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Abstract: This paper presents a comprehensive statistical methodology for analyzing the progressive stiffness degradation
in advanced polymer matrix composites subjected to long-term cyclic loading. To validate this framework, extensive ex-
perimental data for both unidirectional and woven composite specimens, which were tested under a variety of distinct cyclic
loading conditions, are thoroughly examined. This empirical data is used to systematically evaluate continuous changes in
the elastic modulus and its inherent variability as the number of accumulated load cycles increases. The proposed analytical
approach fundamentally considers the elastic modulus as a statistically distributed quantity, rigorously tracking the complex
evolution of both its mean value and data scatter throughout the material's fatigue life. The results clearly indicate distinct
degradation trends that depend heavily on the specific reinforcement architecture and fiber layup. Notably, [£45] and [90]
configurations demonstrate markedly increased variability and heightened structural sensitivity to cyclic loading. Ulti-
mately, this robust methodology provides a reliable foundation for further probabilistic analysis of stiffness degradation
and reliability in composite materials.

Keywords: Polymer matrix composites (PMC); stiffness degradation; cyclic loading; probability distribution; fatigue of
materials; digital image correlation (DIC).

1 Introduction

The modern design strategy for aircraft structures made of polymer matrix composites (PMC) is based on the principles
of damage tolerance [1, 2]1. This approach is rooted in the understanding that the material undergoes continuous degrada-
tion during operation. Residual stiffness serves as the key indicator of the structural state [3, 4]Error! Reference source
not found.. The ideology of predictive models considers stiffness as an internal state variable: its reduction directly corre-
lates with the density of accumulated micro-defects [5, 6].6

Unlike metallic alloys, the reduction of the elastic modulus in PMCs is caused by the synergy of several physical mech-
anisms, such as matrix cracking: initiated at early stages, especially in layers oriented at an angle to the loading axis [7, 8];
delamination: interlaminar separation, which significantly reduces the flexural and shear stiffness of the laminate [7, 9, 10]
and local fiber failure: the final stage, determining the total loss of load-carrying capacity [11, 12].11

The study of degradation in elementary specimens is of particular interest for aerospace applications, as basic constants
for numerical modeling within the framework of continuum damage mechanics (CDM) are established at this level [13,
14]13.

The object of this study is elementary PMC specimens with various reinforcement structures: unidirectional carbon
fiber, as well as woven carbon and glass fiber reinforced plastics. These materials were selected due to their wide application
in airframe structural elements, where the requirements for elastic modulus stability are the highest [15, 16]. The subject of
the research is the process of stiffness degradation of these materials under multi-cycle loading.

To achieve the set objective — the experimental determination of stiffness degradation patterns — a comprehensive
approach was implemented in this study:

1. Manufacturing and preparation: The specimens were manufactured using autoclave molding, which ensures mini-
mum porosity and high repeatability of properties. The optimization of curing parameters (temperature, pressure) is
critical for minimizing initial defectiveness [16]. The geometry of the specimens strictly complies with international
standards: ASTM D3479, ASTM D 6641 [17, 18].

2. Layup selection: The tests were conducted for unidirectional layups of the [0], [£45], [90] types, which are most
typical for aerospace structures [19, 20].



3. Static testing: Preliminary static tests were performed to scientifically justify the loading levels and identify critical
stresses. As noted by Stojkovic et al. [6]6, an accurate determination of the static baseline is necessary for the correct
prediction of degradation kinetics.

4. Cyclic testing:

e  Stiffness degradation was determined over a wide range of loading conditions at a frequency of 5 Hz [21]21:

e Symmetrical cycle (R = -1) and asymmetrical cycles (R =0.1, R =10) [16].16

e The application of probabilistic methods for analyzing the results allows accounting for the stochastic nature
of PMC fatigue [22].

Literature analysis shows that the focus of modern research has shifted towards creating models that describe degrada-
tion as a continuous probabilistic process [13, 23].13

However, data on stiffness changes for specific combinations of unidirectional and woven structures at various cycle
asymmetry ratios require further clarification. The development of a methodology based on the continuous probability
distribution of stiffness degradation will improve the accuracy of predicting the service life of real structures.

2 Methods for processing stiffness degradation results

2.1 Use of standard normal distribution for analyzing stiffness degradation in cyclic tests

The initial data consist of elastic modulus values E (N ) obtained for fixed levels of the number of cycles N from a

group of nominally identical specimens.

For each fixed value of the number of cycles N = N, a sample is formed:
EI.(NJ.), i=1,2,... .k, (1)

where £ is the sample size.

For each sample, the main statistical parameters are calculated:
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where y(Nj ) is the sample mean (expected value); G(Nj ) — is the sample standard deviation.

