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Abstract
Carbon fiber reinforced polymer
(CFRP) composites have been
extensively utilized in engineering
applications for a considerable
period, owing to their corrosion
resistance, high stiffness,
exceptional lightness. Nonetheless,
the loads that materials, particularly
composites, encounter render them
susceptible to the
accumulation of damage, ultimately
resulting in complete failure at some
stage, regardless of whether these

fixed or wvariable.

and

collapse or

loads are
Consequently, enhancing the internal
structure design of carbon fiber-
reinforced polymer composites to suit
various critically
important. This study investigates the
failure behavior of CFRP laminates

applications 1is

under static loads for one specimen

and variable loads using a regular
low-cycle fatigue (LCF) procedure
for another, as well as a low-cycle
(varying) fatigue procedure from low
to high stresses and vice versa, for
two other specimens. Under the same
load limits for all tests without
reaching the stage of complete failure
of the specimen. The experimental
procedure involved the use of a
specially designed apparatus to apply
loads through internal air pressure to
the center of the panel once it was
securely fixed in place. The observed
deformation of the specimen was
tracked in line with its maximum
deflection The
experimental results were compared
to the theoretical
deflection under static loading. To

measurements.
maximum

ensure that the experimental and
theoretical results are consistent to
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the extent that allows periodic fatigue
tests according to correct
measurements and building on them.
The study showed that CFRP sheets
are exposed to minimal deformation
under static loads, where the
maximum deflection reached (5.94
mm) compared to the uniform low-
cycle fatigue loads, which recorded a
higher deformation at a deflection of
(6.16 mm). In contrast, the varying
low-cycle fatigue loads were more
harmful to the internal structure of
(CFRP) sheets until the maximum
deflection was reached and at the
same limits (7.91 mm) in low to high
pressure. In comparison, it came
(8.51 mm) at high to low pressure,
indicating a large deformation of the
sample when it is under varying
pressures.
Keywords: Carbon Fiber Reinforced
Polymer (CFRP), Accumulation of
damage, Static Loading, Low-Cycle
Fatigue, (LCF), low-cycle (varying)
fatigue
* INTRODUCTION

Composites are made up of
two or more micro-constituents that
work together but have different
chemical and physical properties.

The point of using many
components is to capitalize on their
combined strengths while avoiding
the drawbacks of any one of them.

1- Rapid industrial
necessitates materials that exhibit
enhanced strength, stiffness, density,

expansion

cost-effectiveness, and sustainability.

Composites  exhibit comparable
characteristics. In numerous
applications, polymers have

supplanted metals in recent decades.
2- CFRP composites have a low
coefficient of thermal expansion,
high specific strength, stiffness, and
toughness, as well as self-lubricating
ability, so carbon/carbon composites
are frequently used in aerospace and
aerospace industries for structural
and frictional applications as well as
brake materials for high-speed
vehicles.
3,4- A robust association exists
between the microstructure of carbon
fiber and its physical properties;
imperfections in the fiber,
carbon concentration, and the
orientation of graphite structure all
influence the fibers' modulus of
elasticity, strength, and electrical
conductivity.
5- Even with the ongoing expansion
of the application of laminated
composite structures, issues like
delamination and micro-cracking
continue to  pose  significant
challenges, particularly in the context
of aerospace structures.
6- Their great strength, stiffness,
impact resistance, and lightweight
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make them popular in these and other
applications. However, weak matrix-
fiber interfaces in fiber-reinforced
polymers CFRP frequently cause
disbands and crack-like flaws during
manufacturing and service. Thus,
fracture initiation and development
from such faults under diverse
loading situations and speeds is
possible. Therefore, knowing the
processes that influence CFRP
fracture behaviors under varied

loading rates 1is essential for

quantifying  significant technical
parameters and failure
characteristics. Several studies have
examined  polymer  composite

fracture behavior under quasi-static
and dynamic (impact) stresses.

7,8,9-  Under  static loading
circumstances, the extent of
deformation progressively escalates
with the rise in load. The fiber will
persist in deforming until its strength
is entirely depleted.

