving the ultimate load for the plate without a hole. For
the quasi-isotropic plate, the stress concentration factor
K, is now considered. Assuming a stress concentration
factor of K, = 3, the theoretical ultimate load is equal to
Fga. max= 34.58 kN. This value is defined as 100% of the
loading level in the present study. The specified loads for
the individual plates are shown in Table 1. Also listed is
the initial loading, that is defined as 70% of the theoreti-
cal ultimate load.

Damage Monitoring
This Subsection describes the measurement equipment and

its application for damage initiation and propagation moni-
toring during mechanical testing of the considered plate with

Table 1 Specified load levels for the individual plates with load ratio
R=0.1

Plate number Load level % Peak load F,,,, Trough
[kN] load F;,

[kN]

all 70 24.21 2.42

1 70 24.21 2.42

2 70 24.21 2.42

3 80 27.67 2.77

4 80 27.67 2.77

5 80 27.67 2.77

6 90 31.12 3.11

7 100 34.58 3.46

8 100 34.58 3.46

9 110 38.04 3.80

hole. Furthermore, fundamentals of the applied measure-
ment principles and defined measurement parameters are
presented. Graphically, the arrangement of the measurement
equipment is illustrated in Fig. 4.

Damage measurement application

To detect the initiation, and the damage propagation during
cyclic loading, a 3D-DIC system from Correlated Solutions
is used. This system is directed facing the close-up region
surrounding the hole with the speckle pattern. Next to the
3D-DIC an external lamp is placed to provide a constant illu-
mination over the length of the test. The force signal emitted
by the CUBUS controller is transferred to the 3D-DIC and
is used as a trigger signal.

Besides these 3D-DIC measurements, periodically non-
destructive testing (NDT) methods are applied, as they are
used to validate the threshold value for the 3D-DIC damage
assessment.

As stated before, the NDT methods are carried out in-situ
while the measuring load F;, = 15 kN is applied. In this
process the measurements are performed each time after a
cyclic loading block is completed. To minimize the influ-
ence on the speckle pattern and consequently falsify the
3D-DIC results, the NDT methods are executed on the plate
face opposite to the 3D-DIC-observed one.

A MICRO-EPSILON® thermal imaging camera, of type
TIM 450, and an external flash light are used to measure the
damage size via AT. Following this method UFD is carried
out. Therefore an Olympus Omniscan MX2 instrument and
a phased array transducer is used. Water from a spray bottle
is applied as coupling agent. The measurements are carried
out by hand by pressing the transducer on the plate and mov-
ing it upwards in a continuous motion. Permanent spraying
ensures that the signal is coupled in.
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Digital Image Correlation (3D-DIC)

In order to obtain detailed information of displacements in
experimental tests, digital image correlation is an estab-
lished measuring method [10, 22]. Here, a large area can be
covered and evaluated contact-free. If two cameras are used
simultaneously, three-dimensional information of displace-
ments can be obtained. The requirements for image correla-
tion are the so-called features, which must be clearly assign-
able. If such features exist, their changes can be detected
and tracked. The features can also be generated artificially
by means of applied point clouds, the so-called speckle pat-
tern. A variety of factors can lead to change the features.
Exemplarily, mechanical loads and the resulting displace-
ments, changes in illumination, or changes in camera set-
tings, as well as damage to the features are mentioned [23].
To be able to capture such influences qualitatively, the used
3D-DIC system returns a quantity called sigma, which rep-
resents the first standard deviation confidence in the match
(in pixels). A value of zero represents a perfect match, while
a higher value of sigma indicates a low correlation qual-
ity. This means that the features cannot be detected clearly,
or not at all [24]. If the environmental influences on the
correlation can be avoided, then sigma can be interpreted
as an indicator of damage. This approach has been applied
already by Navarro et al. [22], in which damage propagation
after impacts has been studied. Similarly, Sieberer et al. used
3D-DIC to detect damage initiation and damage propagation
in discontinuous structural components [25, 26].

For the performed experimental tests, a 3D-DIC is used
to acquire data obtained under quasi-static and cyclic load-
ing, as compared to a 2D-DIC system, which requires only a
single camera, the 3D-DIC system has the advantage that it
can detect out-of-plane changes, such as potential appearing
delaminations. Additionally, the evaluation of the acquired
images depends not only on the acquisition order, but also
on the data of both cameras, as here the correlation between
these images (taken at the same time) are also performed. As
a result the correlation quality of a 3D-DIC system is better
than that of a 2D-DIC system.

