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Abstract: Holes and their effects on the fatigue behavior and damage propagation of thin-walled
structural components remain objects of research. In this paper, the previously untreated effect of
round holes in thin plain-woven carbon fiber-reinforced plastic plates subjected to simple block
loading is examined, and the implication on both damage propagation and residual tensile strength
is investigated. Using three-dimensional digital image correlation, the damage propagation in the
performed experimental tests is acquired, and the damage size is quantified. The evaluations reveal a
relationship between the damage propagation and applied load level, for which an empirical model
has been previously established by the authors. As the number of cycles increases, a saturation
behavior is found. Once the increased load is imposed on the plate, damage propagation resumes,
leading to further damage propagation that can be described with the same empirical model as the
initial damage propagation, including renewed saturation behavior. The subsequent experimental
tests to determine the residual tensile strength reveal a positive effect of the existing damage size, as
the ultimate load significantly exceeds the ultimate load of the non-damaged plate.

Keywords: CFRP plate; circular hole; fatigue testing; simple block loading; damage propagation;
digital image correlation; residual tensile strength

1. Introduction

The requirements for the thin-walled components used in lightweight applications
are constantly increasing. In the design of such components, numerous factors (e.g., oper-
ational environment, acting loads, and safety) must be considered to achieve the highest
performance for the defined weight targets. Independent of the chosen material, variations
in thickness, fillets, notches, and cutouts must be addressed during the design phase. There
is usually a special interest in circular holes because they are used to join different parts
(e.g., with bolts) or let electrical wires and fluid-containing lines pass through [1]. These
holes may significantly affect the load-bearing capacity of the structures with their presence
as they cause stress concentrations. For thin-walled metallic components, the influence of
the holes is already well known [2,3].

In contrast, the consideration of the holes in carbon fiber-reinforced composites is
more challenging. Compared to metals, these materials are not isotropic. Instead, they are
composed of multiple stacked layers, where each layer is generally orthotropic and can
ideally result in quasi-isotropic laminates. The significance of holes in laminates resulted
in the definition of a standardized procedure named the open-hole tensile test, which is
designated ASTM D 5766/D5766M-95 [4]. This involves the static testing of rectangular
coupons and gives the open-hole tensile strength [4].

An early approach to consider the effect of a hole in a laminate utilizing a static stress
criterion was made by Whitney and Nuismer [5]. Subsequent investigations modified these
approaches so that more accurate approximations could be carried out [6–9]. However, all
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these approaches require extensive experimental investigations to identify the required
parameters, as they depend on the laminate architecture and hole size. Wallner et al. [10]
also propose a modified approach based on Whitney and Nuismer [5]. They reduce the
experimental effort using a numerically calculated critical path curve and the maximal
stress inside the laminate. A further well-documented means of analyzing the stresses
in laminates is the finite element method (FEM). It is frequently chosen as the validation
method to verify new proposed approaches [11,12].

Nevertheless, these approaches and the standardized procedure do not cover cyclic
loading. The stacked architecture and the different properties of fibers and matrix cause a
complicated fatigue damage behavior, involving matrix cracks, debonding between matrix
and fibers, delaminations, and fiber breakage [13,14]. Some coupon-level experimental
studies investigating these fatigue mechanisms have recently been published [15–17].
Nixon-Pearson et al. [18] investigated fatigue damage progression in CFRP coupons with
holes and observed damage in the form of matrix cracks and delaminations originating
from the free edge and the hole edge of the coupon. Damage propagation proceeded
from both edges into the laminate and then towards the clamping zones until a complete
collapse of the coupons was observed. These findings are in agreement with those of
Aymerich et al. [19], who also specified that the matrix dominated failure modes cause
damage in notched carbon/epoxy laminates. The latter also emphasizes the damage-
dependent decrease in the stress concentration at the hole. Very high numbers of cycles
were necessary to lead to a failure of the coupons, while for plates with circular holes,
Heinzlmeier et al. [20] revealed that the matrix-dominated damage modes were also the
primary mechanism of damage growth under tension–tension loading conditions, but
due to the large considered specimen size, no complete collapse was reached as damage
propagation halted and saturated.

