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Abstract: The residual torsional strength of composite pipes after different impact loading and torsional
strength with acoustic emission analysis were investigated. It was shown that the residual torsional
strength of composite pipes and the strength of undamaged samples differ significantly depending on
the fiber winding angle. The undamaged pipes with a winding angle of 45° showed higher torsional
strength compared with the samples with an angle of 30°.

Keywords: filament winding, residual torsional strength, acoustic emission, composite pipes, non-de-
structive tests.

Poudarowa wytrzymalos¢ resztkowa na skrecanie i analiza emisji
akustycznej nawijanych rur kompozytowych

Streszczenie: Zbadano wytrzymatos¢ resztkowa na skrecanie rur kompozytowych po réznym obciaze-
niu udarowym oraz wytrzymatos¢ na skrecanie z analiza emisji akustycznej. Wykazano, ze wytrzyma-
fos¢ resztkowa rur kompozytowych na skrecanie oraz wytrzymato$¢ probek nieuszkodzonych réznia
sie znacznie w zaleznosci od kata nawijania widkien. Nieuszkodzone rury o kacie nawijania 45° wyka-
zaty wieksza wytrzymatos¢ na skrecanie w poréwnaniu z prébkami o kacie nawijania 30°.

Stowa kluczowe: technologia nawijania, wytrzymatos¢ szczatkowa na skrecanie, emisja akustyczna,

rury kompozytowe, badania nieniszczace.

Composite materials, while widely valued for their
high strength-to-weight ratio and adaptability, have
a notable drawback: their considerable susceptibility to
compressive and impact loading [1-3]. Impact loading,
in particular, poses a significant risk, as even low-energy
impacts can cause severe damage within the material [4].
Assessing this damage is often challenging, as defects
may form and propagate beneath the surface, making it
difficult to detect without specialized instruments [5].
Moreover, when composite components bear substantial
loads, their strength can drop rapidly once critical thre-
sholds are surpassed, leading to abrupt and catastrophic
failure. Consequently, even minor incidents require care-
ful inspection to ensure the component’s integrity [6—8].

Residual strength, as defined within fracture mecha-
nics, describes the material’s capacity to withstand
further loading despite existing defects. Composite
shafts and pipes are particularly affected by that issue.
Compared to steel shafts, the advantage of composite
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shafts is their lower mass, which reduces the moment
of inertia and allows for the use of lighter, less costly
bearings. However, even minor damage in these compo-
site elements, especially under high torsional loads, can
lead to accelerated failure [9]. Therefore, in the study, the
residual torsional strength of composite pipes subjected
to impact and torsional loading were investigated.

Impact loading results in three distinct damage mecha-
nisms, determined by the velocity of the impacting ele-
ment. At velocities well below the ballistic threshold, the
impactor rebounds from the surface, transferring only
a portion of its energy to the target. At intermediate velo-
cities, the impactor penetrates the target, delivering its
full energy. At velocities exceeding the ballistic thre-
shold, the impactor has sufficient energy to perforate the
specimen, resulting in full penetration of the target. In
this case, a portion of the impactor’s energy is dissipa-
ted through friction between the impactor and the spe-
cimen [10].

