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Abstract

The increasing demand for sustainable and lightweight structural systems has motivated
the development of alternative materials for wind turbine tower applications, where
conventional steel structures are associated with high material consumption and environ-
mental impact. In this study, a novel steel-reinforced recycled thermoplastic composite
system is proposed as an alternative structural solution. To enable the design and prac-
tical application of such composite systems, the mechanical properties of the recycled
thermoplastic matrix were experimentally characterized. Compression and tensile tests
revealed average yield strengths of approximately 32 MPa in compression and 7.8 MPa in
tension. To account for the environmental conditions encountered in field applications, the
temperature-dependent mechanical behavior of the material was investigated. Since the
critical mechanical response of the thermoplastic matrix in the composite system is gov-
erned by compression rather than tension, the study was limited to compression tests under
elevated temperatures. The results show that the compressive yield strength decreases to
approximately 31 MPa at 55 °C. An analytical model based on the transformed-section
approach was also developed to predict the flexural behavior of the composite section and
was validated through three-point bending tests, with an analytically predicted yield load
of approximately 31.5 kN showing good agreement with experimental results. To assess
structural applicability at a larger scale, a full-scale composite wind turbine tower was
designed and manufactured, and its dynamic performance was evaluated through field
measurements under natural wind loading conditions. The results indicate that the compos-
ite tower exhibits comparable dynamic behavior to a conventional steel tower, with a first
natural frequency of approximately 3.08 Hz compared to 2.89 Hz for the steel tower, along
with enhanced damping characteristics. These findings demonstrate that steel-reinforced
recycled thermoplastic composites offer a promising and sustainable alternative for wind
turbine tower applications, with potential for broader use in structural systems.

Keywords: thermoplastic polymers; plastics; composite structures; wind turbine tower

1. Introduction

The increasing demand for sustainable energy systems and the global effort to reduce
greenhouse gas emissions have significantly accelerated the development of renewable
energy technologies, particularly wind energy [1-4]. Wind turbines have become one of
the most widely adopted clean energy conversion systems due to their scalability, cost-
effectiveness, and rapid technological advancement [5-8]. As the installed capacity of wind
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energy systems continues to grow worldwide, improving cost efficiency and reducing the
environmental impact of wind turbine systems have become increasingly important [9-14].

Improving cost efficiency and reducing environmental impact in wind turbine sys-
tems are closely linked to material selection, which directly influences both manufacturing
processes and overall lifecycle performance [15,16]. Among the main turbine compo-
nents, wind turbine blades have been the primary focus of material innovation, where
composite materials—particularly fiber-reinforced polymers (FRPs)—have become widely
used due to their high strength-to-weight ratio and favorable fatigue performance [17-23].
These systems are predominantly based on thermoset resin matrices, which, despite their
mechanical advantages, present significant challenges in terms of recyclability and are
associated with relatively high carbon emissions during production [24-27]. These limita-
tions have motivated the exploration of alternative material systems for more sustainable
wind energy applications. In this context, Ciftci et al. [28] demonstrated that recycled
low-density polyethylene (LDPE) reinforced with carbon bars can be effectively utilized
as a structural material in wind turbine blade applications, highlighting the potential of
thermoplastic-based composite systems as viable alternatives to conventional materials.

While these developments demonstrate the feasibility of alternative material systems
in wind turbine blades, improving the sustainability of blade materials alone is not suf-
ficient to minimize the overall environmental impact of wind turbine systems. Previous
studies (e.g., [16,29-31]) indicate that environmental impacts are distributed across different
turbine components, and tower systems can also contribute significantly to the overall
footprint [32]. In addition, some studies (e.g., [15,33-35]) have identified tower structures
as major contributors to environmental impacts in wind turbine systems. These findings
suggest that material improvements should not be limited to blade systems and that wind
turbine towers also represent a critical component for achieving more sustainable wind
energy systems.

Wind turbine towers are traditionally constructed using steel tubular systems due to
their well-established structural performance, ease of fabrication, and reliability [34,36,37].
However, as turbine hub heights and capacities continue to increase, steel towers face
several challenges, including high self-weight, transportation limitations, and increased
material consumption, all of which contribute to higher costs and environmental im-
pact [29,33]. To overcome these limitations, alternative tower concepts such as reinforced
concrete towers and hybrid steel-concrete systems have been developed [38]. Despite these
developments, these systems still rely on conventional material systems and are associated
with notable environmental impact and construction-related challenges, indicating the need
for alternative material approaches. Moreover, the exploration of fundamentally different,
lightweight, and recyclable material systems for primary load-bearing tower applications
remains limited. This gap highlights the need for innovative structural materials that can
reduce weight, improve sustainability, and maintain adequate structural performance in
wind turbine tower systems.