However, as real structures experience multiple load levels, this must be addressed in
the design phase to specify the maximum allowable loads and service intervals. According
to the research of van Paepegem et al. [21], no general answer regarding the loading, i.e.,
whether high-low or low-high loading is more damaging to the structure, can be given, as
some researchers consider low-high loading to be more critical [22], while others consider
high-low loading to be more critical [23]. In their review, Post et al. [24] provided commonly
used methods to describe the fatigue of multiple loaded composite materials without holes.
More recently, a model describing the multiple load levels and their effects on fatigue
behavior and residual strength was developed [25]. However, holes are not considered in
this model. Broughton et al. [26] studied the effect of varying the load level on the fatigue
life in glass fiber-reinforced plastic specimens with holes, where a relationship between the
fatigue life and the surface temperature, longitudinal strains, and stiffness was perceived.

Often, the reduction in stiffness is used to determine the progressive damage [18,26,27].
In practice, measuring stiffness reduction can be difficult, i.e., damage originating from the
holes must be assessed differently. One option is to describe the damage propagation in the
laminate by measuring the damage size.

This present paper builds on this approach. Based on the work of Heinzlmeier et al. [20],
this research paper investigates the propagation in pre-damaged thin plain-woven CFRP
plates with a circular hole exposed to simple block loading. All loading designations
are consistent with those of Schijve et al. [28]. The focus of this present paper is placed
on experimental investigations. Tests were performed under sinusoidal tension–tension
loading conditions. Damage size was measured using contact-free measuring techniques,
which include three-dimensional digital image correlation (3D-DIC) and active pulse ther-
mography (APT). Furthermore, a previously published empirical model [20] was applied
to the simple block-loaded experimental measurements to investigate its applicability. A
further objective of this work was to investigate the residual tensile strength and how it is
affected by the presence of damage caused by preceding simple block loading.

The innovative contribution of this research contrasts existing publications [18,19,29]
in which experimental investigations have been carried out using holed coupons with
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small dimensions (which adopted the state-of-the-art approach). This research is focused
on wide plates as test specimens, where a large number of load cycles were performed.
The use of plates was motivated by the fact that, in real applications, the components of
large dimensions are predominantly used instead of narrow, tensile-test-specimen-shaped
components. As a result of the large dimensions of the plates, the free edges are located far
from the hole, and no interaction between the free edges and the hole exists. This means
that the effect of the hole on the fatigue behavior can be analyzed independently.

This paper starts with a methodology section that explains the experimental setup,
procedure, and damage assessment. Moreover, the empirical model used to describe
damage propagation is presented. In Section 3, the damage propagation of simple block-
loaded plates with a circular hole and the validation of the empirical model with the
experimentally obtained data are given. Additionally, the results of the damage-size-
dependent residual tensile strength are presented. The final part of this paper includes a
discussion of the results, followed by our concluding remarks.

2. Materials and Methods

As this study builds on the results and findings by Heinzlmeier et al. [20], the same
experimental setup and specimens in the form of plates with a circular hole were used.
They are presented in the following.

2.1. Experimental Setup and Procedure

Four prepreg layers of a plain woven CFRP fabric (Solvay, Brussels, Belgium) CY-
COM®970, 3k-T650, in arrangement [0f/45f]s, fiber volume fraction φ = 0.6) were used,
composite blanks with a thickness of 0.816 mm were cured in an autoclave (12 h, 0.9 MPa,
120 ◦C), and plates with circular holes were cut out by water jet cutting. This manufactur-
ing method has been reported to have negligible influence on the fatigue behavior [30].
Subsequent inspection using ultrasonic flaw detection (UFD) and APT were carried out to
check for potential defects during hole machining. The final sanding and adhesive bonding
of the clamping tabs completed the specimen preparation. Figure 1 shows a plate with a
circular hole (diameter 20 mm), where the prepared region (the white surface with black
speckles) for measuring the surface displacements with 3D-DIC and the placement of the
clamping tabs are indicated.

The experimental investigations were carried out using a Zwick-Roell® (Ulm, Germany)
100 kN servo-hydraulic cylinder and a CUBUS control unit at a load ratio R = 0.1 and a
cyclic frequency of 4 Hz. A load cell allows for control and adaption during load-controlled
testing. In Table 1, the defined load levels of the tested plates for simple block loading are
provided since, for the current investigation, the chosen plates remained in the fixture once
2000k cycles had been reached, and a second loading block with the same R-value and
cycle number but different cyclic load amplitude was initiated. The number of cycles for
the tensile fatigue tests is typically 1 million cycles [18]. However, for the tests performed
in this study, this number increased to 2 million cycles for each loading. We chose this
number because this clearly reveals the damage behavior. The theoretical static ultimate
tensile load (UTS) of the plate with a circular hole (34.58 kN) is calculated by scaling up the
results of the coupon tests (40 mm width, identical length, and lay-up) to the plate width
according to the classical laminate theory, utilizing a stress concentration factor of 3 for
the hole. The resulting UTS represents the peak load of a plate cycled with 100% and is
equivalent to the normalization coefficient used to define the normalized load level x.