There are numerous publications concerning stu-
dies on the torsional strength of composite pipes, provi-
ding detailed analyses of the stress and strain behaviors
[11-14]. Soykok examined the effect of deliberately intro-
duced defects on the structural integrity, compared two
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different stacking sequences of filament wound glass/
epoxy pipes and conducted a parametric examination of
fiber winding angles and slot lengths [11]. Chang et al.
investigated that the composite pipe exhibits nonlinear
progressive damage under tensile loads, brittle failure
under pure torsional loads, and a combination of both
under tension-torsion loading [12]. Mansour et al. and
Soykok et al. conducted both experimental and numeri-
cal analyses of the torsional behavior of composite pipes
manufactured in filament winding technology [13, 14].
However, there is limited knowledge regarding residual
torsional strength. Minak et al. investigated residual tor-
sional strength of laminated carbon/epoxy composite
pipes after low-velocity impact [15]. Study showed that
the residual torsional strength is influenced by the local
buckling load of the single laminae or by the maximum
strength of the sublaminates. The authors analyzed the
impact of the preload on the residual torsional strength,
indicating that residual torsional strength decreases as
the preload increases. Soykok et al. also studied the resi-
dual torsional strength of composite pipes [16]. Their
study showed that a winding angle of 45° performed best
for non-impacted pipes, while 30° and 60° angles exhi-
bited significantly lower maximum torsional moments.
After a 2.5 ] impact, the 45° and 30° winding angles per-
formed equally, whereas a 7.5 ] impact made the 30° pipes
perform best. Despite the foundational insights provided
by Minak et al. [15] and Soykdk et al. [16], their findings
on residual torsional strength have not been widely revi-
sited or expanded upon, leaving a significant gap in the
exploration of this topic. Research on residual torsional
strength of composite pipes has not been extensively pur-
sued. Quasi-static tests of specimens subjected to impact
are more common. Depending on the typical operating
conditions expected for the tested material, samples may
be subjected to tensile tests [17-19], compression tests [20—
22] flexural tests [23-25] or indentation tests [18]. Flexural
tests are easier to conduct than compressive, don’t need
special equipment and are not laden with uncertain-
ties associated with compressive tests [26]. Giindz et al.
conducted research on the low-velocity impact strength
of composite plates [27]. Targino et al. investigated the
damage tolerance after impact of composite laminates
[28]. Barcikowski and Krdlikowski investigated impact
damage and residual flexural strength in glass/polyester
laminates [29]. The authors of research [30] studied the
impact and flexural behaviors of composite sandwich
panels. They used the three-point flexure method to
apply loads to the specimens. This study showed that
the failure mode of the sandwich specimens was a brittle
extrusion on the side of face sheets with a small displace-
ment. However, research on residual torsional strength of
composite pipes has not been extensively pursued.

In the evaluation of damage in composites, non-
-destructive testing (NDT) methods are particularly valu-
able for detecting and analyzing internal flaws without
compromising material integrity. Acoustic emission (AE)

testing is particularly useful in composites, as they con-
sist of multiple components, each emitting characteristic
frequency ranges during damage [31]. The identified fre-
quency ranges differ slightly across various publications.
Signals associated with matrix damage fall within the
range of 90-180 kHz, while fiber damage emits signals at
frequencies above 300 kHz. This method also allows for
the identification of the specific type of damage occur-
ring at a given moment. Fiber breakage generates signals
at frequencies of approximately 400-500 kHz. The frequ-
ency range of 180-240 kHz corresponds to fiber-matrix
debonding, while the range of 240-300 kHz suggests
damage in the form of fiber pull-out from the matrix
and delamination [32-34]. Torsional tests of composite
pipes were conducted by Hemanth Raj ef al. [35] where
the damage mechanisms of different matrixes were com-
pared using acoustic emission. AE utilizes piezoelectric
sensors, which convert acoustic waves into an electrical
signal, which is transmitted to the measurement system.
Accurate localization of signal sources requires usage of
at least two sensors.

The aim of the study is to examine the effect of the
winding angle of glass/epoxy thin-walled composite
pipes on their residual torsional strength. Additionally,
acoustic emission testing was conducted to detect and
analyze defects that are not externally visible during tor-
sional strength testing or induction by impact loading.
This non-destructive testing method provides insights
into internal damage mechanisms and the progression
of defects under various loading conditions. This dual
approach, residual strength testing and acoustic emis-
sion monitoring, aims to enhance both the detection
and assessment of damage in composite pipes, provi-
ding insights that could inform the design, maintenance,
and safety of composite structures in high-stress appli-
cations.

EXPERIMENTAL PART
Materials

The composite pipes were manufactured using
Vetrotex P185-EC14 E (tex 2400) glass fiber (R&G
Faserverbundwerkstoffe GmbH, Waldenbuch, Germany)
and Araldite LY 1564 SP epoxy resin with Aradur 3486
hardener (Huntsman, Basel, Switzerland). The resin has
a viscosity of 1200-1400 mPa s (at 25°C), which makes it
suitable for winding processes. In combination with the
hardener, it creates a mixture with a viscosity of 200-300
mPa s (at 25°C) and a gel time of 110-130 minutes (at 60°C).
For a 100 g mixture, polymerization occurs within 560-
620 minutes. At a later stage, Epidian 6 resin with Z-1
hardener (Sarzyna Chemicals, Nowa Sarzyna, Poland)
was used to connect the wooden pins with the wound
pipes in a mass ratio of 50:6.5. The use of a different resin
was due to the need to obtain higher viscosity and shor-
ter polymerization time (gel time 33 min for Epidian 6).
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Composites fabrication
Filament winding