The mean value characterizes the average stiffness degradation, while the standard deviation reflects the scatter associ-
ated with the stochastic nature of damage accumulation. To facilitate comparison between datasets, the elastic modulus
values are transformed into a dimensionless standardized form:

E(N,)-n(x,)
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This transformation removes the influence of the absolute stiffness scale and expresses each observation as a deviation
from the mean in units of standard deviation. As a result, the data from different cycle levels can be represented on a
common standardized scale.
Further, the standardized values (z) are assumed to follow a normal distribution. The corresponding standard normal

(4)

probability density function is given by:

)

where the function ¢(z,) characterizes the relative probability density of the occurrence of the corresponding deviation

from the mean value.
Thus, for each cycle level, a distribution is formed:

S(EIN=N,). (6)
describing the statistical structure of the elastic modulus scatter.

Repeating this procedure for various values of the number of cycles N allows considering the elastic modulus as a
random function:
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E=E(N,w), ()

where w is a random realization.

Consequently, a parameterized family of approximate distributions can be introduced:
S(E.N), 8)

which provides a statistical representation of the evolution of stiffness scatter as cyclic damage accumulates.
The change in statistical parameters over time (by the number of cycles) is interpreted as follows:

e A decreasein u (N ) reflects stiffness degradation;

e Achangein o (N ) characterizes the development of scatter and the divergence of damage scenarios.

An increase in the standard deviation reflects greater variability in the measured stiffness values and may be associated
with increasingly heterogeneous damage accumulation.

In the present study, the normal distribution is adopted as a first-order statistical approximation for describing the scatter
of the experimental stiffness values. This assumption is used to provide a unified parametric representation of the data at
different cycle levels rather than to establish the normality of the underlying population. Due to the limited number of
specimens available for individual test series, typically about 4-10, a formal assessment of distribution type would have
limited statistical power and is therefore not considered within the scope of the present work. Deviations from normality
may occur, particularly at later stages of fatigue degradation, when damage accumulation becomes increasingly non-uni-
form and nonlinear effects become more pronounced.

3 Experiment

The experimental part of the study is aimed at investigating stiffness degradation in composite materials under cyclic
loading and characterizing the evolution of the elastic modulus with the number of cycles. The primary objective was to
obtain an experimental dataset for evaluating stiffness changes and the scatter of measured values under different loading
conditions. Composite specimens with different reinforcement types and layup schemes were manufactured and tested.

The tests were conducted under cyclic loading in several modes using certified testing equipment and fixtures meeting
standard requirements. Strain measurement and the subsequent determination of the elastic modulus were carried out using
the digital image correlation (DIC) method. The obtained results formed the basis for further analysis of stiffness degrada-
tion patterns and the assessment of their variability.

3.1 Test specimens

The specimens for fatigue testing were manufactured from polymer matrix composites based on various types of rein-
forcing fillers: glass fabric, carbon fabric, and unidirectional carbon tape. An epoxy matrix was used as the binder. The
preparation of the blanks was carried out using prepregs, which are reinforcing materials pre-impregnated with a polymer
binder with a controlled resin content. The specimens were manufactured using the autoclave molding method. The ply
layup was performed in accordance with the specified reinforcement schemes, after which the formed stack was subjected
to vacuuming and subsequent curing in an autoclave under specified temperature-time and pressure regimes.

A series of specimens with various layup schemes were manufactured (Table 1). The geometric parameters of the spec-
imens and the layup schemes complied with the requirements of the applicable testing standards, ASTM D 3479 [17] and
ASTM D 6641 [18].



Table 1 List of specimens used in cyclic tests.

Material Specimen series Layup Dimensions [mm] Quantity, pcs.
Unidirectional CFRP C UD 1 [0]16 250x25x2 8
C UD 2 [0]52 140x13x4 5
C UD 3 [+-45]ss 140x13x4 7
C_UD 4 [90]32 126x13x4 7
C UD 5 [0]32 140x13x4 5
C_UD_6 [+-45]ss 140x13x4 10
C UD 7 [90]32 140x13x4 5
Woven CFRP CF1 [0]16 250x25x3.5 9
CF2 [0]32 140x13x6.6 5
CF3 [+-45]ss 140x13x6.6 6
CF4 [0]32 140x13x7 7
CF5 [+-45]ss 140x13x7 8
Woven GFRP G F 1 [0]16 250x25x1.3 4
GF2 [0]52 250x25x1.3 6
GF3 [+-45]ss 140x13x2.5 8
G F 4 [0]52 140x13x2.5 10
GFS5S [+-45]ss 250x35x2.5 8

3.2 Loading conditions and data acquisition

The tests were conducted under cyclic loading in three modes: tension-tension with a cycle asymmetry ratio of (R =
0.1), tension-compression (R = -1), and compression-compression (R = 10). Fatigue testing under tension-tension loading
was performed in accordance with ASTM D3479. For the tension-compression and compression-compression modes, spec-
imen geometry and the compression fixture were adopted from ASTM D6641, whereas the cyclic loading sequence, load
levels, and measurement intervals were specified as part of the experimental procedure developed for this study.

For each mode, various loading levels were specified relative to the ultimate strength of the material, as shown in Table
2. In the first stage, specimens were tested to failure to determine their ultimate strength. Based on the obtained ultimate
strength values, cyclic load levels were iteratively selected for the fatigue tests.

Table 2 Loading levels for specimens.