During quasi-static loading up to the measuring load F, =
15 kN, images are captured every 500 ms until the measuring
load is reached. Once this load is reached, the mode of the
3D-DIC is changed and images are captured every 500 cycles at
the peak load. Furthermore, during the first 20k cycles, images
are captured every 100 cycles so that the moment of damage
initiation can be determined more accurately. After completing
a cyclic loading sequence, the 3D-DIC measurement is termi-
nated and manually restarted for the next sequence. The subset
size needed for the assessment is selected in such a form that
the overall error of correlation is 1%. The associated step size is
picked with a quarter of the subset size. In Table 2, the param-
eters used for the 3D-DIC measurements are listed.

Table 2 Measurement parameters of the 3D-DIC system

Parameter Dimension Notes
Focal length 35 mm identical for both cameras
Camera resolution 5 Mpx
Camera distance 580 mm distance to plate

300 mm distance between cameras
Subset size 29 px

1.556 mm
Step size 7 px

0.3756 mm

Active Thermography (AT)

Due to cyclic loading, structural components suffer damage,
which might be below the surface and grow there without
being observable from outside. One method to assess this is
to use thermography. There are active and passive techniques,
whereby active thermography is performed by using an exter-
nal excitation, like a pulse excitation. If an external excita-
tion is performed and there is damage, conduction of heat is
reduced with respect to the undamaged area. This effect can
be detected with a thermal imager and provides information
of the damage [27, 28]. In contrast, the heat for passive ther-
mography is caused only by the loading of the structural com-
ponent itself. Passive thermography results are more diffuse
and according to Paipetis et al. [29] passive thermography is
only recommended when the temperature of the structural
component is above the environmental temperature.

Consequently, active thermography with pulsed excita-
tion is used in the performed experimental tests. The exter-
nal lamp, which provides a constant illumination for the
3D-DIC, is deactivated for the duration of the measurements
using active thermography, so that the influence of this heat
source is suppressed. The measurements are carried out with
the parameters indicated in Table 3.

Ultrasonic Flaw Detection (UFD)

Another method to assess damage is ultrasonic flaw detec-
tion [30]. Ultrasonic waves are emitted into the structural
component by a transducer and received using either the
reflection method or the transmission method. In the reflec-
tion method, the transducer also acts as receiver, whereas
in the transition method, a separate receiver is required.
The amplitude and the time it takes for the sound wave to
propagate from the transducer to the receiver is monitored
and provides information about possible defects. Various
types of transducers are available to cover a wide range of
applications. One type is the phased array transducer, with
which several measurements can be carried out simultane-
ously. The phased array transducer is operated in reflection

SEM
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Table 3 Measurement parameters of the AT measurement

Table 4 Measurement parameters of the UFD measurement

Parameter Dimension Notes Parameter Dimension Notes
Focal length 18.7 mm Mode of measurement pulse-echo
Camera resolution 382 x 288 px Speed of sound 3000 ms~!
Frame rate 10 Hz Time resolution C-Scan 2.5ns
Observation time 5s Gain 10dB
Camera distance 210 mm distance Pulse width 100 ns
from lens Radiation angle transducer 270°
to plate
. o Aperture I —0.09 mm start
Discretization 2X2px 02 mm width
0-3 mm 4% height
Aperture A 0.7 mm start
0.45 mm width
method. However, it is necessary to couple the transducer 35% height
to the structural components. In most cases, water is used. ~ Aperture B 0.46 mm start
Thus, UFD belongs to the contact-based NDT methods. 0.57 mm width
During the experimental tests, a phased array transducer 7% height
(5L64-NW1), consisting of 64 elements of 1 mm width, in ~ Scan resolution I mm horizontal direction
combination with a positioning encoder (ENC1-2.5-LM) is 0.2 mm vertical direction

used to measure the size of the damage. With the positioning
encoder, a two-dimensional measurement can be carried out,
by merging single measurements of the individual positions.
The incremental resolution of the position encoder is set to
0.2 mm. All measurements with UFD are carried out with
the same settings. These are given in Table 4.

Data Evaluation - Processing of the Results

Images captured using the thermal imaging camera are pro-
cessed in Matlab. The temperature increase caused by the
heat input is obtained from two thermal images taken right
before and after the thermal excitation. In this way, interfer-
ing heat is removed and only the heat that is decelerated by
damage is visible. The acquired delta images are visualized
within a temperature range from 0 to +1.3 °C.

