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Composite materials play a crucial role in the development of lightweight and innovative industry. For high-per-
formance structures such as composite pressure vessels, tubes and pipelines, filament-winding technology is used as
a highly automated and reliable manufacturing method. In this study, the mechanical investigation of composite tubes
is performed. The analysis consists of a comparison of basalt and glass fibre reinforced plastics (BFRP and GFRP)
under axial compression loading. The tubes were manufactured with one layer wound using a 55° winding angle and
additional hoop reinforcement in the gripping area. During axial compression loading, the acoustic emission method
was used to identify the damage modes occurring in the two groups of materials. Post-failure observations were con-
ducted to assess the crack type and geometry. The results showed that GFRP exhibited superior performance over
BFRP in terms of compressive strength (41% higher) and absorbed energy (20% higher).
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INTRODUCTION

Composite materials play an important role in
modern engineering due to their exceptional
strength-to-weight ratio, design possibilities and
corrosion resistance. These materials are widely
used in aerospace, automotive, civil engineering
and marine applications [ 1-4]. The rapid develop-
ment of composites has enabled the production of
lightweight and highly durable elements. It con-
tributes to energy efficiency, decreases material
consumption and enhances mechanical perfor-
mance.

Among the several composite manufacturing
technologies, the filament winding method stands
out for its ability to create high-strength, light-
weight cylindrical, and even more complicated
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structures. This method, highly automated (com-
paring to other composite manufacturing tech-
niques) ensures precise fibre placement and align-
ment, leading to superior mechanical properties.
Filament winding is commonly employed to pro-
duce pipes, pressure vessels, rocket motor casting,
and wind turbine components, where structural in-
tegrity under very demanding conditions is cru-
cial. By using materials such as carbon, glass or
basalt fibres, engineers and scientists can tailor
composites to meet specific performance require-
ments. The selection of reinforcement fibres is
critical as it directly influences the mechanical
properties, durability and overall performance of
the resulting composites [5—8].
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Glass fibre-reinforced polymer (GFRP) com-
posites have a long-established history in struc-
tural applications because of their balance be-
tween cost-effectiveness and robust mechanical
properties. Recent research aimed at optimizing
the filament winding process for glass fibre-rein-
forced composites has demonstrated improved fi-
bre alignment, a reduced void content, and en-
hanced structural integrity [9]. Moreover, an eval-
uation of different reinforcement options has un-
derscored that while glass fibres offer substantial
benefits, basalt fibres provide an emerging alter-
native with unique attributes. For example, studies
comparing glass and basalt fibre reinforcements
indicate that basalt fibres can yield comparable or
even superior performance under specific environ-
mental and thermal conditions [10].

Basalt fibres, which are produced from natural
volcanic rock, have garnered increasing interest
owing to their excellent thermal stability, chemi-
cal resistance, and favourable mechanical charac-
teristics. Research on basalt fibre composites
shows that they can offer higher tensile strength
and improved durability when compared to con-
ventional glass fibre composites [11, 12]. The
thermal and mechanical behaviour of both glass
and basalt fibre composites has been studied ex-
tensively, demonstrating that the integration of
these fibres results in materials well-suited for
harsh environments [13].

Recognizing the complementary properties of
glass and basalt fibres, recent studies have ex-
plored hybrid composite systems. By combining
the cost-effective, high-strength properties of
glass fibres with the superior thermal and chemi-
cal stability of basalt fibres, researchers have de-
veloped hybrid composites that are tailored to
meet specific performance demands. For instance,
mechanical characterizations of such hybrid sys-
tems indicate a marked improvement in durability
and impact resistance as the synergistic effects of
the two fibres result in a composite that outper-
forms systems made from a single type of rein-
forcement [14, 15]. The environmental effects on
fibre-reinforced polymers have also been ad-
dressed, with findings suggesting that optimized

material selection and process control can signifi-
cantly mitigate degradation resulting from hydro-
thermal aging and chemical exposure [16].

The presented study fills the gap of direct
comparison and analysis of GFRP and BFRP fila-
ment-wound tubes. In the work, axial compression
was chosen to compare the mechanical behaviour
of the composite structures. The study is supported
by the analysis of damage modes occurring in the
specimens by means of the acoustic emission
method [17-23].

MATERIALS AND METHODS

The materials used in the presented research
are glass fibre E-glass and basalt fibre. The matrix
was compounded by Araldite LY 1564 epoxy resin
with Aradur 3474 hardener.