After completing the simple block loading (4000k cycles) the plates were considered
run-outs and were statically tested to determine the residual tensile strength. Therefore,
the plates were unloaded down to 500 N and a static ramp with a load rate of 1 kN/s
was specified.
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Figure 1. Layout and dimensions of a plate with circular hole with the clamping tabs and speckle
pattern applied.

Table 1. Specified load levels for the tested plates; four plates are subjected to simple block loading
with stress ratio R = 0.1.

Normalized Load Level x Mean Load Amplitude

0.7 I 13.31 kN 10.89 kN
0.8 I I 15.22 kN 12.45 kN
0.9 I I I 17.12 kN 14.01 kN
1.0 IV 19.02 kN 15.56 kN

Plate No.
Load level to assess damage propagation

20k–2000k 2000k–4000k

1 I -
2 I I I I
3 I I -
4 I I IV
5 I I I I I
6 I I I IV
7 IV -
8 IV I I

As a consequence of the large plate width, an in-house designed fixture was used.
This fixture consists of two parts, the lower part is mounted on the test rig, while the upper
part is attached to the load cell, which is connected to the loading cylinder. The rotation
around the cylinder axis is suppressed by guiding bars. The experimental setup, including
specimen, loading, and measuring equipment (3D-DIC and APT) are shown in Figure 2.

A 3D-DIC system from Correlated Solutions (Irmo, SC, USA) was used to assess damage
propagation. For this purpose, the 3D-DIC system was placed on the test rig and focused on
the area surrounding the hole where the speckle pattern was applied. The 3D-DIC system
was supplied with the load signal from the CUBUS control unit, which used it as a trigger
signal. For the APT measurements a µε® (Ortenburg, Germany) TIM 450 thermal imager
and an Elinchrom® (Renens, Switzerland) Zoom Pro flash head were used. The APT thermal
imager was positioned facing the 3D-DIC system, focusing on the opposite face of the plate.
During the entire test, the position of the measuring equipment remained unchanged.
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Figure 2. Experimental setup to perform the simple block-loading tests.

In order to acquire data with the 3D-DIC system, images were captured in 500-cycle
intervals throughout cyclic testing at peak load. Intermittently, the cyclic loading was
paused, and static loading ramps from 500 N to 15 kN at a rate of 1 kN/s were inserted.
These static loading ramps were captured separately using the 3D-DIC system. At the end
of each static loading ramp, APT measurements were performed.

These APT measurements were started immediately before activating the excitation
source and stopped after 5 s. An acquisition frequency of 10 Hz was used to capture damage
that became visible as a result of an interrupted heat flow.

2.2. Damage Assessment

To quantify the possible damage, the 3D-DIC output variable Sigma (first-standard-
deviation confidence interval for the match at the evaluation points, in pixels) was taken
anew. For each plate, the first image at peak load, taken from the initial loading, was
selected as the reference image. A sequential processing of all 3D-DIC images captured at
peak load provided a measurement of the damage propagation for the individual plates by
considering the area of the damage (expressed with 3D-DIC Sigma). This was carried out by
picking the subset size (29 px = 1.556 mm) and step size (7 px = 0.3756 mm) for the evaluation
since this selection gives the best compromise between accuracy and noise. Output values
exceeding the threshold of the 3D-DIC Sigma are classified as being damaged. The sum of
all damaged evaluation points with attached (finite) areas gives the area of damage at a
certain cycle number. The threshold value of 3D-DIC Sigma was chosen by matching the
resultant area of damage with measurements from APT and UFD (C-Scan) made on the
first tested plate [20]. It was revealed that Sigma = 0.1 is a suitable threshold value, which
was used again throughout this research.

The evaluation of each static loading ramp with the 3D-DIC system was performed
using the same subset size (29 px), step size (7 px), and threshold value. However, each
loading ramp was processed separately, whereby the reference image was taken at the
beginning of each ramp.