The measurements carried out by UFD are visualized
in C-Scan format. For this purpose, the visualizations are
extracted straight from the Omniscan MX2 without addi-
tional processing. Using the identical settings and the same
procedure, a changed result can be caused only by damage.

The 3D-DIC images of the first tested plate are used to
determine an appropriate threshold value of sigma by match-
ing the area of damage with measurements taken by AT and
UFD. Therefore each individual quasi-static loading ramp is
analyzed separately and the evaluated data are compared to the
corresponding measurements of AT and UFD. In each case,
the first image acquired in the quasi-static loading is used as
reference image and subsequent images are evaluated on it.

The area of interest, on which the 3D-DIC evaluation is
based, is defined surrounding the hole. In Fig. 5, the first
image of a tested plate is shown. Additionally, the area
of interest and the subset grid is depicted. Both, the area

of interest and the parameters of the 3D-DIC system are
not modified. The evaluation of the individual quasi-static
loading ramps of the first tested plate indicates that sigma
= 0.01 is a suitable selection for the threshold value. The
same threshold value is also used to assess damage initia-
tion and damage propagation during cyclic loading, where
the 3D-DIC images at peak load are used. In the 3D-DIC
evaluation, the first image that is captured at peak load is
considered to be the reference image. Meaning that the first
image is at 70% peak load. Subsequent images at peak load

Fig.5 Area of interest, consisting of subsets, of the first image taken
with the 3D-DIC
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are compared to the reference image and the changes due
to damage are identified by using 3D-DIC sigma. To verify
that the selected threshold value is also suitable for the other
plates, a validation is performed, since sigma is obtained on
the first tested plate. Again, the area of damage obtained
with 3D-DIC sigma is compared to that of the corresponding
AT and UFD measurements.

After 3D-DIC evaluation, post-processing of the data is
performed in Matlab. Therefore the 3D-DIC evaluated data
are spatially sampled at 0.25 mm intervals and an output for
Matlab is generated. This gives a separate dataset for each
evaluated image. A summation of all data points at which
sigma exceeds the defined threshold value together with a
multiplication of the interval area is carried out and gives
the area of damage, without specifying the damage mode.

The number of cycles at which the images are acquired
are also included. With this procedure, the damage propaga-
tion of the individual plates can be assessed.

Experimental Results

Based on the procedure defined in “Experimental Proce-
dure” section, the experimental tests are executed. The
results, and their validation, are presented in this section.

Initiation and Propagation of Damage

All plates are initially cycled for 20k cycles at 70% ultimate
load. Within these 20k cycles, each plate experiences damage
initiation. The number of cycles at which damage initiation
occurs is determined as the first time sigma (3D-DIC result)
passes the defined threshold value. Table 5 lists the number
of cycles at damage initiation of the individual plates. Addi-
tionally, the area of damage at 20k cycles is listed.

Once 20k cycles are completed, the loading is increased
to the test load level for damage propagation monitoring.
The damage propagation of each plate is depicted in Fig. 6.
On the vertical axis the area of damage and on the horizontal
axis the corresponding number of cycles is plotted. The first
20k cycles are not included, since they are classified as part
of the damage initiation. The damage size at 20k cycles is
treated as an offset and subtracted from the paths of the indi-
vidual plates. Missing data points are from pictures, which
are excluded due to quality issues.

All plates were loaded by 2000k cycles. The tested load
levels are reflected in the individual damage propagation
paths, i.e. propagation is more significant at higher loads.
This is manifested by a faster propagation at the beginning
as well as by the final area of damage itself. Also, jump-
like propagation appears more often and stronger, at higher
load levels. For the plates tested at 70% ultimate load after
500k cycles, no significant further increase in the area of

Table 5 Number of cycles at damage initiation and area of damage
after 20k cycles at 70% loading using sigma = 0.01

Plate number Cycles until damage  Area of damage at

initiation

according to 3D-DIC 20k cycles in mm?