Material Specimen series Loading level R
Unidirectional CFRP C_UD_1 75% 0.1
C_UD 2 60% -1

C_UD_3 40% -1

C _UD 4 40% -1

C_UD_5 60% 10

C_UD 6 50% 10

C_UD_7 50% 10

Woven CFRP CF.1 75% 0.1
CF2 60% -1

CF3 40% -1

CF4 70% 10

CF5 50% 10

Woven GFRP G F 1 25% 0.1
G F2 25% 0.1

G F.3 40% -1

G F 4 70% -1

GFS5S 50% 10




Cyclic loading was performed using a SUNS 890-500 testing machine (Figure 1) at a frequency of 5 Hz. To ensure
proper load transfer and reduce the influence of the machine grips on the specimens, reinforcing tabs were bonded to their
end sections. The tests were conducted using fixtures that met the requirements of the applicable standards for each loading

type.

Fig. 1 SUNS 890-500 testing machine

Stiffness evaluation of the specimens was carried out at predetermined cycle levels: N = 0, 300, 600, 1000, 3000, 6000,
10,000, 20,000, 50,000, 100,000, 150,000, and 200,000. At these specified stages of cyclic loading, the testing process was
interrupted, and the loading frequency was reduced from 5 Hz to a range of 0.2 — 0.5 Hz for measurements. The selection
of these cycle values is due to the non-linear nature of stiffness degradation in composite materials under fatigue loading.
At the initial stage, an intensive decrease in the elastic modulus is observed, associated with rapid damage accumulation,
which requires the use of a small step between cycle counts. At subsequent stages, the degradation rate decreases signifi-
cantly; therefore, the measurement interval can be increased without a significant loss of informativeness.

Stiffness was determined based on strain measurements using the digital image correlation (DIC) method. For this
purpose, a limited observation area was fixed within the gauge section of the specimen, toward which the cameras of the
measuring system were directed. The measurement area was selected in a zone of uniform stress-strain state of the speci-
men. The obtained displacement and strain fields were used to calculate the current elastic modulus. Thus, the dependence
of the material stiffness change on the number of loading cycles was formed, taking into account damage accumulation.

4 Results

As part of the experimental program, fatigue tests were performed on composite materials with various types of rein-
forcement under specified cyclic loading regimes. The analysis of the obtained data is aimed at identifying the patterns of
changes in the elastic modulus and the scatter of its values depending on the load level, loading type, and material structure.
Taking into account the differences in deformation and damage mechanisms, the subsequent presentation of results is struc-
tured by reinforcement type: unidirectional carbon fiber reinforced plastic (CFRP), woven carbon fiber, and woven glass
fiber composite materials.

4.1 Fatigue test results for unidirectional CFRP

This section presents the results of fatigue tests on unidirectional CFRP specimens under various cyclic loading regimes.
The tests were conducted for specimens with different layups, load levels, and cycle asymmetry ratios R, which allowed
for an analysis of the influence of these parameters on the change in the elastic modulus and the variability of its values
during the process of damage accumulation.

A list of the investigated specimens, including their geometric characteristics, reinforcement schemes, the number of
specimens tested, and the loading regimes, is provided in Table 3.



Table 3 Unidirectional CFRP specimens and their loading regime.

Material Specimen series Layup Dimensions [mm] Quantity, pcs. Loading level R
Unidirectional CFRP C UD 1 [0T16 250x25x2 8 75% 0.1
C UD 2 [0]52 140x13x4 5 60% -1

C UD 3 [+-45]ss 140x13x4 7 40% -1

C UD 4 [90]32 126x13x4 7 40% -1

C UD S [0]32 140x13x4 5 60% 10

C UD 6 [+-45]ss 140x13x4 10 50% 10

C UD 7 [90]32 140x13x4 5 50% 10

Subsequently, the results are considered separately for each specimen series, which allows for the identification of
specific features of mechanical property degradation depending on fiber orientation and the type of cyclic loading (tension—
tension, tension—compression, and compression—compression).

4.1.1 Tension-Tension Loading for Specimen Series C_UD_1
The result of cyclic loading in the form of a scatter plot for specimen series C UD 1 (Table 3) is shown in the figure

(Fig. 2).
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Fig. 2 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nrer] (horizontal axis)
for specimen series C_ UD 1.
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Fig. 3 Distribution of elastic modulus values for specimen series C_UD 1 at various numbers of cycles.

Under cyclic loading in tension—tension mode at a level of 75 % of the ultimate strength, specimen series C UD 1
exhibits non-linear stiffness degradation accompanied by changes in the scatter and symmetry of the value distribution (Fig.
3). At the initial stages (N =0 — 600), the values are concentrated near the mean and are distributed relatively symmetrically.
As the number of cycles increases (N = 1000 — 10000), an increase in scatter is observed, along with a shift of some values
toward lower moduli. At the later stages (N > 20000), a divergence in specimen behavior is recorded, manifesting as an
increase in scatter and the deviation of individual values from the mean, which indicates non-uniform damage development.