Filament winding (FW) is commonly used to produce
rotationally symmetric components with closed surfaces
because these geometries maximize the advantages of
this technique. The resulting components are typically
hollow, which facilitates the removal of the core during
production. The core serves as a mandrel on which the
resin-impregnated fibers are wound, and its geometry
defines the final shape of the composite product.

The samples were prepared using a 4-axis filament
winder MAW 20 LS4/1 (Mikrosam, Prilep, Macedonia)
(Fig. 1) in a wet-winding process. The tubular samples
were produced on a steel mandrel with a diameter of
40 mm and a length of 1000 mm. The resin-impregnated
fibers were wound at an angle of 30° for one set of sam-
ples and 45° for the other with two layers of wrapping.
The angles were selected based on theoretical calcula-
tions of stress distribution. The angle of 45° is the theore-
tically most effective angle for torsional stress on a cylin-
drical pipe [36, 37], which was confirmed in the study by
Fang et al. [38]. The angle of 30° was selected for compa-
rison after Duda et al. [37], Morozov [36] and Soykok et
al. [16]. The average wall thickness of the pipes is 1.3 mm
regardless of the winding angle.

After completing the composite winding, the pipes
were cured, and once the resin was cross-linked, they
were removed from the mandrels and cut into 200 mm
specimens.

Reinforcement of the gripping section

The gripping sections of the specimens were reinforced
with wooden inserts of 50 mm length to protect against
damage. The wooden inserts were further strengthened
with E-glass fibers impregnated with resin and bonded
into the specimens using Epidian 6 resin. The external sur-
face of the gripping sections was additionally reinforced

Fig. 1. Manufacturing of specimens

with continuous E-glass fibers impregnated with resin.
The reinforced specimens were then cured to achieve resin
cross-linking. Fig. 2 presents the sample with dimensions.

Methods

The sample sets for each winding angle (30° and 45°)
were subjected to impact loading using two devices:
a drop-weight impact tester and a pendulum impact
tester. Both methods involve lifting a mass to a certain
height, releasing a lock, and allowing the impactor to fall
freely under the influence of gravity to strike the sample.
Additionally, a set of samples for each winding angle was
evaluated for damage using a pneumatic cannon to com-
pare impacts characterized by wave propagation typical
of small masses and high velocities. Following the impact
tests, torsional strength testing was performed on both
the damaged samples and undamaged reference sam-
ples. The torsion tests were conducted following ASTM
D5448/D5448M-11 with adjustments tailored to the expe-
rimental framework to evaluate the torsional behaviors
of impacted and non-impacted composite pipes manufac-
tured by filament winding. AE testing was additionally
conducted on the undamaged samples.

Drop-weight impact

For impact testing used drop-weight impact tester
DW1000 (STEP Lab, Treviso, Italy). The first step involved
selecting the impact energy for the specimen to achieve
visible delamination without penetration or cracking
through the entire wall thickness. The tests were con-
ducted on a separate set of specimens. Specimens were
supported on two prisms, each 50 mm wide, with a pla-
stic mass as a buffer to dampen at the supports, leaving
100 mm test length in the middle. The impactor tip was
hemispherical with 9.0 mm diameter. At an impact energy

Tested =

Gripping

sections ™ sections

Fig. 2. Composite pipe sample
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Fig. 3. Modified Charpy impact hammer

of 35 ], penetration occurred, while energies above 20 |
resulted in cracking. For energies below 20 J, only minor
delamination was observed. Based on these results, an
impact energy of 20 ] was chosen for the test campaign.

Charpy impact
The second set of samples was subjected to impact

loading using a modified Charpy pendulum hammer to
obtain an impact energy of 26 ]J. (Fig. 3) and impacting
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point analogue to other methods. Specimens were sup-
ported in a prism as in 2.3.1. The pendulum tip was hemi-
spherical and had a diameter of 9.0 mm.