10- It is widely understood that CFRP
composites are routinely subjected to
tension fatigue stress in engineering
structures,  which  results in
irreparable damage and a significant
drop in service performance.
Furthermore, compared to aviation or
aerospace structures, civil
engineering has a substantially longer
service life and works in a more
complex environment

11,12-  CFRP's  inhomogeneity
complicates fatigue failure analysis.
Fatigue refers to the increasing
damage resulting from repetitive
cyclic loads.  Continuous cyclic
loading can cause material damage
even at stress levels significantly
below the elastic limit; in addition,
the extent of fatigue damage varies
significantly between low-cycle
fatigue and high-cycle fatigue. In
CFRP, both low-cycle fatigue and
high-stress result in irreparable harm.
Conversely, in high-cycle fatigue
situations, the stress levels are
sufficiently low to keep the material
within its elastic ratio constraints.
This leads to the gradual degradation
of composites over time.

13- There is a substantial relationship
between the fatigue performance of
carbon  fiber-reinforced  plastic
(CFRP) and the specimen geometry
and material properties, which
include fiber volume fractions,
orientation, and thickness. Johri et al.
(2021)

14- The fatigue performance of
CFRP composites is notably affected
by fatigue load spectrums and
environmental factors. Vieille et al.
(2014)

15- It was found that Nano-voids and
cavitation around Nano-particles
serve as the primary damage
locations within the matrix and that
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the point of crack initiation
corresponds with a region of elevated
stress. Capela et al. (2019) 16- Voids
and porosity represent significant
challenges in the manufacturing
process. Voids and porosity differ in
terms of pore size. A void typically
refers to a large pore, while porosity
denotes a collection of small pores;
however, in industrial contexts, these
terms are often used interchangeably.
Voids may develop in the ply
interfaces or within the individual
plies. Uusitalo, K. (2013)

17- Estimating fatigue life for
composite 1s challenging due to
variations in  fibers,  matrix,
lamination  stacking  sequence,
production techniques, and other
influencing factors. Fatigue life in
composites cannot be modeled or
predicted in the same manner as it is
for metals and traditional materials.
The reason is The disparity in fatigue
metals and

behavior between

composites. Vassilopoulos & Keller
(2011)

18- To accurately predict the fatigue
life of composites subjected to
different loads, it is essential to
comprehend the behavior of
alternating and mean stresses in the
context of constant amplitude loading
and their implications. Conducting
fatigue testing under various cyclic
loading conditions is essential to

assess the influence of loading modes
on the fatigue sensitivity of
composites. The approach requires
both time-intensive and costly work.
Uusitalo, K. (2013) [17]
Vassilopoulos categorizes tiredness
behavior theories into two groups.
Initially, theories are based on
macroscopic failure criteria and
formulae to forecast life under
constant or changing amplitude
loading. Those hypotheses ignore
damage mechanism experiments and
fatigue development. S-N curves and
computational models are examples
of such theories. Theories in the
second category are that the damage
metric is employed to indicate
damage buildup in theories based on
fatigue life damage assessments. The
metric divides these theories into
strength degradation fatigue, stiffness
degradation fatigue, and actual
damage mechanism fatigue theories.
Vassilopoulos (2010)

19- In elastic theory, the deformation
of circular plates poses considerable
challenges. Circular plates find utility
in various technical applications.
This topic has garnered considerable
interest over an extended period.
Calculating deflections and bending
moments in thin circular elastic plates
subjected to uniform loads or internal
pressures can significantly improve
the design and analysis of structural
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elements or systems. Uusitalo, K.
(2013) [17] The differential equations
of an appropriate plate theory
ascertain deflection. This deflection
serves as an estimate of the stress
experienced by the plate. Stresses
serve as indicators for potential plate
failure when subjected to load in
failure theories. Mojahedin et al.
(2016)
20- This paper presents an
experimental study of the effect of
constant loads, uniform low-cycle
fatigue loads, and low-cycle fatigue
with varying stressors from low to
high and high to low, all within the
same range of applied pressures. For
all tests of carbon fiber-reinforced
polymer sheets with the same
thickness, the experimental results
taken from a device designed for this
purpose are compared with the
theoretical results, and the maximum
deflection values of the sheet are
adopted as a criterion for
deformation.
* Methodology for experimental
procedures

It has two sides: the first is the
sample used, and the second is the
device designed for the experimental
procedure: -
1- The specimen utilized in this
experimental study of a 3K (3000
individual combined)
orthogonal plate CFRP and an epoxy

strands

resin matrix, a thickness of h = 0.25
mm (with fiber layers oriented at 45°)
and dimensions of 350 x 350 mm,
while the cross-section subjected to
the transverse load measures 150mm
circular diameter.

2- Table (1) shows the mechanical
properties of an orthotropic plate of
the carbon fiber perpendicular plate
after the experimental tensile test,
while Table (2) shows the chemical
analysis of the sample using the Axia
chemiSEM device compared to the

results of the American standard.
TABLE 1. Mechanical properties of
carbon fiber in an orthotropic context

Symbol Value Unit

Elastic Modulus in X E, 250*10" N/m?