sigma
1 1100 1.69
2 1300 1.05
3 1300 1.75
4 1000 2.44
5 900 2.75
6 900 1.94
7 1500 3.06
8 2500 2.10
9 1000 0.69
Mean value 1278 1.94
Variance 502 0.76

damage is observed. A similar behavior is obtained for the
plates, which are tested at 80% ultimate load. During the first
750k cycles, jump-like propagation is observed, after which
the area of damage approaches a constant value. The jumps
appear for each plate at a varying cycle count. Also, the gain
of damage caused by a jump varies. Nevertheless, all plates
tested at the same load level finally developed a comparable
size of the area of damage. The plate loaded with 90% of the
theoretical ultimate load reveal a similar damage propaga-
tion to that of the plates tested at 70% and 80%. However, the
damage grows faster and reaches a higher saturation level.
The propagation of damage is most pronounced in plates
tested at 100% ultimate load and advances throughout the
whole duration of cyclic loading. To the end of the test,

70T

Plate 1

Plate 2
Plate 3
60 [ 4
lz:::: ?, 100% loading
Plate 6

Plate 7

50 - Plate 8 i

" .
30 - 90% loading

Area of damage mm?

80% loading

70% loading

| | | | |
20k 500k 1000k 1500k 2000k
Cycles

Fig.6 Damage propagation of the individual plates obtained from
3D-DIC sigma
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the propagation of damage tends to slow down. As before,
jump-like propagation can be observed. The plate tested at
110% ultimate load failed in the first cycle. Consequently,
this plate is not represented in Fig. 6.

Regardless of the selected test load level, a saturating
behavior in terms of the area of damage is observed.

Validation

To ensure that the selected threshold value of sigma reflects
the correct area of damage for all tested plates, a validation
is required. For this purpose, the area of damage obtained
with 3D-DIC sigma is compared to UFD measurements
(C-Scan) and images taken with AT, at various numbers of
cycles. In Fig. 7 exemplary comparisons for selected plates
at chosen cycles are given. Since the measurements using
AT and UFD are made on the back surface, these measure-
ments are mirrored for a better comparison. The distortion of
the hole at UFD measurements can be explained by the fact
that the measurements are carried out by hand on the upright
plate without being able to use a linear guidance. So the dis-
tortion is a result of a not perfectly straight movement during
UFD measurement. Moreover, the different scan resolution
(Table 4) also has an effect on the distortion.

For all performed measurements, a comparison of
the area of damage determined with NDT methods (AT,
UFD) with the area of damage obtained through 3D-DIC
sigma agrees well. Thus the selected threshold value of
sigma = 0.01 provides an acceptable value to assess the ini-
tiation and propagation of damage for all plates.

3D-DIC (sigma)

AT measurement

UFD (C-Scan)

#0.0mm

‘ * arrow indicate vertical direction (direction of loading) ‘

Fig.7 Validation of the 3D-DIC threshold value by comparing the area
of damage to AT and UFD (C-Scan) for, (a) plate 2 at 1750k cycles, (b)
plate 3 at 2000k cycles and (c) plate 8 at 50k cycles

Empirical Model to Describe Damage
Propagation

Based on the paths shown in Fig. 6, a model is developed
that provides a good estimate of the propagation of damage
for the individual plates. Therefore, a functional dependence
between the area of damage A and the number of cycles N
is specified. As indicated in advance, all tested plates reveal
a saturating behavior in terms of the area of damage. To
consider this within the model, the axis entries are swapped
and an asymptotic term is inserted into the proposed model.
In equation (1) the proposed model is presented. It includes
three parameters Cy, C, and C,, which are adjusted to fit
the individual damage propagation paths of the individual
plates. Initial propagation as well as subsequent slowing
down of the propagation is determined using the parameters
C, and C,. The expression chosen in the denominator cor-
responds to the asymptotic term and ensures that the damage
propagation reaches saturation. Consequently, the parameter
C,, indicates the asymptotic value for high number of cycles.

Cy A
C,—A

N(Cy,C,Cy) = 1)
The proposed model is applied separately to each plate and
the parameters C,, C; and C, are determined. Each parameter
is plotted versus the normalized nominal stress level x and
a regression analysis for each parameter is performed. The
normalized nominal stress level x is calculated by taking the
ratio of the nominal stress (acting peak load/cross-sectional
area) to the ultimate nominal stress (100% peak load/cross-
sectional area). Consequently, the parameters Cy, C, and C,
can be expressed as a function of the normalized nominal
stress level x.