4.1.2 Tension—Compression Loading for Specimen Series C_UD 2, C_UD_3,and C_UD 4

The results of cyclic loading in the form of scatter plots for specimen series C UD 2, C UD 3, and C UD 4 (Table
3) are shown in the figures (Figs. 4-6).
Stiffness Reduction points

v ® Samplel
1.03 » Sample 2
v ® Sample3
1.02 - ok * Sample 4
B ¥ Sample 5
=
bt
2 101 ©
w
] >
]
%5 1.00 4 g
vl
=
3 *
2 0.99 - 5l
= "
0.98 1 -]
]
0.97 4
g
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Cycle
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for specimen series C UD 2.
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Fig. 5 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nrer] (horizontal axis)
for specimen series C_UD 3.
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Fig. 6 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nrer] (horizontal axis)
for specimen series C_UD_4.
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Fig. 7 Distribution of elastic modulus values for specimen series C_UD_2 at various numbers of cycles.
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Fig. 9 Distribution of elastic modulus values for specimen series C_UD _4 at various numbers of cycles.

Results for Specimen Series C_UD _2 (Fig. 7)

For the unidirectional [0] layup at a loading level of 60 %, the values are distributed relatively symmetrically and
concentrated near the mean at the initial stages (N = 0 — 600). As the number of cycles increases (N = 1000 — 6000), a
moderate increase in scatter and the appearance of individual values with a reduced elastic modulus are observed. This
indicates a gradual accumulation of damage associated with the impact of compressive stresses. At later stages, a slight
divergence in behavior is recorded; however, the scatter generally remains limited, suggesting a relatively stable degrada-
tion character for this layup.

Results for Specimen Series C_UD_3 (Fig. 8)
For the [£45] layup, a wider scatter of values is observed even at early stages compared to [0], despite the lower loading
level. As the number of cycles increases (N = 1000 — 10000), there is a noticeable expansion of the value range and a shift



of part of the data toward lower elastic moduli. This reflects the active development of damage caused by shear defor-
mations. At intermediate and late stages (N > 20000), pronounced divergence is observed: some specimens demonstrate
accelerated degradation, leading to an increase in scatter and asymmetry of the value distribution.

Results for Specimen Series C_UD_4 (Fig. 9)

The [90] layup is characterized by the greatest scatter of values even at the initial loading stages, which is due to the
dominant role of the matrix in load perception. As the number of cycles increases, a further expansion of the value range
and a steady shift of part of the data toward reduced elastic moduli are observed. This indicates the high sensitivity of the
material to cyclic loading in this direction.

At later stages, significant heterogeneity in specimen behavior becomes apparent, indicating the development of various
damage scenarios and early localization of defects.

4.1.3 Compression—Compression Loading for Specimens (C_UD_5, C_UD_6, C_UD _7)

The results of cyclic loading in the form of scatter plots for specimen series C UD 5, C UD 6, and C UD 7 (Table
3) are shown in the figures (Figs. 10-12).
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Fig. 10 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nrf] (horizontal axis)
for specimen series C_UD_5.
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for specimen series C_UD 6.
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Fig. 12 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nref] (horizontal axis)
for specimen series C_UD 7.
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Results for Specimen Series C_UD 5 (Fig. 13)

At the initial stages (N = 0 — 600), the values are concentrated near the mean and are characterized by low scatter. As
the number of cycles increases (N = 1000 — 10000), a slight expansion of the value range and the appearance of individual
deviations toward reduced stiffness are observed. At the later stages (N >20000), the scatter remains limited, and the value
distribution maintains a quasi-symmetric character. This indicates relatively stable material behavior under cyclic compres-
sion along the fibers and the absence of pronounced degradation up to high cycle counts.

Results for Specimen Series C_UD_6 (Fig. 14)

At the initial stages (N = 0 — 600), the values are concentrated near the mean and are characterized by low scatter. As
the number of cycles increases (N = 1000 — 10000), a slight expansion of the value range and the appearance of individual
deviations toward reduced stiffness are observed. At the later stages (N >20000), the scatter remains limited, and the value
distribution maintains a quasi-symmetric character. This indicates relatively stable material behavior under cyclic compres-
sion along the fibers and the absence of pronounced degradation up to high cycle counts.
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Results for Specimen Series C_UD_7 (Fig. 15)

The [90] layup is characterized by relatively low scatter of values at the initial stages; however, as the number of cycles
increases (N = 1000 — 6000), the appearance of individual deviations toward a decrease in the elastic modulus is observed.
At the intermediate stages (N = 10000 — 20000), an increase in scatter and an intensification of the value distribution
asymmetry are evident, indicating the development of damage caused by the degradation of the matrix and interlaminar
bonds. At the later stages, the behavior stabilizes, although an increased sensitivity to local damage persists.

4.2 Fatigue Test Results for Woven CFRP Specimens

This section presents the results of fatigue tests on woven carbon fiber reinforced plastic (CFRP) specimens under
various cyclic loading regimes. The tests cover series of specimens with different loading levels and cycle asymmetry ratios
R, allowing for an assessment of the influence of these parameters on the change in the elastic modulus and the variability
of its values during the damage accumulation process.

The main characteristics of the investigated specimens, including geometry, quantity, and loading regimes, are provided
in Table 4.