280*10° N/m?
Gy 34010 N/m?

03
03

N/m?

690*10° N/m?
977*10° N/m?
17

TABLE 2. Analysis of the chemical
composition of carbon fiber-reinforced
polymer

=277 F|IF|8 S s

Type of test C% 0% C1% NI% other

Standard 75 22 03 0.1 0.5

Experimental 77.6 218 04 02 0.5

The device was designed
according to a system that allows the
efficient regulation of internal air
pressure from an air compressor,
capable of producing a maximum
pressure of (1 MPa). The pressure is
managed via a manual control valve,
enabling
within a control range of (0 to 4
MPa). The designated pressure is

accurate  modifications
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subsequently directed to an inlet
solenoid valve, which exhibits a
closing force varying from (0 to 4
MPa). This valve works on
transferring compressed air at the
specified time into a test cylinder
made of cast iron, featuring a
thickness of (5 mm) and a transverse
diameter of (150 mm). This design
creates a transverse space that is open
from the top, serving as a window for
the pressure applied uniformly and
consistently at the center of the
sample, which is securely affixed to
the top of the test cylinder. A pressure
sensor, capable of sensing from (0 to
4 MPa), is mounted on the cylinder
wall to measure the pressure within
the test cylinder accurately. A digital
displacement disk on top of the
cylinder will monitor load-induced
sample deformation. This disc will
contact the sample's surface through
a sensor tube to detect the greatest
deviation during deformation with a
range of (0 to 26 mm) and an
accuracy of (0.01) mm. After the
prescribed pressure retention time,
the outlet solenoid valve releases the
cylinder pressure.

The procedural sequence of the
device components is linked by
connecting pipes constructed from
carbon steel, featuring a thickness of
(3.7 mm) and a length of (1200 mm),
commencing at the air compressor

and concluding at the outlet solenoid
valve. The system is predominantly
governed by the control unit,
represented by the PLC, which
regulates the timing of compressed
air entry, its duration within the
cylinder, and the expulsion of air
from the cylinder. The controller
facilitates the repetition of the
procedure under identical standards
across multiple cycles, with a cycle
range of (0 to 999), a timing interval
between cycles of (0 to 999) seconds,
and a delay in pressure within the
cylinder from (0 to 99) seconds. The
device can perform both static and
fatigue tests that need repeated
cycles, such as regular low-cycle
fatigue (LCF)as well as low-cycle
(varying) fatigue.

The test was conducted at
room temperature, with loads
incrementally and  consistently
increased during both the static load
test and the low-cycle fatigue test.
Additionally, varying loads were
applied in the fatigue test at different
stress levels. Figure (1) illustrates the
experimental system employed in this
study. Figure (2) illustrates a
schematic representation of the
apparatus, detailing the specified
components.
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system

1. Control Unit (PLC)
2. Display of PLC Programs

3. digital Displacement Dial gauge
4. Pressure Sensor

5. Test Cylinder

6. Outlet Pressure Gauge
7. Outlet Solenoid Valve
8. Manual Pressure Controller | £ 5

9. Inlet Pressure Gauge
10. Inlet Solenoid Valve
11. Volt and ampere meter
12. Air Compressor

FIGURE 2. the experimental system's
schematic diagram.

* FUNDAMENTAL
MATHEMATICAL EQUATIONS
FOR UNIFORMLY
DISTRIBUTED LOADS
* Analysis of Large Deflections in
Orthotropic Thin Plates

It 1s assumed that the principal
axes of the circle's diameter, which is
subjected to the applied load, align
parallel with the principal directions
of the orthotropic material. When an
orthotropic circular plate with radius
(a) and a uniform applied load (q) is
set up with a = b, it is expressed by
equation (1). [21]

— —_9 (.2 _ 22
1 W—64D1(a re)

r= [ ¥

2- Where:

3-Dy == (3Dx +2H +3D,)
4— H

=D,
+ 26,

3 ! 3 !/
> Diy = 12212373,) - 12t(121;y)
6 Gy,

r3G
=0 3
7= Dr = iy
8— D,
_ t°E,
C12(1-ww,)

The stresses that were
observed in the center of the
composite plate when r = 0,
regardless of r and 6, can be
articulated
as follows:

2
-0 = a5 = 2 [

The tensile strain at the center
of the plate during significant
deflections of the composite material
may be determined by [22]