In Fig. 8 the least square fitting for the parameter C is
depicted. Additionally, the individual error bars (95% con-
fidence interval) are shown. On the horizontal axis the nor-
malized nominal stress level x and on the vertical axis the
parameter C, is plotted. Both axes are presented in loga-
rithmic form. A power function is selected to perform the
regression, since it has the highest coefficient of determi-
nation R?. Equation (2) shows the fitted function for the
parameter C,,.

Co(x) = 50x 7189 2)

The least square fit of parameter C, and the individual error
bars (95% confidence interval) are given in Fig. 9. As before,
the normalized nominal stress level x is plotted on the hori-
zontal axis, while the parameter C; appears on the vertical
axis. A linear relation between the parameter C, and the load
level x is obtained, giving a high R? value. The associated
function is given in equation (3).
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Fig. 8 Regression analysis for parameter C,

C,(x) =3.14x 3)

In Fig. 10 the regression of parameter C, is depicted. Also
indicated are the individual error bars (95% confidence inter-
val). On the horizontal axis, the normalized nominal stress
level x is plotted. The parameter C, is plotted on the vertical
axis. A clear exponential relationship between the parameter
C, and the normalized nominal stress level x is apparent.
This is reflected by a very high coefficient of determination.
In equation (4) the associated function of C, is stated.

C,(x) = 0.127 ¢428* 4)

Equations (2) and (3) which express the individual parameters
(Cy, C, and C,) as a function of the normalized nominal
stress level x, can be inserted into equation (1). This results
in the expression given in equation (5).
50 A3.14x

NOY= 1585 01270025 — A ®)
With this expression, the damage propagation under cyclic
loading as a function of the normalized nominal stress level
x can be described.

In Fig. 11, the measurements made with 3D-DIC are
depicted in a similar way as in the Fig. 6. Only the measured
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Fig.9 Regression of the parameter C;
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Fig. 10 Regression of the parameter C,

data points are reduced, so that only every twentieth entry is
plotted. Moreover, the paths determined using the empirical
model presented in equation (5) are included. The horizontal
axis represents the number of cycles and the vertical axis the
area of damage.

Discussion

Prior to the experimental testing, the individual plates were
inspected for potential damages using UFD (C-Scan) and
AT. There was no evidence of damage induced by water
jet cutting at the edge of the hole, thus this manufacturing
process did not affect the research content.

All plates were initially cycled at 70% ultimate load. This
allowed the comparison of all plates in terms of damage ini-
tiation. In addition, this load level was selected to minimize
any decrease in clamping force due to setting-in of clamp-
ing tabs. After 10k and 20k cycles, the clamping force was
controlled and adjusted. It was found that setting-in of tabs
was completed after 10k cycles and no further reduction
occurred after that.

The additional measurements with UFD and AT made
within the quasi-static loading were compared to the
3D-DIC evaluated data of the same loading. On the first

100% loading |

90% loading

Area of damage mm?

80% loading

70% loading

20k 500k 1000k 1500k 2000k
Cycles

Fig. 11 Comparison of the empirical damage propagation model and
the experimental evaluation by 3D-DIC
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plate tested, these measurements were used to obtain a suit-
able threshold value for sigma, that adequately represents
the area of damage. This was found by matching the area of
damage expressed by 3D-DIC sigma with that from AT and
UFD measurements. The same threshold value was taken
for the other plates, but validated multiple times, as shown
in Fig. 7. The validation of the threshold value for the other
tested plates revealed that sigma = 0.01 was selected appro-
priately. During the selection of a suitable threshold value
of sigma, evaluations with different threshold values were
also carried out. This revealed that if the threshold value
was selected in the range of 0.015 and 0.005, no differences
in the results were apparent. Using a threshold value below
0.005, the noise of the correlation dominates, so that a clear
assignment was not possible. A selection of sigma above
0.015, an assessment of the area of damage was no longer
possible, as only very large changes to the plate could be
detected. Regardless of the selection of the threshold value,
the area of damage determined by AT and UFD (C-Scan) no
longer agree with the area of damage obtained by 3D-DIC
once sigma is selected beyond this range. Consequently, this
strengthens the selection of sigma = 0.01 and indicates that
sigma is not sensitive within this range.

The reference image for each plate was chosen to be the
first image taken at peak load. In the context of strains, the
reference image corresponds to the zero strain state, despite
the fact that 70% of load is present. The offset has no influ-
ence on the selected quantity sigma, thus the choice of the
reference image is correct. Due to the fact that 3D-DIC
images were taken every 100 cycles, an accurate determi-
nation of the initiation of damage was possible.