The filament winding process was performed
on an MAW 20 LS4/1 filament winder provided
by the Mikrosam company. The mandrels were
chrome-coated steel rods. To facilitate the wind-
ing of helical layers, additional equipment was
used, namely, pin rings on both sides of the man-
drel. They reduce the turn-around zone and there-
fore material consumption during the process. The
mandrel was cleaned with acetone, wax was ap-
plied and polished 3 times, then the process
started. One layer of composite was wound on the
mandrel with a 55° winding angle. The angle
choice was dictated by the literature review as it is
the most common angle for filament wound tubes
and pipes [24-31]. After winding, shrink tape was
applied on the composite to provide proper com-
paction of the composite and to remove excessive
resin before curing. The composites were then so-
lidified in rotational movement, and after a few
days removed from the mandrels, and cut into
specified dimensions. The last step was to produce
the additional hoop reinforcement at the ends of
the specimens to enhance the load distribution
during the axial compression test. Exemplary pho-
tos are presented in Figure 1.
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Fig. 1. Filament winding of composite tubes (a), and application
of additional hoop reinforcement at ends of specimens (b)

Before incorporating the additional hoop rein-
forcement, the specimens were measured in terms
of dimensions and mass. The values were then
used in the strength calculations to reduce the in-
fluence of deviations in specimen dimensions. The
results of those measurements are presented in Ta-

ble 1.

TABLE 1. Geometric and mass characteristics of compo-
site specimens used in axial compression

Diame-

Specimen Mass (g) ter ]'if:flt)h
(mm)
G55-1 23.34 41.91 99.43
G55-2 23.30 41.94 99.53
G55-3 24.02 41.93 99.37
G55-4 23.07 41.85 98.92
G55-5 23.68 41.94 99.60
G55-6 23.54 41.87 98.73
G55-7 23.94 41.91 99.03
G55-8 23.70 41.86 99.43
B55-1 23.18 41.73 99.37
B5S-2 23.23 41.89 99.07
B55-3 22.71 41.93 99.60
B55-4 23.62 42.03 99.16
B55-5 23.38 41.86 99.14
B55-6 23.30 41.95 99.46
B55-7 23.65 41.99 99.46
B55-8 23.01 41.99 99.43

After the compete manufacturing process, the
specimens were cured in an oven according to the
curing process shown in Figure 2.
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Fig. 2. Curing process of composite tubes

The mechanical test of axial compression was
performed on an Instron 5982 universal testing
machine with a loading cell of 100 kN. The exper-
imental setup consisted of two platens, where one
has a spherical joint. Before the test, the specimens
were initially loaded with 50 N force to remove
slack from all the force-displacement curves as it
is a common procedure described in the literature
[32]. The setup with an exemplary specimen is
shown in Figure 3.

Vi

Spherical o)
platen
’/— Test
specimen
Edge
reinforcement Rigid
/ platen

A2

Fig. 3. Diagram of axial compression test (a) and specimen
mounted in machine (b)

RESULTS

In this section, the results of the mechanical
tests (axial compression), acoustic emissions anal-
ysis and macroscopic observations of cracks are
presented.
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AXIAL COMPRESSION TESTING

The results of the axial compression tests are
presented in Figure 4 and Figure 5 for the GFRP
and BFRP tubes, respectively. The graphs show
the load-displacement curves. In the case of the
GFRP specimens, in the elastic part of the test, up
to 1 mm of displacement of the moving platen,
very satisfactory repeatability is observed. The
tubes then started to undergo damage, which is
demonstrated in flattening of the force-displace-
ment curve. Next, rapid failure took place and
a loss of stability occurred at around 2 mm of dis-
placement.
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Fig. 4. Force-displacement curves of GFPR tubes subjected to
axial compression

In the case of the BFRP samples, greater devi-
ation in the elastic part of the test can be observed.
Additionally, the damage was more rapid com-
pared to the GFRP tubes, manifesting in a lesser
intensity of flatting of the load-displacement
curves. Also, the damage occurred sooner, when
the displacement was around 1.5 mm.
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Fig. 5. Force-displacement curves of BFRP tubes subjected to
axial compression

To enable a valid comparison between the re-
sults of the GFRP and the BFRP configurations,
quantitative analysis was performed. As the defin-
ing parameter to consider, the compressive
strength was calculated following Equation 1:

Fmax
O ==~ (1)

Where:
o — compressive stress [MPa]
A — composite tube cross-section area [mm?]

The results for both materials are presented in
Figure 6.
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Fig. 6. Compressive strength for GFRP and BFRP specimens

In addition to the compressive strength, the
corrected absorbed energy was defined. The ab-
sorbed energy is calculated as an area below the
force-displacement curve following Equation 2:

AE = [ F -ds 2)

Where:
s — displacement [m]
F — compressive force[N]

To reduce the influence of specimen thickness
variation, the absorbed energy was divided by the
mass of the specific specimen, as presented in
Equation 3:

Ec=— 3)

Where:
Ec — corrected energy [J/kg]
m — specimen mass [kg]
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The results showing the differences in cor-
rected absorbed energy are presented in Figure 7.
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Fig. 7. Corrected absorbed energy for GFRP and BFRP speci-
mens

ACOUSTIC EMISSION RESULTS

Acoustic emission analysis was conducted us-
ing a Vallen AMYS-6 (Vallen Systeme, Ger-
many). In the analysis of the acoustic activity of
the specimens during the tests, the peak amplitude
was chosen as the defining parameter following
the literature approaches [33-35].

The acoustic events were divided into three
categories regarding the type of damage. The
types are typical ones for composite structures and
may be defined by the amplitude, according the
ranges presented in Table 2.