2
10- &, = g5 = 0.462 %

The tangential strain (g) and
effective strain (gg) experienced by
the composite plate can be
determined wusing the following
equations: [23]

11-& = —[& + ]

12- eeffz\]g(sr2+e§+et2)
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* Mechanical considerations of
fatigue fracture

An analysis of stress and
strains under cyclic loading 1is
essential for engineering
applications. In certain practical
applications, the material functions
under constant
minimum stress levels. This is
referred to as constant amplitude

maximum and

stressing. The mean stress, o, is the
average of the maximum op.x and
minimum O, stress values, and the
algebraic difference is the difference
between the maximum and minimum
stress values, AG = Gmax - O min. The
half range is referred to as stress
amplitude. The following are the
mathematical expressions: [24]

Omax T Omin
2

__ Omax~ Omin
14- o, = ZmaxOmin

The stress ratio R is defined as

13- oy =

the ratio of minimum stress to
maximal stress and is:

15- R = 2min

Omax

Where R=1 denotes the static
tensile load.
* Experimental findings
comparing the two tests and
discussion

Four carbon fiber composite
specimens with a uniform thickness
of (0.25 mm) were selected for the
experimental test. Pressures from 1
bar to the value that does not lead to

complete collapse of the specimens
are applied over the diagonal cross-
sectional area (150 mm). By means of
a disc displacement gauge set at r =0,
the maximum deflection values of the
specimens are read. After the
specimen is placed firmly on the test
cylinder, the experimental test is
started using the testing mechanism
of the specially designed apparatus.
In both the static load test and
the fatigue under constant load test,
the specimen deformation causes
convexity with increasing loads. This
deformation 1is linear, with the
deflection values of the fatigue under
the constant load being larger than the
static loads. The fatigue test
mechanism stabilizes the maximum
deflection values after several cycles
of static loading, which explains this
Inequality. Table (3) shows the
comparison between the
experimental maximum deflection
values for static loading compared to
the fatigue under constant load under
the same limits, while Figure (3)
shows the comparison between the
maximum deflections for both tests.
Figure (4) shows the relationship
between the number of cycles in the
fatigue under constant load and the
maximum deflection for each applied
load after a series of cycles; the black
colour at the end of each deflection

CFRP panels' fatigue behavior under varying loads in comparison to their fatigue n

behavior under constant loading



indicates that the deflection value
stabilises after multiple cycles.
TABLE 3. The results of experimental
deflections for static load and fatigue
under a constant load.

under static load fatigue under constant load

Pressure*10° Xpenmel After a number
N/m? ax. Deflection of cycles

1 2.30 27 2.56
2 3.65 33 372
3 4.84 33 5.06
4 5.94 29 6.16

w=Qu=under static load «{il=Testing for fatigue under a constant load

6.5

6 "]
55
5 4]
a5 /
4 -
-

35 ”
3

2.5 &
2

1.5
1

0.5

0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Maximum Deflection , mm

pressure*10° N/m?

FIGURE 3. The maximum deflection
under static load and the fatigue under
constant load of CFRP

w— Stability of deflection

— B w— 03— Bar

mum Deflection, mm

=3
==
‘\’
<
=E
=
‘/‘

onnAsnereagINAINSNRARANARARGANRIL2ILIN2R

No. of Cycles

FIGURE 4. The relationship between
the number of cycles and the maximum
deflection values of the fatigue

* under constant load of CFRP

In the fatigue test conducted
under variable load conditions,
ranging from a low pressure of 1 bar
to a high pressure of 4 bar, the sample
demonstrated increased deformation
before reaching stabilization at
maximum deflection after multiple

cycles, in contrast to the fatigue test

performed under constant load
conditions. The notable variation in
deformation, when compared to the
fatigue testing under constant load, is
particularly evident during the initial
three cycles. Following this period,
the maximum deflection values
exhibited a natural increase until they
ultimately reached a state of
stabilization. The
deflection values of the sample
subjected to the fatigue test under
variable load, ranging from a high
pressure of 4 bar to a low pressure of
1 bar, exhibited greater deformation
than those observed in both the
fatigue testing under constant load
and the low-to-high fatigue test. This
resulted in a higher deflection value
at the conclusion of the cycles.
Noting that the first and second
cycles recorded the relatively higher
deformation values compared to the
previous two tests before the
deflection values took a predictable
gradation until the end of the cycles.