Table 4 Woven CFRP specimens and their loading regimes.

Material Specimen series ~ Layup Dimensions [mm] Quantity, pcs. Loading level R
Woven CFRP CF.1 [0T16 250x25x3.5 9 75% 0.1
CF2 [0]32 140x13x6.6 5 60% -1

CF3 [+-45]ss 140x13x6.6 6 40% -1

CF4 [0]32 140x13x7 7 70% 10

CF5 [+-45]7ss 140x13x7 8 50% 10

Unlike unidirectional CFRP, woven materials are characterized by a more complex stress-strain state due to the inter-
lacing of fibers, which influences the mechanisms of damage accumulation. Consequently, further analysis of the results
was performed for individual specimen series, taking the type of loading into account.

4.2.1 Tension—-Tension Loading for Specimen Series C_F 1

The result of cyclic loading in the form of a scatter plot for specimen series C_F 1 (Table 4) is shown in the figure (Fig.
16).
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Fig. 16 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nrt] (horizontal axis) for
specimen series C_F_1.
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Fig. 17 Distribution of elastic modulus values for specimen series C_F 1 at various numbers of cycles.

Under cyclic loading of the woven CFRP material in tension—tension mode at 75 % of the ultimate strength, the elastic
modulus values at the initial stages (N = 0 — 600), are concentrated near the mean and are characterized by moderate scatter.
As the number of cycles increases (N = 1000 — 6000), an expansion of the value range and the appearance of individual
deviations toward reduced stiffness are observed, indicating the onset of damage accumulation. At the intermediate stages
(N =10000 — 20000), the scatter of values increases, and an asymmetry in the distribution forms due to a higher proportion
of specimens with lower elastic modulus values. At the later stages (N = 50000), further divergence in specimen behavior
is recorded, manifesting as increased variability in values, which indicates non-uniform damage development within the
material.

4.2.2 Tension—Compression Loading for Specimens C_F 2 and C_F 3

The results of cyclic loading in the form of scatter plots for specimen series C F 2 and C F 3 (Table 4) are shown in
the figures (Figs. 18 and 19).
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Fig. 19 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Neef] (horizontal axis) for
specimen series C_F 3.
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Fig. 21 Distribution of elastic modulus values for specimen series C_F 3 at various numbers of cycles.

Results for Specimen Series C_F 2 (Fig. 20)

At the initial stages (N = 0 — 600), the elastic modulus values are concentrated near the mean and are characterized by
moderate scatter. As the number of cycles increases (N = 1000 — 6000), an expansion of the value range and the appearance
of individual deviations toward reduced stiffness are observed, indicating the onset of damage accumulation. At the later
stages (N > 10000), an increase in value variability and the formation of distribution asymmetry are recorded, associated
with a growing proportion of specimens with a reduced elastic modulus.

Results for Specimen Series C_F 3 (Fig. 21)

For the [+45] layup, a wider scatter of values is observed even at the early stages compared to the [0] layup, despite the
lower loading level. As the number of cycles increases (N = 1000 — 6000), a further expansion of the value range and an
intensification of asymmetry occur due to the appearance of values with reduced stiffness. At the intermediate and later
stages (N > 10000), an increase in variability and partial divergence of specimen behavior are observed, indicating more
intensive development of damage associated with shear deformations.

4.2.3 Compression—Compression Loading for Specimens C_F 4 and C_F_5

The results of cyclic loading in the form of scatter plots for specimen series C F 4 and C F 5 (Table 4) are shown in
the figures (Figs. 22 and 23).
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Fig. 23 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nref] (horizontal axis)
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for specimen series C_F 5.
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Fig. 25 Distribution of elastic modulus values for specimen series C_F 5 at various numbers of cycles.

Results for Specimen Series C_F 4 (Fig. 24)

At the initial stages (N = 0 — 600), the elastic modulus values are concentrated near the mean and are characterized by
limited scatter. As the number of cycles increases (N = 1000 — 6000), a gradual expansion of the value range and the
appearance of individual deviations toward reduced stiffness are observed, indicating the development of damage under
compression. At the intermediate stages (N = 10000 — 20000), an increase in value variability is recorded, though without
pronounced divergence in specimen behavior. At the later stages (N > 50000), the scatter remains moderate, suggesting a
relatively stable degradation character under compression along the fiber direction, even at an increased loading level.

Results for Specimen Series C_F_5 (Fig. 25)

For the [+45] layup, a wider scatter of values is observed even at the initial stages compared to the [0] layup, which is
associated with a significant contribution from shear deformations. As the number of cycles increases (N = 1000 — 6000),
a further expansion of the value range and the formation of asymmetry occur due to the appearance of values with reduced
stiffness. At the intermediate and later stages (N > 10000), a steady increase in value variability is observed without sharp
divergence, indicating uniform accumulation of damage caused by shear mechanisms.

4.3 Fatigue Test Results for Woven GFRP Specimens

This section presents the results of fatigue tests on woven glass fiber reinforced plastic (GFRP) specimens under various
cyclic loading regimes. The conducted tests allow for an analysis of the influence of the loading level and the cycle asym-
metry ratio R on the change in the elastic modulus and the scatter of its values during operation.