TABLE 2. AE parameters ranges for different failure

modes
Failure mode Amplitude [dB]
M1 — matrix cracking 45-55
M2 — debonding/delamination 55-70
M3 — fibre breakage 70-100

The acoustic events were recorded during ax-
ial compression loading , divided according to the
failure modes and presented as a division (percent)
of the total amount in the GFRP or BFRP speci-
men. The results are presented in Figure 8.
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Fig. 8. Acoustic emission results in terms of amplitude of the
event regarding different failure modes (M1 — matrix
cracking, M2 — debonding/delamination, M3 — fibre
breakage)

MACROSCOPIC EVALUATIONS

The macroscopic observations of the compo-
site tubes enable analysis of the fracture type oc-
curring in each sample and assigning them to
groups specific for the type reinforcement used.

Firstly, the GFRP specimens are presented.

V type damage — the fracture of the specimen
ran along the wound fibre until the interlace was
encountered. At this point, there was a change in
the direction of the crack to an angle opposite to
the original (initially +55°, finally -55°). The crack
was clearly visible on the surface of the specimen,
and local irregularities were noticeable in the areas
of the change in direction. There was some minor
additional damage (folds) in the region of the in-
terlace. The course of this crack may resemble the
letter V. An example of a crack is shown in Figure 9.

Fig. 9. V type crack in GFRP specimen. Different views of
specimen (a and b); internal surface of specimen (c)
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C type damage — circumferential fracture —
damage to the specimen manifested itself along
the entire circumference of the component. The
loss of material cohesion occurred differently —
along the winding angle, perpendicular to the axis
of the specimen as well as irrespective of the fibre
angle. The change in the crack line mainly oc-
curred at the interlace, where the specimen struc-
ture showed signs of localised weakening. An ex-
ample of type C damage is presented in Figure 10.

Fig. 10. C type crack in GFRP specimen. Different views of
specimen (a and b); internal surface of specimen (c)

Next, the BFRP specimens are described.

L type damage — break along the fibre line —
the break in the component followed a similar pat-
tern to type V damage with the exception that the
interlace did not result in a change in direction to
the opposite angle to the original. This type of
damage mostly ran through the entire specimen, at
the angle of fibre winding. The structure remained
mostly coherent, while localised delamination can
be seen along the crack. A crack is shown in Fig-
ure 11.

Fig. 11. L type crack in BFRP specimen. Different views of
specimen (a and b); internal surface of specimen (c)

LP type damage — crack linearly perpendicular
to the axis — the failure pattern of the specimen
was not primarily related to the angle at which the
fibre was wound on the element. The longest sec-
tions of the crack were straight lines perpendicular
to the element axis, which may suggest a domi-
nance of shear stresses relative to normal stresses
compared to the fibre axis. In some cases, the
crack ran through the entire wall thickness and the
crack areas were relatively even. The loss of ma-
terial cohesion can be seen in Figure 12.

Fig. 12. LP type crack in BFRP specimen. Different views of
specimen (a and b); internal surface of specimen (c)

“Elephant foot” type damage — a crack of this
type occurred just outside the edge reinforcement
area, causing local buckling in part of the speci-
men. The structure in this area was deformed and
fibre delamination was visible in some areas. An
example of such damage is illustrated in Figure 13.

Fig. 13. “Elephant foot” type crack in BFRP specimen. Differ-
ent views of specimen (a and b); internal surface of
specimen (c)

A summary of the crack types occurring in the
specimens is presented in Table 3 below.

Composites Theory and Practice 25:3 (2025) All rights reserved
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TABLE 3. Type of cracks in each specimen

Specimen Type of damage
B55-1 LP
B55-2 Elephant foot
B55-3 L
B55-4 L
B55-5 LP
B55-6 L
B55-7 LP
G55-1 C
G55-2 \%
G55-3 A%
G55-4 C
G55-5 C
G55-6 C
G55-7 v

CONCLUSIONS

In the presented research, filament-wound
composite tubes were subjected to axial compres-
sion loading. Two types of specimens were ana-
lysed: GFRP and BFRP. One layer was wound us-
ing a +55° winding angle. During the axial com-
pression test, the acoustic emission method was
utilised to investigate the types of damage modes.
Additionally, post-failure observations of cracks
were performed.

Based on the conducted study, the following
conclusions were drawn:

e The GFRP tubes performed better than BFRP
in terms of mechanical parameters, such as
compressive strength (41% difference) and
corrected energy (20% difference),

e The analysis of the acoustic emission events
revealed that for both types the dominant dam-
age was matrix cracking, then delamina-
tion/debonding and finally fibre breakage. In
terms of the differences, the BFRP specimens
exhibited a higher share of M2 compared the
GFRP ones, which means that the tubes with
basalt fibres were more prone to delamination.

e Macroscopic observations of the specimens
after the experiments revealed that in terms of
GFRP, the crack propagated more stably and
evenly along the winding angle, with the pos-
sibility to close the crack along the circumfer-

Composites Theory and Practice 25:3 (2025) All rights reserved

ence. In contrast, the BFRP specimens per-
formed less uniformly, with crack direction
variations.
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