The two samples after fatigue
testing under variable load with
pressures from 1 to 4 bar and 4 to 1
bar are shown in Figure (5). Table (4)
also compares the maximum
deflection for each test under static
loading, fatigue under constant load
the fatigue testing under variable
load, and 1 to 4 bar and 4 to 1 bar
conditions. Figures (6,7) show the

maximum
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link between the number of cycles
and the maximum deflection in
fatigue testing under variable loads
from 1 to 4 bar and 4 to 1 bar,
respectively.

Holes that hold the specimen to the test cylinder

Load-eiposed
® plastic
ﬁeformation

a- Deformation of the sample under 1
to 4 bar.

Holes that hold the specimen to the test cylinder

Load-exposed

b- Deformation of the sample under 4

to 1 bar.
FIGURE 5. The two samples after
fatigue testing under variable load

TABLE 4. of the maximum
deviations observed across the four
tests(Under Static load, Fatigue under
constant load, Fatigue under variable
load 1 to 4 bar and Fatigue under
variable load 4 to 1 bar) At the same
applied pressure limits

orthotropic carbon fiber-reinforced polymer

Fatigue under
variable load
Low toHigh

] Fatigue under
Pressure Under Staticload constant load

*10° N/m?®

Max. Deflectionmm | Max. Deflectionmm | Max. Deflection mm
1 230 753 ENT)
4 5.94 6.16 7.91
Fatigue und. Fatigue under
Pressure Under Static load atigue incer variable load
constant load 2
105 High to Low
N/n?

Max. Deflection mm Max. Deflection mm Max. Deflection mm

4 5.94 6.16 8.51
1 2.30 2353 5.44

e Fatigue testing under constant load  s==Fatigue testing under Variable load 1 to 4 bar