In this study, a novel wind turbine tower system based on reinforced recycled thermo-
plastic material is proposed as an alternative to conventional steel tower structures. The
primary objective of this study is to develop and evaluate a new structural system with
a focus on its mechanical behavior, structural feasibility, and applicability in real-world
conditions, rather than to directly quantify its environmental benefits. To achieve this,
the mechanical behavior of the developed composite material is experimentally investi-
gated, and its structural performance is evaluated through bending-dominated behavior
representative of tower response. This approach demonstrates that the proposed material
system can be designed and utilized as a load-bearing structural component, enabling
future studies to further assess its environmental and lifecycle performance. The findings of
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this study contribute to the development of alternative structural systems for wind turbine
towers and establish a foundation for future research on lightweight and resource-efficient
material applications in renewable energy structures.

2. Materials and Methods

The proposed composite wind turbine tower is composed of two primary materials:
a recycled thermoplastic matrix and steel reinforcement bars. The thermoplastic material
forms the main structural body of the tower, while the steel reinforcement is incorporated
to enhance the load-carrying capacity and govern the majority of the tensile response of
the system.

The recycled thermoplastic material used in this study is based on low-density
polyethylene (LDPE) obtained from post-consumer plastic waste. This material was se-
lected because of its low density, ease of processing, and potential for reuse in structural
applications with reduced environmental impact. However, due to its relatively low stiff-
ness and strength compared with conventional structural materials, it is not suitable for
demanding applications such as wind turbine towers without additional reinforcement.

The recycled LDPE used in this study was obtained from post-production sources.
According to the supplier data, the material has a melt flow index (MFI) of approximately
1.68 g/10 min, measured at 230 °C under a standard load of 2.16 kg, and a density of
approximately 0.93 g/cm? [39]. Due to its recycled nature, the material does not correspond
to a strictly controlled commercial grade and may exhibit some variability in its properties.

To improve its structural performance, deformed steel reinforcement bars (i.e., ribbed
steel bars typically used in reinforced concrete applications) were embedded within the
thermoplastic matrix to enhance the load-carrying capacity of the composite system. In
this configuration, the steel bars act as internal reinforcement rather than independent test
specimens, primarily resisting tensile forces, while the thermoplastic matrix contributes
to compressive resistance and overall stability. Additionally, the composite specimens
were manufactured through a thermal molding process, in which recycled thermoplastic
granules were placed into molds containing pre-positioned steel reinforcement, as described
in detail in Section 2.4.

The mechanical properties of the recycled thermoplastic material were determined
experimentally within the scope of this study. In contrast, the mechanical properties of the
steel reinforcement were not experimentally characterized, since they are well established
and widely reported in the literature. Therefore, literature-based values were adopted for
the steel material in analytical modeling.

2.1. Mechanical Characterization of Recycled Thermoplastic
2.1.1. Compression Tests of Thermoplastic Material

Compression tests were conducted to determine the mechanical behavior of the recy-
cled thermoplastic material in accordance with ASTM D695-15 [40]. Prismatic specimens
with nominal dimensions of 12.7 mm X 12.7 mm X 25.4 mm were prepared as recom-
mended by the standard. A total of five specimens were tested to ensure repeatability.

The experimental setup is shown in Figure 1. The specimens were placed between
the loading platens of an Instron universal testing machine (Instron, Norwood, MA, USA)
and subjected to displacement-controlled loading. The compression tests were conducted
under displacement-controlled loading at a constant loading rate of 1.3 mm/min, in accor-
dance with ASTM D695-15. All tests were performed under ambient laboratory conditions
(approximately 28 °C). Care was taken to ensure proper alignment of the specimens to min-
imize eccentric loading effects. The applied load and corresponding displacement values
were recorded throughout the tests, from which the compressive stress—strain responses
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were obtained. Strain values were calculated based on crosshead displacement measure-
ments. Therefore, the obtained strain values represent global deformations and may include
the effects of machine compliance, rather than true local material strains. Strain values were
obtained from crosshead displacement, which may include machine compliance effects
and introduce some uncertainty in the estimation of the elastic modulus. However, this
approach is commonly adopted in standard polymer testing and is considered sufficient
for obtaining representative engineering properties for structural analysis.

] ]

Figure 1. Compression test setup showing the prism specimen (12.7 mm x 12.7 mm x 25.4 mm)
placed between the loading plates of the Instron testing machine.