The evaluation of the APT measurements were carried out using MATLAB, where
two subsequent images (one before and one after excitation) were subtracted to eliminate
the interfering heat and reveal the possible damage.

By comparing the measurements of 3D-DIC and APT taken at the same cycle count
and under the same loading conditions, a validation of the selected threshold value of
Sigma can be performed. This procedure was demonstrated by the authors in a previous
publication [20].
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2.3. Empirical Model for Damage Propagation

The applied empirical model to describe damage propagation originating from a
circular hole in the thin plain-woven CFRP laminates is taken from [20]. There, from the
experimental investigations on identical plates, an empirical model was established that
can describe damage propagation after damage initiation due to tension–tension loading.
Equation (1) gives the number of cycles N as a function of the area of damage A and
the three parameters C0, C1, and C2, with which the damage propagation acquired using
3D-DIC were adjusted.

N(C0, C1, C2) =
C0 AC1

C2 − A
(1)

The parameters in Equation (1) were fitted from test data and, thus, are only valid
for the given laminate and hole geometry. Because of the use of identical specimens, it
is assumed that the same coefficients can be used for all tested loading cases.The subse-
quent determination of the functional dependency of each parameter with respect to the
normalized load level x finally yielded the representation, as shown in Equation (2) [20].

N(x) =
50

x18.9
A3.14 x

0.127 e 6.28 x − A
(2)

The detailed methodology to derive this empirical model and the underlying assump-
tions were described in more detail in Heinzlmeier et al. [20]. Applying this empirical
model and taking the normalized load level x (defined in Section 2.1) together with the area
of damage A as a variable, leads to the paths depicted in Figure 3. Therefore, the area of
damage A is plotted over the number of cycles (i.e., axes entries are swapped). The repre-
sentation is bounded to 4000k cycles, since the performed experimental tests are stopped
at this number of cycles and the residual tensile strength is determined. The progressive
damage shows a clear saturation behavior when the stress level is constant.
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Figure 3. Paths of the empirical damage propagation model for the selected load levels.

3. Results

In this section the results of the simple block-loaded fatigue tests, the validation of the
empirical damage propagation model and the results of the static residual tensile strength
tests are presented.

3.1. Measured Damage Size Due to Proper Threshold Value Selection

To ensure that the selected threshold value of the 3D-DIC variable Sigma has been
chosen correctly and that there are no changes in the speckle pattern caused by unknown
influences throughout the entire test duration, a validation of the selected threshold value
is necessary. This is achieved by matching the 3D-DIC computations with the equivalent
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measurements obtained with APT at the same number of cycles and at the identical load
(15 kN).

Figure 4 compares the 3D-DIC computations and APT measurements at the last static
ramp at the final pause (4000k, 15 kN). The scaling of the 3D-DIC and APT measurements
is kept unchanged for all measurements.
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Figure 4. Validation of the selected threshold value of Sigma by comparing 3D-DIC computations
and APT measurements at the last static ramp (i.e., after 4000k cycles at a static load of 15 kN).

The 3D-DIC computations demonstrate that with Sigma = 0.1 the red (damaged) areas
are consistent with the APT images even at 4000k cycles and that choice is valid. Varying
the threshold value affects the outcome only from the range of 0.005 and 0.15, but there is
no longer a match with the APT measurements. Within 0.005 and 0.15, the use of Sigma
exhibits no effect on the area of the damage expressed with it. This can be attributed to an
abrupt transition between the damaged areas and non damaged regions.

3.2. Damage Propagation of Simple Block Loaded Plates with a Circular Hole

The measured 3D-DIC damage propagations during the simple block loading of
the plates are illustrated in Figure 5. There, the area of damage is plotted against the
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number of cycles. The damage propagation for the first loading block (20k–2000k cycles)
is also included. The initial 20k cycles were classified as damage initiation and are not
included [20]. These damage propagations were the basis for calibration of the model
represented in Equation (2). The second loading block (2000k to 4000k cycles) was used to
validate the proposed empirical model for simple block-loading fatigue behavior.
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Figure 5. Damage propagation in plates with a circular hole under simple block tension-tension
loading conditions evaluated via 3D-DIC.