The results of the individual plates are listed in Table 5. In
all plates, damage initiation occurred after a short period of
cycling. On average at 1278 cycles. Also the area of damage
in all plates which was measured at the end of the damage
initiation (20k cycles) showed a similar size of 1.94 mm?.

In order to assess the damage propagation in CFRP
specimens, the decrease in stiffness is frequently presented
[31, 32]. For the considered plate with circular hole, the
diameter of the hole is rather small with respect to the plate
dimension, which means that there is no global change in
stiffness or a global damage propagation. As shown by
Broughton et al. [33] for glass fiber-reinforced plastic lami-
nates, DIC can be used to localize sub-critical damage at
the hole using the DIC calculated strains. A description of
the damage size was not part of their investigation.

In contrast, based on 3D-DIC sigma, a damage size could
be identified, which was used to establish an empirical
model. This established empirical model provides a way to
describe the damage propagation using the area of damage.

After 20k cycles, the load was adjusted to the test load
level and damage propagation was assessed. The test load
levels, which are given in Table 1, were chosen between 70%

and 110%. Following the findings of Aymerich and Found
[9], and Ambu et al. [10], the load for the plate was chosen
above the static failure load, to examine if the existing dam-
age is large enough to handle this load. Therefore, plate 9
was tested at 110% ultimate load level, but suffered total fail-
ure in the first cycle. The total failure could be attributed to
two potential causes. On the one hand, plate 9 has the small-
est area of damage post damage initiation, meaning that the
stress concentration has not degraded. One the other hand,
the chosen load could have been too high. The other plates
were tested for 2000k cycles and damage propagation was
detected. As illustrated in Fig. 6, the test load level affects
the damage propagation. The higher the selected test load
level, the more pronounced the damage propagation. The
fact that there is a sudden transition between static failure
and very high fatigue life of the plate can be explained by
this damage propagation. The size of the damage may be
responsible for a change in the initial stress state at the hole,
which yields a largely increased fatigue life.

The measurements performed with AT and UFD did
not provide a precise physical classification of the damage
mode. Here, further investigations using radiographic meth-
ods are required. Nevertheless, the area of damage contains
each damage mode and allow the assessment of damage.
Furthermore, cyclic creep and cyclic softening are included
in the area of damage assessed with 3D-DIC sigma.

The damage initiation in plates with a circular hole at
cyclic tensile loading was found to takes place at the hole.
Further cyclic loading yields in damage propagation which
grows from the hole into the plate. The damage propaga-
tion direction is normal to the loading direction. As matrix-
dominated damage modes are also involved, delaminations
can also propagate. Such delaminations, when debonding
the plies, change the stress state around the hole and cause a
change that was detectable with the 3D-DIC. Assuming the
isolation of plies redistributes stresses from matrix to the
fibres, an explanation for the increased fatigue strength is
obtained. Arguably, such a damage may increase the static
strength also, and will be scope of future research.

The paths of damage propagation shown in Fig. 6 were
used to establish the empirical model with which the damage
propagation in plates with a circular hole could be described.
This empirical model was introduced in “ Empirical Model
to Describe Damage Propagation” section. The occurring
jumps in the damage propagation are not considered in the
established model. This is argued by the fact that plates
which have been tested under the same load revealed that
jumps are random and that a systematic relation could be
ruled out. For each parameter, of the empirical model a func-
tional relation with the normalized nominal stress level x
was found and expressed. The parameter C,, which describes
the initial damage propagation, was approximated by a
power function, which is given in equation (2). Swapping
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the axis entries, necessary for the saturating behavior, is also
reflected in the parameter C;,. As mentioned before, higher
loadings cause stronger propagation at the beginning, thus
the parameter C, is decreased at higher load levels and vice
versa. The parameter C;, which affects the initial propaga-
tion, as well as the propagation towards saturation behavior,
exhibited a linear relationship with the normalized nominal
stress level. Within the established model, the most interest-
ing parameter is C,, which represents the asymptotic value
of damage for high cycles. For parameter C,, an exponential
relation associated with the normalized nominal stress level
was identified. In equation (5), the established model with
which the damage propagation in plates with an open hole
could be described, with the parameters expressed by the
normalized nominal stress level x was presented. The physi-
cal constraints were also covered by the empirical model.
Provided that no load is applied, also no cycles are required
to reach the appropriate area of damage. Also, if there is no
area of damage, no cycles may be experienced so far.