2.1.2. Tensile Tests of Thermoplastic Material

Tensile tests were conducted to evaluate the mechanical behavior of the recycled ther-
moplastic material in accordance with ASTM D638-14 [41]. Dog-bone-shaped specimens
were prepared in accordance with the standard, considering both Type I and Type III
geometries. The geometrical characteristics and dimensions of the specimens are presented
in Figure 2a, while the manufactured specimens are shown in Figure 2b. The experimental
setup is illustrated in Figure 2c. The tensile tests were conducted under displacement-
controlled loading at a constant loading rate of 5 mm/min, in accordance with ASTM
D638-14. All tests were performed under ambient laboratory conditions (approximately
28 °C). A total of six specimens were tested, including three Type I and three Type III
specimens. The specimens were mounted in an Instron universal testing machine and sub-
jected to displacement-controlled loading, and load-displacement data were continuously
recorded until failure.

Strain values were calculated based on crosshead displacement measurements. There-
fore, the obtained strain values represent global deformations and may include the effects
of machine compliance, rather than true local material strains.
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Figure 2. Compression Tensile test specimens and setup. (a) Geometry of the specimens, where L
and R are 57, and 76 mm, respectively. For Type-1 specimens, w, wy, and Ly are 13, 19, and 165 mm,
respectively, whereas for Type-3 specimens, w, wy, and Ly are 19, 29, and 246 mm, respectively.
The specimen thicknesses are 4 and 8 mm for Type-1 and Type-3, respectively. (b) Manufactured
specimens (Type-1 and Type-3). (c) Tensile test setup showing a selected specimen and crack formation
during loading.

2.2. Temperature-Dependent Behavior

To investigate the temperature-dependent behavior of the recycled thermoplastic
material, both field-based and laboratory-controlled studies were conducted.

As shown in Figure 3, a representative thermoplastic specimen with cross-sectional
dimensions similar to the proposed composite tower, but with a reduced length of ap-
proximately 0.5 m, was exposed to outdoor environmental conditions. The specimen was
subjected to solar radiation throughout the day, and temperature distributions at different
locations along the cross-section were monitored. The locations of the thermocouples
(SagmaTek Measurement Instruments Industry Co., Ankara, Turkey) used for temperature
measurements are illustrated in Figure 3b, providing detailed information on the spatial
distribution of the recorded temperatures.
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Figure 3. (a) Outdoor setup used for temperature measurements of the recycled thermoplastic speci-
men. The hollow-section specimen, representative of the composite tower geometry, was exposed
to direct solar radiation during the summer period. (b) Schematic representation of thermocouple
locations within the hollow thermoplastic specimen.

Although the field measurements provided insight into the temperature variations that
may occur under outdoor conditions, the compression tests were intentionally conducted
over a wider temperature range to comprehensively evaluate the material behavior. As
illustrated in Figure 4, thermoplastic specimens were tested at seven different temperature
levels: 35 °C, 45 °C, 55 °C, 65 °C, 75 °C, 85 °C, and 95 °C. For each temperature level,
three specimens were tested to ensure the repeatability and consistency of the experimental
results, resulting in a total of 21 compression tests.

b)

Compressive
Force
Temperature-

controlled
- - | chamber

[

| I

I Recycled
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I

I

—— ==l

TCumpressivc
Force

Figure 4. Temperature-controlled compression test setup. (a) Experimental configuration showing the

environmental chamber equipped with a heating system and temperature measurement. (b) Schematic
illustration of the setup used for compression testing under elevated temperature conditions.

All compression tests were performed using the same specimen geometry described
in Section 2.1.1. Prior to testing, the specimens were placed inside a temperature-controlled
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chamber and maintained at the target temperature for a sufficient duration to ensure ther-
mal equilibrium within the specimen. Following this conditioning process, the specimens
were subjected to displacement-controlled loading under constant temperature condi-
tions. Load-displacement data were recorded during testing to obtain the corresponding
compressive responses at each temperature level.

Prior to testing, the specimens were maintained at the target temperature for approxi-
mately 3 h to ensure thermal equilibrium throughout the material. This duration was con-
sidered sufficient due to the relatively small specimen dimensions (12.7 x 12.7 x 25.4 mm),
which allows the specimen to reach a uniform temperature distribution within a rela-
tively short period. Moreover, this approach is consistent with the intended application,
where wind turbine tower components are exposed to elevated temperatures over limited
durations during daily solar heating cycles.