85
8
75
7,
65
6
55
s
45 |
4
35
3
25
2
15
1
0S5

Maximum deflection, mm

~~~~~~~~~~~~~~~~~~~~~~~~

No. of Cycles

FIGURE 6. The maximum deflection of
a CFRP specimen's fatigue under
constant load compared to the
maximum fatigue testing under variable
load at pressures ranging from 1 bar to
4 bar.

e Fatigue testing under constant load  semFatigue testing under Variable load 4 bar to 1 bar

Maximum deflection, mm
a
&

mmmmmmmmmmmmmm

No. of Cycles

FIGURE 7. The maximum deflection of
a CFRP specimen's fatigue under
constant load compared to the
maximum fatigue testing under variable
load at pressures ranging from 4 bar to
1 bar.

* Theoretical vs. experimental
outcomes
Experimental
sample deformation stages were
compared to theoretical results,

findings of

concentrating on the largest deviation
from the applied load gradation in
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increasing order. This study used
Tables (4,5,6) to calculate the
sample's produced stresses and
strains. These tables provide
experimental
maximum deviation, stresses, and
strains. Figures (8,9,10) show the
results of route diagrams for each

table.
TABLE 4. CFRP's experimental and
theoretical deflection in response to the
applied load

Experimental Theoretical
Under Static load Under Static load

theoretical and

Pressure
*10° N/m?*

Max. Deflection Max. Deflection
mm mm

1 230 168
2 3.65 321
3 [ 274
4 594 6.25

The experimental findings
regarding the maximum deflection
demonstrated a strong correlation
with the theoretical predictions for
maximum deflection. The initial
reading showed a notable difference
between the experimental deviation
and the theoretical expectation. This
discrepancy in  the
deflection can be attributed to the

maximum

application of the large deflection
theory, as it does not sense the slight
discrepancy  observed in  the
experimental data. The experimental
and theoretical values exhibited a
linear relationship concerning the
sample's deformation, with the
experimental results demonstrating
strong convergence. This
convergence supports the

formulation of reliable scientific

conclusions for fatigue testing under
constant load across both types. The
maximum deflection values obtained
from fatigue testing under constant
load in this study were utilized to
represent the greatest extent of
deformation  that the sample
experiences during any of the tests, as
illustrated in the comparison. Table
(4) presents the maximum deflection
values under static load, both
experimentally and theoretically, as
well as the results of fatigue testing
under constant load conducted
experimentally.

== Experimental under Staticload
«\=Experimental Fatigue testing under constant load

«{ill=Theoretical under Static load

Maximum Deflection , mm
O B N W B @ o

)
°
@
)

w_wmwwm
‘\\

2 2.5 3 3.5 a4 4.5

pressure*10° N/m?

FIGURE 8. The experimental deflection
of CFRP material subjected to static
load and fatigue testing under constant
load compared to theoretical deflection.
TABLE 5. Maximum stresses and
strains for CFRP center experimental
deflection under static load

Radial Tangential Effective
Strain Strain Strain

a=g (&) (2ar)

Pressure Stress
*10° N/m?* MN/n?

7425 0.000434485 -0.0008690 0.0008690

14175 0.001094221 -0.0021884 0.0021884

1
2
3 20925 0.001924023 -0.0036907 0.0037439
4

27675 0.002897960 -0.0057959 0.0057959

Table (5) the relationship
between stress and strain based on the
highest  experimental  deflection
depicted in Figure (9), with this
correlation remaining linear from the
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initiation of loading until the peak
load of (4*10° N/m?) is attained.

30000

r\n 25000
\2:ooo
900

=== Radial Strain
«{il=Tangential Strain

Stress, MN/m?

«f\=Effective Strain

-0.01 -0.005 0 0.005 0.01
Strain A&

FIGURE 9. Relationship between strain
and stress based on experimental results
of maximum deflection of CFRP
TABLE 6. Maximum stresses and
strains for CFRP center theoretical
deflection under static load

Radial Tangential Effective
Strain Strain Strain
=g (® (2ar)

1 7425 0.000231813 -0.0004636 0.0004636

Pressure Stress
*10° N/m?* MN/m?

14175 0.000846310 -0.0016926 0.0016926

2
3 20925 0.001845334 -0.0036907 0.0036907
4

27675 0003208333 -0.0064167 0.0064167

Table (6) shows the theoretical
results of the strains corresponding to
the stresses according to the
maximum theoretical deflection, and
the figure (10) their path. The
agreement between the experimental
and theoretical results shows a great
convergence and a path similar to
what is found in the experimental
results in the strain mechanism in the
gradation of loads imposed on the
sample.

A

=== Radial Strain
«{F}=Tangential Strain

Stress, MN/m?

/= Effective Strain

-0.01 -0.005 o 0.005 0.01

Strain A&

FIGURE 10. Relationship between
strain and stress based on theoretical
results of maximum deflection of CFRP

Figure (11) 1illustrates the
correlation between the number of
cycles and the strains induced by the
loads applied to the sample during the
fatigue testing under constant load,
achieving its maximum value at peak
loads of (4*10° N/m?).

o 1 DAf w2 b3f e 3 b1 4bar

00078125
0.0039063
@ 00019531

0.0009766

0.0004883
0.0002441
00001221

6.104€-05
mmmmmmmmmmmmmmmmmmmm
o MINOrBAgINASNANSEARIAAIRRRNRIRAIAIR

%%

Log A

No. of Cycles

FIGURE 11. The relationship between
strain and number of cycles in fatigue
testing under constant load for CFRP

* CONCLUSION
The device used 1in the

experimental test was built on solid
foundations and  high-precision
software control of the sequence of
operations and wide time range
through which composite materials
can be tested wunder different
pressures and loads, whether they are
regularly or unevenly graded and
under static or dynamic loads in a
practical and somewhat accurate
manner.

The deformation phases of the
specimen exhibited linear behavior
throughout all tests within identical
parameters, irrespective of being
subjected to static loading or fatigue
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testing under constant load or
variable. The principal findings of
this study may be encapsulated as
follows: -

1- he CFRP plate exhibits reduced
deformation under static load, with a
maximum deflection of (5.94 mm) ,
compared to the fatigue test under
constant load, which recorded a
maximum deflection of (6.16 mm) at
the highest applied pressure.

2- The fatigue testing conducted
under variable loads, with pressure
ranges from 1 to 4 bar, demonstrated
increased deformation, achieving a
maximum deflection of (7.91 mm),
compared to (6.16 mm) during
fatigue testing under constant load.
3- The specimen exhibits greater
deformation when subjected to
varying loads ranging from 4 to 1 bar
compared to static load, fatigue
testing under constant load, or low-
to-high  fatigue, achieving a
maximum deflection of (8.51 mm).
Initiating with high pressure provides
greater 1mpetus for deformation
compared to a gradual approach or
transitioning from low to high
pressures.

4- The first three cycles of the low-to-
high pressure test record the largest
difference in maximum deflection
values and specimen deformation
compared to the fatigue testing under
constant load, while the first and

second batches of the high-to-low
Pressure test do.
5- n comparison to fatigue testing
under constant load, the maximal
deflection values stabilize at fewer
cycles and greater deformation in
both tests of fatigue under variable
load.
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