In the first loading block, all investigated plates show saturation regarding the area of
damage. The subsequent increase in the cyclic load amplitude causes an immediate effect
on the damage propagation behavior. As shown in Figure 5, damage propagation continues
in those plates, which are exposed to higher loads in the simple block-loading tests. Plates
2, 4, 5, and 6 exhibit similar behaviors, where, at the beginning, the damage propagation
is affected by jumps, and as the number of cycles increases, the damage area reveals a
stagnation in growth. For the plates where the load was increased to 100%, the jump-like
propagation is more noticeable and continues over a longer period of testing. Plates 2 and 5,
along with Plates 4 and 6, demonstrate that in saturation, the areas of damage are governed
by the load level and not the loading history. This is evident in the comparison of Plate 2
and Plate 5 with Plate 6. Plate 2 has been tested for 2000k cycles at a 70% load and 2000k
cycles at 90%. Plate 5 was loaded with 80% and with 90%. A comparison of the final area of
damage to that of Plate 6 at 2000k cycles (90% load) highlights that a similar area of damage
is reached.

Moreover, this can be also observed by comparing Plate 4 (4000k) and Plate 6 (4000k)
with Plate 8 (2000k). However, for Plate 8, which has been loaded with a higher load
(100%) in the first load block and later cycled at a lower load (80%), no further change to
the damage size is found. As a result, the area of damage of Plate 8 remains unchanged
after 2000k and 4000k cycles. Regarding the final area of damage, that of Plate 8 appears
to be smaller. However, if Plate 7 had been subjected to a load reduction for simple block
loading, it seems that the area of damage would match better than those of Plate 4 and
Plate 6 (at 4000k).

3.3. Validation of the Empirical Damage Propagation Model

The load increase in the simple block loading causes further damage propagation,
which, in turn, is characterized by a fast initial growth, a saturation behavior, and a load-
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level-dependent final area of damage. To account for the non-zero initial damage area at
the beginning of the simple block loading (2000k), a shift is required to apply the empirical
damage propagation model from Section 2.3. Therefore, the evaluated areas of damage at
2000k cycles are taken as starting points and are used to intersect with the empirical model
(when the load is adapted). The paths of the empirical model (depicted in Figure 3) are
shifted towards these starting points by offsetting them along the number of cycles so that
the area of damages coincide (empirical model and 3D-DIC evaluated damage at 2000k). A
graphical representation of the empirical damage propagation model and the evaluated
damage propagations (3D-DIC) are depicted in Figure 6. Since a certain level of damage
exists when adaptation to simple block loading is performed, the paths of the empirical
model below these intersecting points are drawn as dot-dashed lines. In addition to this
graphical representation, where the paths of the empirical damage propagation model
show excellent correlation, Table 2 confirms this by showing the coefficient of determination
R2 of both loading blocks. In addition, the cycles into which the paths are shifted are listed.
Here, the negative prefix indicates a backward shift (starting point = 2000k). Since the load
on Plate 8 is reduced during simple block loading, this shift approach is not applicable.
Consequently, it is not possible to determine a coefficient of determination or a shift cycle
number (indicated with *).

Figure 6. Validation of the empirical damage propagation model with the measured area of damage
for simple block-loaded plates with a circular hole.

3.4. Residual Tensile Strength

Subsequent to the cyclic testing, the residual tensile strength is determined via quasi-
static loading. In Table 3, the results of the residual tensile strength tests are presented.
The numbering of the plates, the applied load levels, the final damage sizes (last measured
value at peak load during simple block loading, as shown in Section 2.2), and the associated
residual tensile strength values are listed. Furthermore, Figure 7 illustrates the measured
residual tensile strengths over the corresponding damage sizes. A static test on a pristine
plate proves that the calculated initial strength is appropriate. The resulting experimentally
determined static strength (35.07 kN) is also given in Figure 7.
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Table 2. Validation of the empirical damage propagation model by using the coefficient of determina-
tion R2.

Plate No.
Coefficient of Determination R2

Shift in Cycles
20k–2000k 2000k–4000k

1 0.944 — —
2 0.967 0.961 −5263
3 0.924 — —
4 0.984 0.915 −6951
5 0.921 0.938 −83132
6 0.914 0.909 −64954
7 0.871 — —
8 0.886 * *

Table 3. Area of damage at the end of simple block loading and the residual tensile strength from
subsequent quasi-static testing.