In Fig. 11, the empirical model was compared with the
3D-DIC evaluated data. For the plates tested at 70% and
80%, the agreement appears to be better than for the plates
tested at 90% and 100%. This is attributed to smaller pro-
nounced jump-like damage propagation.

In the empirical model, only one hole size and plate
geometry, along with only one load ratio and lay-up was
tested, therefore the empirical model as a function of nor-
malized nominal stress level was established only.

However, there will also be a functional relation to the
hole diameter and hole location.

The established empirical model may also describe the
propagation of damage if a different hole diameter is tested.
For larger hole diameters, the applicability of the empiri-
cal model becomes restricted only if there is an interaction
between the hole and the free edges, as damage propagation
is mutually influenced here. This was observed by Nixon-
Pearson et al. [32], aware that specimens with small dimen-
sions were analyzed there. For smaller hole diameters, it is
assumed that the damage propagation is similar to that of
the considered hole. As the diameter of the hole becomes
smaller, detection by 3D-DIC gets more challenging. As
a consequence, there will also be a lower boundary to the
empirical model in terms of the hole diameter. At the present
stage, this limit is not known.

The influence of the hole location on the empirical model
may be seen in a similar way. As far as the hole is not located
to close to the edges, it is assumed that the empirical model
could be used. If not, the free edges could interact with the hole
[32], which is not reflected in the established empirical model.

There is also a large influence of the layup on the damage
propagation and consequently on the established empirical
model. To emphasize this, a comparison to already pub-
lished research on holed CFRP specimens is done. Maciel

et al. [31] found that longitudinal splitting predominates
the damage propagation in 5 Harness Satin [0]g ; laminates.
Likewise, Ambu et al. [10] had investigated various cross
ply laminates in their research. The X-radiographs presented
there revealed that for the tested [O / 90] ,, laminates longitu-
dinal splitting were primarily present. Contrary they showed,
that for [145 /0/ 90] ,, laminates, delaminations between +45
and O plies at the hole had formed. The contour of the dam-
age outlined therein shows a similarity to the area of damage
determined with 3D-DIC sigma, as described in the pre-
sent study. Although, their investigation showed significant
matrix cracks that were provoked by the cross ply laminates.
This leads to the conclusion that, the established empirical
model can be used for other layup and laminates as well,
assuming that plies of different orientations are stacked
and that thin laminates are involved. The restriction to thin
laminates can be attributed to the 3D-DIC method, as only
changes on the surface and those that cause a change to the
surface can be detected.

Overall it is assumed that the same general empirical
model will hold. Nevertheless it depends strongly on the
before mentioned variables, as well as on the laminate con-
tent, plate geometry and shape of the cut-out. However, fur-
ther experimental research is required with different influ-
encing variables in order to strengthen the assumption, that
the established empirical model is valid. In summary, the
presented empirical model can be used to assess the damage
propagation of quasi-isotropic thin plain-woven CFRP plates
with a circular hole exposed to cyclic tensile-tensile loading.

Conclusion

In this study the fatigue and progressive damage of thin
plain-woven CFRP plates weakened by a circular hole
was experimentally investigated. Under cyclic tension-
tension loading the initiation and propagation of damage
was assessed by 3D-DIC. For this purpose, the correlation
goodness value sigma of the 3D-DIC was used to iden-
tify and quantify damage. The selected damage evaluation
method, applying a threshold value to the sigma of 3D-DIC
results was validated using AT and UFD. Based on the vali-
dated threshold value, the area of damage of the individual
plates was determined over cyclic loading. The damage
propagation of the individual plates revealed a similar sys-
tematic. Initially, the area of damage grew noticeably, fol-
lowed by a slowing down of the damage propagation. The
jump-like propagation of damage could be attributed to the
CFRP plate, by matching the area of damage obtained from
3D-DIC with the measurements using AT and UFD. The
load level is also represented in the final area of damage,
the area of damage is larger at higher loads than at lower
loads. Taking the area of damage as a basis, an empirical
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model was developed with which the propagation of dam-
age as a function of the selected load level could be derived.
Comparing the established model and the measured data
demonstrates good agreement. Since damage propagation
can be well described with the established model, future
work will include other hole sizes, different laminates and
different stress concentrations (e.g. V-notch). Moreover, the
influence of different ply orientations and load ratios will be
part of further investigations to adapt the established model
and make it more general.
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