The main parameters of the investigated specimens are presented in Table 5.

Table 5 Woven GFRP specimens and their loading regimes.

Material Specimen series Layup Dimensions [mm] Quantity, pcs. Loading level R
Woven GFRP G F 1 [0]16 250x25x1.3 4 50% 0.1
GF2 [0]32 250x25x1.3 6 25% -1

G F3 [+-45]ss 140x13x2.5 8 40% -1

GF4 [0]32 140x13x2.5 10 70% 10

GFS5S [+-45]ss 250x25x2.5 8 50% 10

Woven glass fiber composites, possessing lower stiffness and strength compared to carbon fiber composites, are char-
acterized by a different nature of damage accumulation related to the specific properties of the matrix and the reinforcing
filler. Consequently, the test results are considered separately for each specimen series, taking the loading conditions into
account.
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4.3.1 Tension-Tension Loading for Specimens G_F 1

The result of cyclic loading in the form of a scatter plot for specimen series G_F_1 (Table 5) is shown in the figure (Fig.
26).
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Fig. 26 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nret] (horizontal axis) for
specimen series G_F_1.
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Fig. 27 Distribution of elastic modulus values for specimen series G_F 1 at various numbers of cycles.

Under cyclic loading of the woven glass fiber composite at a level of 25% of the ultimate strength, the elastic modulus
values remain concentrated near the mean and are characterized by limited scatter across all testing stages (N =0 —200000)
(Fig. 27). As the number of cycles increases, only minor changes in the distribution of values are observed, with no pro-
nounced shift toward reduced stiffness. Individual deviations are random in nature and do not lead to a systematic increase
in variability. Even at the later stages (N > 1000000), no significant increase in scatter or divergence of specimen behavior
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is recorded, indicating the absence of intensive damage accumulation. Overall, the material behavior is characterized by
high stability of the elastic modulus at this loading level, suggesting that the material operates primarily within the elastic
region with no significant degradation processes.

4.3.2 Tension—Compression Loading for Specimens G_F_2 and G_F 3

The results of cyclic loading in the form of scatter plots for specimen series G F 2 and G_F 3 (Table 5) are shown in
the figures (Figs. 28 and 29).
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Fig. 28 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nret] (horizontal axis) for
specimen series G_F_2.
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Fig. 29 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nrf] (horizontal axis) for
specimen series G_F_3.

20



Probability density curve Probabiy ety turye Probiabiley denuty curve

N=0 Cycles N=300 Cycles N=600 Cycles
Probabiliy density curee ) Probabiiy densiy curve: ; Frobabitty density curee
- s |

N=1000 Cycles N=3000 Cycles N=6000 Cycles

Prohability denuty curve Probabilty densily cirve Probabitty denuty curve

N=10000 Cycles N=20000 Cycles N=50000 Cycles

Fig. 30 Distribution of elastic modulus values for specimen series G_F_2 at various numbers of cycles.
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Fig. 31 Distribution of elastic modulus values for specimen series G_F 3 at various numbers of cycles.

Results for Specimen Series G_F 2 (Fig. 30)

At the initial stages (N = 0 — 600), the elastic modulus values are concentrated near the mean and are characterized by
moderate scatter. As the number of cycles increases (N = 1000 — 6000), an expansion of the value range and the appearance
of individual deviations toward reduced stiffness are observed, indicating damage development under the action of alter-
nating tensile and compressive stresses. At the intermediate stages (N = 10000 — 20000), an increase in value variability
and the formation of distribution asymmetry are recorded. At the later stages (N = 50000), a further increase in scatter is
observed without sharp divergence, suggesting a gradual and relatively uniform accumulation of damage.

Results for Specimen Series G_F_3 (Fig. 31)

The [+45] layup is characterized by a wider scatter of values even at the initial stages compared to the [0] layup, despite
the lower loading level. As the number of cycles increases (N = 1000 — 6000), a further expansion of the value range and
an intensification of asymmetry occur due to the appearance of values with reduced stiffness. At the intermediate and later
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stages (N > 1000), a pronounced increase in variability and partial divergence in specimen behavior are observed, indicating
more intensive development of damage associated with shear deformations in the material.

4.3.3 Compression—Compression Loading for Specimens G_F 4 and G_F 5

The results of cyclic loading in the form of scatter plots for specimen series G_F 4 and G_F_5 (Table 5) are shown in
the figures (Figs. 32 and 33).
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Fig. 32 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nret] (horizontal axis) for
specimen series G_F 4.
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Fig. 33 Dependence of the normalized elastic modulus [E/Eo] (vertical axis) on the normalized number of cycles [N/Nref] (horizontal axis) for
specimen series G_F_5.
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Fig. 34 Distribution of elastic modulus values for specimen series G_F 4 at various numbers of cycles.
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Fig. 35 Distribution of elastic modulus values for specimen series G_F 5 at various numbers of cycles.