In the proposed composite system, the section is doubly reinforced, and the overall
flexural response is governed primarily by the steel reinforcement in both tension and
compression regions. The thermoplastic material mainly acts as a matrix and contributes
to load sharing. Therefore, the temperature-dependent behavior was investigated under
compression, as the available results indicate only a limited sensitivity to temperature
and the expected influence on the tensile response is not considered critical for the overall
structural behavior of the proposed system.

2.3. Analytical Modeling of Composite Section

The flexural response of the steel-reinforced recycled thermoplastic composite section
was evaluated using a transformed-section approach. In this method, the steel reinforce-
ment was converted into an equivalent thermoplastic area through the modular ratio,
allowing the composite section to be analyzed as a homogeneous transformed section un-
der linear elastic bending. The analysis was based on classical beam theory, assuming linear
elastic behavior, perfect bond between the thermoplastic matrix and steel reinforcement,
and that plane sections remain plane after bending.

The composite section consists of a thermoplastic matrix with a rectangular cross-
section of width b and height &, reinforced by longitudinal steel bars. The idealized
transformed section used in the analytical model is illustrated in Figure 5, where the steel
reinforcement is converted into an equivalent thermoplastic area through the modular ratio,
which was defined as

Es
n—=

== 1)
EP
Section Transformed Section
(n-1)4, (n-1)A,
h Ay, = bh Neutral axis, y h

(n-1)4, (n-1)A;

O

b b

Figure 5. Idealized transformed composite section used in the analytical model. The thermoplastic

section with dimensions b and h, reinforced with longitudinal steel bars, is transformed into an
equivalent homogeneous section using the modular ratio n = Es/Ep. The location of the neutral axis
of the transformed section is shown schematically. The elliptical shapes in the transformed section are
used for illustrative purposes only to represent the equivalent transformed area of the reinforcement.
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Using the transformed-section method, each steel bar was replaced by an equivalent
additional area (n — 1) A, where Aj is the cross-sectional area of one reinforcing bar:
2
ndy

Af:4 (2)

The transformed area of the composite section was then written as

N
Ay = Avect + Z(” - 1)AS (3)
i=1

where
Apect = bh (4)

and N is the total number of reinforcing bars.
The neutral axis location of the transformed section was obtained from the first

moment of area:

_ Arect]/rect + Ef\il (n - 1)A5yi
y - At}’ (5)

where Vet = h/2 is the centroid of the thermoplastic section and y; is the vertical coordinate
of the i-th reinforcing bar.

After determining the neutral axis, the second moment of area of the transformed
section was calculated as

N
Ity = Lyect + 2(” - 1) (Ibar + As‘ﬁ) (6)
i=1
where s
bh _
Lrect = E + Apect (]/rect - ]/)2 ()
nd‘;
Ibar = 674 (8)
and
di=yi—y )

The flexural capacity was determined by checking the bending moment corresponding
to the yield or limiting stress of each material component. For the thermoplastic material,
separate limiting stresses were considered in compression and tension, denoted by fr/ﬂc,y
and fyty, respectively. The corresponding yield moments were expressed as

fpeylt
My,comp =B ’ (10)
Ytop
f pt yl tr
M = (11
y,tens ybot )
where
Ytop =Y (12)
Yoot =h—Y (13)
For each reinforcing bar, the bending moment corresponding to steel yielding was
calculated as
f y Iy

My = —2 14
oy =y 9
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where f, is the steel yield stress.
The governing flexural capacity of the section was taken as the minimum of all
candidate moments:

My = min (My,compr My,tens; My,s,lz My,s,z/ Ry My,s,N) (15)

For the three-point bending configuration used in the beam tests, the corresponding
yield load was obtained from static equilibrium as

P =—* (16)

where L is the span length.
Once the governing moment was determined, the stresses in the reinforcing bars were
calculated from the transformed-section bending relation:

My |yi—7|

L, (17)

Osi =n

Average steel stresses were also evaluated separately for the top and bottom rein-

forcement layers. Similarly, the thermoplastic stresses at the top and bottom surfaces were
calculated as

Myy;
Optop =~ a8)
tr
Myyp
Op,bot = z]/ % 19)
tr

This formulation allowed the flexural behavior of the composite section to be evaluated
by identifying the first governing material limit, whether associated with thermoplastic
compression, thermoplastic tension, or yielding of the steel reinforcement. The predictions
obtained from this analytical model are subsequently compared with the experimental
results from beam tests (see Section 2.4) to assess its accuracy and applicability.

2.4. Experimental Beam Tests for the Validation of Analytical Model

To validate the proposed analytical model, three beam specimens were produced
and tested under bending. Each specimen had a length of 500 mm and a cross-sectional
dimension of 60 mm x 60 mm.