Pneumatic cannon impact test

In the impact test using a pneumatic cannon, a steel
bullet with a diameter of 9.0 mm and a weight of 3.0 g
was used as the impactor. The projectile velocity was
measured using a Shooting Chrony M1. Based on these
measurements, the impact energy (35 J) was calcula-
ted. The measuring system and schematic of the pneu-
matic cannon for impact testing are presented in Fig.
4. Specimens were supported in two prisms, leaving
100 mm test length in the middle.

Torsional strength

The schematic of the measurement system for torsional
strength testing is presented in Fig. 5. The torsional moment
and the twist angle were measured during the strength
tests. One end of the specimen was clamped immobile.
The other end related to a freely rotating arm, at the end
of which a progressively increasing load (F) was applied.

Acoustic emission

AE tests were conducted on two specimens, with win-
ding angles of 30° and 45° during torsional strength
testing using the measurement system (Fig. 5). During
the AE tests, the specimens were loaded with progres-
sively growing torque from 0 to 150 Nm, the aim was to
maintain the specimens structurally intact without cau-
sing complete failure. Each specimen was equipped with
four AE sensors, arranged in two pairs aligned on oppo-
site sides (Fig. 6). The four sensors were used to attempt
to locate the occurrence of signal-emitting events. This
process allows for the precise determination of the loca-
tion of the emission signal. The Vallen AMSY-6 AE moni-
toring system (Vallen Systeme GmbH, Wolfratshausen,
Germany) consists of a multi-channel data acquisition
module, transducers, preamplifiers, and software that
enables the recording of selected parameters.

Main gas
supply

[ —_—'_,

-

Fig. 4. Pneumatic cannon: a) a schematic diagram, b) view of the test stand
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Fig. 5. Schematic of the test setup for torsional strength testing
RESULTS AND DISCUSSION
Impact and torsional strength analysis

The extent of delamination was used as a measure of
the damage to the specimens for each angle and for each
type of impact load. The delamination area was determi-
ned using transmitted light optical analysis. The actual
delamination area was calculated using ImageJ software.
Table 1 shows examples of delamination areas for speci-
mens from each test set, along with the average calcula-
ted delamination area and average torque for each spe-
cimen set.

Delamination, concentrated around the fibers, and per-
foration are more pronounced in specimens subjected to
low-velocity high-mass impacts. In this group, defects
are more visible due to increased light absorption, which
is also associated with a higher number of microcracks
in the affected area. In contrast, for specimens impacted
using the pneumatic cannon, the damage covers a signi-
ficantly larger area, and the delamination is more disper-
sed due to the penetrating wave generated by the higher
impact velocities.

Despite the smaller delamination areas observed in
specimens with a 30° winding angle (8% for drop-weight,
35% for Charpy, 9% for pneumatic cannon) than in speci-
mens with a 45° winding angle, it can be concluded that
30° angle exhibits lower tolerance to impact damage,
since the impactor penetrated through the walls of all
specimens. On the other hand, specimens with a 45° win-
ding angle were able to absorb the energy of multiple
subsequent impacts, as the impactor rebounded several
times, dissipating the residual energy from the impact

Fig. 6. AE testing of torqued composite pipe

impulses. For specimens with a 30° winding angle, the
delamination areas were comparable between the tests
conducted using the Charpy and the drop-weight impact
testers, differing by 7%. However, in the case of speci-
mens with a 45° winding angle, the delamination area
significantly increased (by 31%) when subjected to the
Charpy impact test due to slightly higher impact energy
compared to the drop-weight impact test.

Higher residual torsional strength was observed in
pipes with a 30° winding angle than 45° winding angle
(70% for drop-weight, 1% for Charpy, 18% for pneumatic
cannon), despite the weakening of the walls caused by
perforation. However, undamaged specimens exhibited
higher torsional strength at a 45° winding angle rather
than 30° by 56%. For pipes with a 30° winding angle,
the fibers are aligned at a shallower angle relative to the
applied impact force, which can result in more efficient
energy absorption during the impact. The lower winding
angles may result in a more diffuse stress distribution
around delaminated regions, allowing the remaining
intact fibers to better bear the applied torsional load. In
the 45° winding angle pipes, the fibers are more aligned
with the direction of shear stress during torsion. At the
same time, fiber wounds according to stress distribution
may make them more sensitive to discontinuities caused
by impact damage. On the other hand, compliance of
winding angle with stress distribution (45°) in undama-
ged samples results in efficient transmission of shear
forces by fibers and thus higher torsional strength.