Results for Specimen Series G_F_4 (Fig. 34)

At the initial stages (N = 0 — 600), the elastic modulus values are concentrated near the mean and are characterized by
moderate scatter. As the number of cycles increases (N = 1000 — 6000), a gradual expansion of the value range and the
appearance of individual deviations toward reduced stiffness are observed, indicating the development of damage under
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compression. At the intermediate stages (N = 10000 -— 20000), an increase in value variability is recorded without pro-
nounced divergence in specimen behavior. At the later stages (N > 50000), the scatter remains limited, suggesting relatively
stable damage accumulation even at an increased loading level.

Results for Specimen Series G_F_5 (Fig. 35)

At the initial stages (N = 0 — 600), the elastic modulus values are concentrated near the mean and are characterized by
moderate scatter. As the number of cycles increases (N = 1000 — 6000), a gradual expansion of the value range and the
appearance of individual deviations toward reduced stiffness are observed, indicating the development of damage under
compression. At the intermediate stages (N = 10000 — 20000), an increase in value variability is recorded without pro-
nounced divergence in specimen behavior. At the later stages (N > 50000), the scatter remains limited, suggesting relatively
stable damage accumulation even at an increased loading level.

5 Results and Discussion

This study presents a statistical methodology for analyzing the stiffness degradation of PMC under cyclic loading using
continuous probability distributions. Based on the experimental results, the following conclusions can be drawn:

1. A statistical processing approach was developed to describe the elastic modulus as a random quantity dependent on
the number of loading cycles, (E(N)). The transformation to dimensionless standardized (z)-values made it possible
to compare stiffness data obtained at different cycle levels within a common statistical coordinate system. The pro-
posed approach enables the analysis of changes in both the mean elastic modulus and the scatter of experimental
values during cyclic loading.

2. Changes in the statistical characteristics of stiffness degradation were observed during cyclic loading. The mean
elastic modulus, (E) reflects the overall trend in stiffness reduction, while changes in the standard deviation, (o),
characterize the evolution of data scatter. An increase in scatter may be associated with increasingly heterogeneous
damage accumulation and differences in the degradation behavior of individual specimens.

3. Differences in degradation behavior were observed for different reinforcement configurations. Under the investi-
gated loading conditions, the [+45] and [90] layups generally exhibited greater scatter and more pronounced asym-
metry in the stiffness distribution than the 0° layups. These trends may be related to the greater contribution of
matrix-dominated and interlaminar deformation and damage mechanisms in off-axis and transverse loading config-
urations.

6 Conclusion

The proposed statistical approach provides a framework for describing the evolution of stiffness and its variability under
cyclic loading using a family of approximate probability distributions. The experimental results demonstrate that the mean
elastic modulus and the scatter of measured values evolve differently depending on the reinforcement configuration and
loading conditions. The obtained results may serve as a basis for further development of probabilistic approaches to fatigue
assessment of polymer matrix composites. Extension of the methodology toward structural reliability analysis would re-
quire additional validation, larger experimental datasets, and an explicit relationship between stiffness degradation and
failure probability. With further validation and adaptation to structural-level data, the methodology may be applicable to
the assessment of stiffness degradation in composite aircraft structural elements subjected to cyclic loading.

References

1. Diao, X, Ye,L.,&Mai, Y. W. (1996) Fatigue life prediction of composite laminates using a stress redistribution function. Jour-
nal of reinforced plastics and composites, 15(3), 249-266. https://doi.org/10.1177/073168449601500302

2. Mitrofanov, Oleg & Shkurin, Maksim. (2024) Analytical methodology for the design of load-bearing anisotropic panels for the
wingbox of a light aircraft subject to geometric nonlinearity under compression. Sigma Journal of Engineering and Natural Sciences —
Sigma Miihendislik ve Fen Bilimleri Dergisi. 42. 1756-1762.

3. Babaytsev, A.V., Rabinskiy, L.N. & Shavelkin, D.S. (2023) Improving Tests of Composites by Fiber Extraction from the
Matrix. Russ Eng Res 43, 381-385. https://doi.org/10.3103/S1068798X2304005X

4.  Kerber, M. L. et al. (2023) Polymeric Composite Materials: Structure, Properties, Technologies (6th ed.). Profession, St. Pe-
tersburg. (In Russ.).

5. Califano, A., D'Amore, A. (2019) Analysis of a phenomenological model for fatigue of composite materials. AIP Conference
Proceedings, 2196, 020044. https://doi.org/10.1063/1.5140317

6.  Stojkovi¢, N., Folic, R., Pasternak, H. (2017) Mathematical model for the prediction of strength degradation of composites
subjected to constant amplitude fatigue. International Journal of Fatigue, 103, 498—507. https://doi.org/10.1016/j.ijfatigue.2017.06.032

7. Farrokhabadi, A., Neyestani, S., Akbari, D., Sarkhosh, R. (2021) Assessment of Delamination Growth due to Matrix Cracking
in Hybrid Glass-Kevlar Composite Laminates Using Experimental, Numerical and Analytical Methods. Engineering Fracture Mechanics,
247, 107691. https://doi.org/10.1016/j.engfracmech.2021.107691