Plate No. Load Levels % Final Area of
Damage in mm2

Residual Tensile
Strength in kN

2 70 90 33.11 41.515

5 80 90 32.93 40.627

4 80 100 59.07 45.991

6 90 100 59.85 47.705

8 100 80 56.32 43.622

The residual strength results for the cyclic damaged plates show an increase in the
tensile strength compared to that of the pristine plate. It seems that the residual strength
increases monotonically with the increase in the final area of damage.
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Figure 7. Residual tensile strength after simple block loading (4000k) in plates with a circular hole.

4. Discussion

Discussion of the experimental findings on the propagation of damage in plates with
a circular hole and the utilization of the empirical model is given in this section. Moreover,
the effect on the residual tensile strength and the possibility to predict damage propagation
with the empirical model is discussed.

4.1. Damage Propagation

With the second loading block, damage propagation at two different load levels was
assessed. The growth of the damage in the second loading block exhibited a similar behavior
as the first loading block. Dependent on the load level, a fast growth at the beginning and a
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saturation behavior was observed with increasing the test duration. The measurements
performed using active thermography provide additional information, although, in this
investigation, thermal imaging was used to validate the 3D-DIC-evaluated area of damage.
As a result of the fatigue loading at a low frequency (4 Hz), no noticeable increase in the
temperature of the specimens was observed throughout the entire test series. Likewise, the
conducted measurements via active thermography, where the temperature increase did not
exceed 3 ◦C, did not cause any thermal stresses; thus, the influence of any thermal stresses
on the mechanical response could be excluded.

The underlying damage mechanisms include in-plane interlaminar stresses from
differing fiber orientations and the opening of existing delaminations under load conditions.
Similar to the first loading block, the second loading block experienced jump-like damage
propagation. It is assumed that the frequency of the jumps is governed via stochastic and
sudden damage propagation events. Only the damage propagation of Plate 8 was different
to that of all other specimens. Here, a lower load was chosen for the second loading block
and revealed that the damage remained static. This implies that in the case of HI-LO simple
block loading, no further damage propagation takes place.

However, this outcome presumes that the damage size is larger than that which can
be achieved at the reduced load level. In these specific situations, only the higher load
level is relevant. Physically, this can be explained by the fact that as a result of the cyclic
loading with a reduced load, already formed matrix cracks and delaminations do not open
entirely, interlaminar shear stresses are reduced, and, thus, no further damage propagation
is possible.

In case the damage caused by the higher load level has not yet exceeded that of
the lower load level, a reduction in the load could potentially cause further but slower
damage propagation. This is only possible if the load level is changed quickly since, after
approximately 150k cycles, the damage size of the higher load level exceeds that of the
lower load level (saturated damage size).

To address the question regarding which simple block loading is more critical (HI-LO
or LO-HI) the results of Plates 2 and 5 can be compared. Here, the loadings were selected
inversely (i.e., 80 % and 100 %, and 100 % and 80 %, respectively). Both variants are found
to reach the same level of damage, which indicates that neither of the two cases was
more critical. However, for reliable conclusions, additional plates must be tested with this
procedure of inversely loading the plates.

4.2. Empirical Model for Damage Propagation

Based on the same plates, the empirical damage propagation model presented in
Section 2.3 was derived by the authors in a previous study. Thus, this empirical model
could be used without need for parameter modification. To account for the existing damage,
the paths of the empirical model were shifted. A graphical comparison (see Figure 6) of the
paths (empirical model) with the evaluated 3D-DIC damage propagations revealed good
correlation. This was also confirmed by the corresponding coefficient of determination
R2. The occurring jumps within the damage propagation are not covered in the empirical
model, but since these are seen as random, they could be tolerated.

Besides this procedure, in which the paths of the empirical model were shifted into the
last value obtained before load adaptation, a further procedure is feasible. Here, only the
paths of the empirical model were considered by shifting the paths into the last calculated
value (with the empirical model at 2000k). For Plate 2 and Plate 4, no difference was found
since the area of damage determined with 3D-DIC is consistent with that of the empirical
model. In contrast, for Plate 5, the coefficient of determination R2 deteriorated, while for
Plate 6, it improved.

Since the load was reduced in Plate 8 and no damage propagation was detected
throughout the entire loading block, a shift as described was not possible because there
was also an offset within the area of damage (reduced load could not reach the damage size
of this higher load). Thus, a shift with respect to the damage size must be performed. An
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alternative procedure would be to simply use the damage size after the first loading block
and transfer it to the second loading block (which would be a horizontal line in Figure 6).