During torsional tests, all specimens damaged due
to micro-buckling (kinking), which is characterized by
the bending of fiber bundles under compressive forces
(Fig. 7). Kinking forms when a group of fibers lose struc-
tural integrity with the polymer matrix, weakened due
to yielding and cracking under shear stresses. Once
a kink-band develops, the fibers undergo simultaneous
rotation [39]. During kink-band initiation and propaga-
tion, fibers aligned with the loading direction experience
significant compressive stress and undergo unstable
rotation induced by inter-fiber shear stress [40]. Study
[41] indicate, that kinking is affected also by the shear
properties of the matrix, since the matrix accommodate
the deformation of the fibers. L. Xun et al. studied tor-
sional damage mechanisms in 3D composite pipes bra-
ided with carbon fibers reinforced with epoxy resin.
They developed multiscale equivalent models by com-
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bining mesoscopic and homogenous structures. Studies
showed that cracking had been the main damage mode.
Failure in the form of buckling of specimens led to stress
concentration in interlacing points of braided fibers [42].
Chang ef al. investigated the torsional loading behavior
of carbon/epoxy composite pipes. Their study identified

three distinct stages during the loading process. The first
stage is linear, reaching a maximum load point (approxi-
mately 100 Nm) before a sudden failure, while the second
stage exhibits stabilized curves. The third stage leads to
the final failure of the specimens. The authors observed
no significant changes on the surface of specimens, but
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Fig. 7. Residual torsional strength test samples with the damage resulted from the kinking mechanism: a) sample with a through-
-hole and delamination after impact, b) specimen with delamination only

cracks along the mosaic pattern directions appeared as
the load approached the peak value. Their findings sug-
gest that the failure process of torsional loading involves
the collapse of the matrix within fiber bundles, leaving
monofilaments to bear the load, while undulated fiber
bundles in the winding direction are compressed, and
those in the opposite direction are transversely stret-
ched, leading to matrix cracking and shear failure during
torsion [12]. Mansour et al. conducted torsional loading
tests for glass/epoxy and carbon/epoxy composite tubu-
lar specimens. Maximum torque values of 191 Nm for
carbon fiber pipes and 220 Nm for glass fiber pipes
[13]. Soykok et al. examined the behavior of thin-wal-
led hollow cylindrical glass/epoxy composite pipes and
found that specimens with a 45° winding angle exhibi-
ted the highest average torsional resistance (27 Nm) [14].
The mean torque results of this study are consistent with
findings from other studies regarding torsional loading.
However, direct comparison of numerical values is chal-
lenging due to diverse types of materials, layers configu-
rations, mosaic patterns and winding angles employed
by different authors. In contrast to these works, the pre-
sent research focused on the influence of winding angles
on residual torsional strength and failure mechanisms
following impact loading.

Acoustic emission

The conducted research results are presented in the
form of graphs comparing various variables for both spe-
cimens. Based on these graphs, it is possible to identify
the processes that occurred during the loading of the spe-
cimens. There was an attempt to locate the AE events on
specific points of the surface. In the case of the filament-
-wound composite, the signal travels most easily along
the fibers, causing significant differences in the veloci-
ties detected by the sensors. As a result, the software
struggled to accurately locate the origin of the signal for

the tested composite pipes; it was not possible to achieve
accurate localization due to their wound structure and
the presence of interwoven fibers.