24


https://doi.org/10.1177/073168449601500302
https://doi.org/10.3103/S1068798X2304005X

8. AlKhateab, B., Emami Tabrizi, I., Seyyed Monfared Zanjani, J. et al. (2020) Damage Mechanisms in CFRP/HNT Laminates
Under Flexural and In-Plane Shear loadings Using Experimental and Numerical Methods. Composites Part A: Applied Science and
Manufacturing, 136, 105962. https://doi.org/10.1016/j.compositesa.2020.105962

9.  Stegschuster, G., Pingkarawat, K., Wendland, B., Mouritz, A. P. (2016) Experimental determination of the mode I delamination
fracture and fatigue properties of thin 3D woven composites. Composites Part A: Applied Science and Manufacturing, 84, 132—-139.
https://doi.org/10.1016/j.compositesa.2016.02.008

10. Barzegar Bagheri, N., Bijari, F., Honarkar, H. (2025) A Novel Approach to Delamination Study Under High-Cycle Bending
Fatigue: Investigation of Stiffness Degradation of Laser-Cut GFRP Composites. Polymer Composites, 47, 2231-2244.
https://doi.org/10.1002/pc.70277

11. Llobet, J., Maimi, P., Mayugo, J. A., Essa, Y., Escalera, F. (2017) A fatigue damage and residual strength model for unidirec-
tional carbon/epoxy composites under on-axis tension-tension loadings. International Journal of Fatigue, 103, 508-515.
https://doi.org/10.1016/].ijfatigue.2017.06.026

12.  Kesavan, P., Bhaskar, G. B., Pazhanivel, K., Rajesh, S., Sagadevan, S. (2019) Mechanical and Microstructural Characteristics
of the Glass-Carbon Fiberous Composite Materials. TAGA Journal, 15, 1335-1343.

13.  Laveuve, D., Biiter, A. (2019) Modeling fatigue life of composite laminates: A statistical micro-mechanics approach. Interna-
tional Journal of Fatigue, 128, 105201. https://doi.org/10.1016/j.ijfatigue.2019.105201

14. Boljanovi¢, S., Maksimovic, S., Carpinteri, A. (2019) Residual strength evaluation under mixed mode loading. MATEC Web
of Conferences, 300, 11005. https://doi.org/10.1051/matecconf/201930011005

15. Ahmad, F., Awadh, M. A., Abas, M., Noor, S., Hameed, A. (2022) Optimization of Carbon Fiber Reinforced Plastic Curing
Parameters for Aerospace Application. Applied Sciences, 12(9), 4307. https://doi.org/10.3390/app12094307

16. Liu, H., Cui, H., Wen, W., Kang, H. (2017) Fatigue characterization of T300/924 polymer composites with voids under tension-
tension and compression-compression cyclic loading. Fatigue & Fracture of Engineering Materials & Structures, 41(2), 597-610.
https://doi.org/10.1111/ffe.12721

17.  ASTM D3479/D3479M-19 (2023) Standard Test Method for Tension-Tension Fatigue of Polymer Matrix Composite Materi-
als, ASTM International, West Conshohocken, PA https://doi.org/10.1520/D3479_D3479M-19

18. ASTM D6641/D6641M-16 (2016) Standard Test Method for Compressive Properties of Polymer Matrix Composite Materials
by Combined Loading Compression (CLC). ASTM International, West Conshohocken, PA. https://www.astm.org/D6641_D6641M-
16.html

19. Wu, X.-F., Zholobko, O. (2020) Experimental Study of the Probabilistic Fatigue Residual Strength of a Carbon Fiber-Rein-
forced Polymer Matrix Composite. Journal of Composites Science, 4(4), 173. https://doi.org/10.3390/jcs4040173

20. Lomov, S. V., Bogdanovich, A. E., Ivanov, D. S., Mungalov, D., Karahan, M., Verpoest, 1. (2009) A comparative study of
tensile properties of non-crimp 3D orthogonal weave and multi-layer plain weave E-glass composites. Part 1: Materials, methods and
principal results. Composites Part A: Applied Science and Manufacturing, 40(8), 1134—1143. https://doi.org/10.1016/j.compo-
sitesa.2009.03.012

21. Rudolf, C., Boesl, B., Agarwal, A. (2015) In Situ Mechanical Testing Techniques for Real-Time Materials Deformation Char-
acterization. JOM, 67(10), 2405-2411. https://doi.org/10.1007/s11837-015-1629-8

22.  Kaminski, M. (2002) On probabilistic fatigue models for composite materials. International Journal of Fatigue, 24(5), 477—
495. https://doi.org/10.1016/S0142-1123(01)00103-7

23. Stewart, C., Elsaid, B., Allegri, G., Hallett, S. (2024) Experimental investigation of barely visible impact damage on the fatigue
behaviour of 3D woven composites. [In Press/Advance Online Publication].

25


https://doi.org/10.1520/D3479_D3479M-19
https://www.astm.org/D6641_D6641M-16.html
https://www.astm.org/D6641_D6641M-16.html
https://doi.org/10.3390/jcs4040173


  𝜔


    E -


  𝜎