4.3. Residual Tensile Strength

In the experimental investigations in terms of the residual tensile strength, a rela-
tionship with the area of damage was found. As the area of damage becomes larger, the
residual tensile strength also increases. It appears that there is a monotonic relationship.
This outcome, which is presented in Table 3 and in Figure 7, is in agreement with the find-
ings of Aymerich et al. [19] and Kress and Stinchcomb [31]. Both emphasized a relationship
between the number of cycles and the residual tensile strength.

This positive effect of the damage size on the residual tensile strength could be as-
cribed to a similar phenomenon, as it appears within the fatigue strengthening effect.
Relevant investigations on small needled ceramic matrix composite samples revealed a
damage-dependent increase in the residual tensile strength [32,33]. Nevertheless, holes
were not addressed.

The load-carrying capacity of the plate with a circular hole is primarily provided by
the fiber bundles aligned along the direction of loading. In the residual tensile strength
tests, the occurrence of fiber breakage triggers immediate total failure. Any static or cyclic
loading below that will mostly activate matrix-dominated failure modes, which have, in the
case of delamination damage, been observed to propagate into saturating damage growth.
Amongst the mechanisms potentially contributing to this effect, two are mentioned. On
the one hand, a reduction in the stress concentration factor by changing the geometry of
the hole may occur. On the other hand, a local increase in the tensile strength occurs due
to fiber bundle alignment in the loading direction (enabled via the matrix failure-driven
isolation of fiber bundles from the surrounding laminate). Although this may give a higher
stress concentration factor, the benefit of the isolated fibers is more significant in this case.
Both mechanisms were detected via the 3D-DIC system and led to an increased residual
tensile strength compared to that of the pristine plate.

Considering the increase in the residual tensile strength, it might be possible to raise
the cyclic loading to more than 100% (=theoretical UTS of a pristine plate). To address this
possibility, further experimental tests are required, where the load is raised once a certain
damage size is present. Likewise, to examine a relationship with the fatigue strengthening
effect, more experimental testing is required.

4.4. Prediction of Damage Propagation

As a result of the good agreement between the empirical damage propagation model
and the evaluated damage propagation paths, it is assumed that the empirical model has
a wider applicability. Alternating block (loading blocks are repetitive) and multi-block
loading (more than two load levels) should be possible to apply the empirical model. One
adjustment is the starting damage size in the empirical model for each new loading block,
which must be adapted to match the existing damage size measured from the experimental
tests (as performed in this present study), or the final damage size predicted by the empirical
model in the previous loading block. Additional experimental investigations must be
performed to demonstrate the validity of the empirical model and prove that the empirical
model can be applied.

5. Concluding Remarks

This study discussed the damage propagation and residual tensile strength of thin
plain-woven CFRP plates in the [0f/45f]s configuration, with a circular hole subjected to
simple block tension–tension loading. Experimental tests were carried out to assess damage
propagation using contact-free measuring systems (3D-DIC and APT) to investigate the
effect of a load modification on the damage propagation. The damage propagation, which
reached saturation at a single load level, was reactivated from a load increase and showed
a highly comparable damage propagation behavior to that of the same single load level.
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Load reduction, in contrast, has no effect on damage propagation. The application of an
empirical damage propagation model, adapted to the first loading block only, demonstrated
the usability of the model even in simple block-loading tests. This empirical model gives
the number of cycles as a function of the area of damage and may be used to predict the
damage propagation under block-loading conditions.

Additionally, the residual tensile strength was examined. It was found that with
increasing damage size, the residual tensile strength of the plate was raised. Consequently,
the load-carrying capacity of the plate was increased, and it appears as if cyclic loading
beyond the initial ultimate tensile load is possible (when a certain damage size is present).
To obtain more general knowledge on damage propagation under multi-block-loading
conditions and on a functional relationship of the damage size on the residual tensile
strength, further experimental research is necessary. For this purpose, other laminates
(different laminate thickness and lay-up orientations), hole diameters, plate dimensions,
and loadings (compression and shear) have to be taken into account. Further experimental
investigations have to be undertaken to determine the statistical reliability of the proposed
empirical damage propagation model. For this purpose, the length of the load blocks
should be varied to determine this influence on the fatigue behavior of plates with a
circular hole.
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