Fig. 8 shows the RMS along with a curve illustra-
ting the cumulative number of AE events. The graph is
divided into three periods: A, B, and C. During period
A, there were few events with low RMS values. At
around 60 seconds, at the beginning of period B, there
was a significant increase in acoustic emission events
with greater intensity and higher frequency. This phase
marks the initiation and progression of microcracks in
the composite, caused by the applied torsional moment.
In period C, the RMS values decreased, and the number
of AE events also ceased to grow drastically. The begin-
ning of phase C corresponds to the point where the
maximum torsional load was reached. After that, the
load was no longer increased, and the specimen was
left to stabilize. The stabilization process is evident as
a reduction in the strength and frequency of signals
shown on the graph.
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Fig. 8. RMS and cumulative AE events as a function of time for
30° winding angle
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Fig. 9. RMS and amplitude as a function of time for 30° winding
angle

In Fig. 9 it can be observed that in the initial phase,
the signal amplitude fluctuates between 20 and 50 dB.
Subsequently, in correlation with the increase in RMS, the
amplitude also rises to approximately 80 dB. According to
[43], amplitudes in the range of 48-58 dB are characteristic
of resin cracking, suggesting that this phenomenon occurs
in the first loading phase. Amplitude values in the range of
50-80 dB is associated with fiber-matrix debonding in the
composite. Signals with amplitudes between 80-100 dB indi-
cate fiber breakage. Fig. 9 shows that such events are the least
numerous, indicating that significant structural damage to
the composite did not occur during loading. Once the load
was stabilized at 150 Nm, the RMS signal quickly decreased
to about 3.8 1V, and the amplitude of the signals also drop-
ped. However, some high-amplitude events still appeared,
suggesting the propagation of structural damage.

For the 45° specimen an analogous graph was obtained
(Fig. 10). The loading process for this sample was longer
than for the 30° one which caused more AE events to be
registered. Similar observations can be made to the pre-
vious sample about the registered amplitudes. However,
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Fig. 11. Frequency as a function of amplitude for 30° winding
angle
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Fig. 10. RMS and amplitude as a function of time for 45° win-
ding angle

there are less AE events over 80 dB, indicating that fiber
breakage was less frequent.

In the frequency versus amplitude plot of the AE
signals for the sample with a winding angle of 30°
(Fig. 11), it can be observed, similarly to the ampli-
tude-time plot (Fig. 9), that most of the events had an
amplitude below 60 dB in all frequency bands. The
most numerous events were those with a frequency of
150-200 kHz and an amplitude of 30-40 dB, which are
signals indicative of resin cracking. A few events occur-
red with a frequency above 400 kHz, suggesting rein-
forcement fiber damage; however, these events were
rare, indicating that the failure of the specimen was
primarily matrix driven.

In the plot for the sample with a winding angle of 45°
(Fig. 12), it can be observed that the obtained frequen-
cies reached approximately 550 kHz suggesting fiber bre-
akage. Similarly to the previous sample, most EA events
occurred at a frequency of around 150 kHz, indicating
matrix cracking. Therefore, the failure mode may be iden-
tified as predominantly matrix driven.
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Fig. 12. Frequency as a function of amplitude for 45° winding
angle
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CONCLUSIONS

This paper presents the results of an experimental
study to investigate the effect of winding angles on the
residual torsional strength and damage mechanisms of
glass-epoxy composite pipes using AE as a non-destruc-
tive evaluation method. The specimen was designed to
minimize stress concentration in the gripping region and
ensure that the final failure occurs in the working sec-
tion. The pipes were manufactured using a filament win-
ding process. Three types of impact loading were applied
to access the material response. The delamination area
and residual torsional strength were evaluated, provi-
ding insight into the effect of impact damage. AE analysis
of the twisted pipes was also presented to further inve-
stigate the damage mechanism.

The samples with a 30° winding angle exhibited higher
residual torsional strength compared to those with a 45°
winding angle. This could be attributed to the more effec-
tive dispersion of stress around the delaminated regions
post-impact.

At the same time, the samples with a winding angle
of 30° have lower resistance to damage caused by axial
impact. The undamaged pipes with a winding angle of
45° showed higher torsional strength compared with the
samples with an angle of 30° indicating that the fibers
were more aligned with the stress distribution under tor-
sional loading.

The failure mechanism in all torsional tests was kin-
king, characterized by fiber bending and debonding
from the matrix. This corresponds to the results obta-
ined from the AE tests where specific signals correspon-
ding to matrix cracking and fiber matrix debonding
along with limited fiber breakage were detected in both
samples.
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