The production process of the specimens is illustrated in Figure 6. Recycled low-
density polyethylene (LDPE) granules were commercially obtained and used as the matrix
material (see Figure 6a). Prior to casting, deformed steel reinforcement bars with a diameter
of 8 mm were positioned inside the mold. A total of four longitudinal bars were used,
arranged in two layers across the section depth, with two bars placed near the top and two
near the bottom of the section. Subsequently, the mold was subjected to thermal processing
in an oven at a temperature of 180 °C for a duration of 1.5 h. This temperature and duration
were selected to ensure sufficient melting and bonding of the thermoplastic material with
the embedded steel reinforcement, while avoiding thermal degradation of the polymer
matrix. After the heating process, the specimens were removed from the oven and allowed
to cool under ambient conditions.

https:/ /doi.org/10.3390/jcs10050275
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Figure 6. Manufacturing and testing procedure of steel-reinforced recycled thermoplastic composite
specimens. The process includes (a) commercially obtained recycled thermoplastic granules, (b) posi-
tioning of longitudinal steel reinforcement within the mold, (c) filling of the mold prior to thermal
melting, and (d) three-point bending test of the produced specimens.

The composite specimens were manufactured by placing the recycled thermoplastic
granules into molds containing pre-positioned steel reinforcement, followed by thermal
processing at 180 °C. No external pressure was applied during the molding process; con-
solidation was achieved solely through thermal softening of the thermoplastic material.
Due to the absence of external pressure, small voids may form within the thermoplastic
matrix. However, this approach was intentionally adopted to represent a simplified and
cost-effective manufacturing process. Accordingly, the compressive and tensile test results
mentioned in Sections 2.1 and 3.1 directly reflect the mechanical behavior of the material in
the presence of such voids.

Following production, the specimens were tested under three-point bending, as shown
in Figure 6d. The tests were conducted under displacement-controlled loading conditions.
The primary objective of these tests was to evaluate the flexural response of the composite
beams and to assess the accuracy of the analytical model presented in Section 2.3.

2.5. Full-Scale Tower Design and Manufacturing

To demonstrate the applicability of the proposed composite system at a structural scale,
a full-scale wind turbine tower was designed and manufactured based on the analytical
and experimental findings presented in the previous sections.

The produced composite tower has a total length of 8 m. For its fabrication, an
industrial oven (Isiker Co., Kayseri, Turkey) with an internal length of 10 m was utilized to
accommodate the full-scale geometry during thermal processing.

Unlike circular tower configurations, which require specialized mold geometries,
square or rectangular cross-sections can be produced using relatively simpler mold systems.
In addition, the necessity of filling the mold with recycled thermoplastic granules makes
the manufacturing process more practical and cost-effective for prismatic geometries.
Therefore, in this study, a square cross-section was intentionally selected in order to enable
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a more accessible and economically viable production method for the proposed composite
tower system.

Furthermore, to enable a fair comparison between the proposed composite tower
and a conventional steel tower, both systems were designed with square cross-sections. A
conventional steel tower with a square cross-section of 200 mm x 200 mm was procured
from a small-scale wind turbine manufacturer in Tiirkiye specifically for this study.

Since the steel tower is expected to remain within the elastic range under operational
wind loading, its flexural capacity was defined in terms of its yield moment capacity.
Accordingly, the composite tower was designed to achieve an equivalent yield moment
capacity using the analytical model developed in Section 2.4 and validated through the
experimental results presented in Section 2.5.

Based on this design approach, the composite tower was determined to require a
hollow square cross-section with outer dimensions of 250 mm x 250 mm and a wall
thickness of 51 mm. In addition, as shown in Figure 7, a total of 24 longitudinal steel
reinforcement bars with a diameter of 14 mm were embedded within the cross-section
to satisfy the required flexural capacity, which is expected to govern the global failure
mechanism of the tower system.

Figure 7. Full-scale steel-reinforced thermoplastic composite tower produced using the proposed
manufacturing approach. The hollow-section geometry and integrated steel reinforcement demon-
strate the applicability of the developed system at structural scale.

The resulting full-scale composite tower, manufactured according to these specifica-
tions, is shown in Figure 8. The fabricated structure incorporates the same material concept
and reinforcement strategy as the beam-scale specimens, consisting of a thermoplastic
matrix reinforced with longitudinal steel bars. The successful production of this full-scale
member demonstrates the feasibility of implementing the proposed composite system for
wind turbine tower applications.
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Figure 8. (a) Installation of wind turbine towers and (b) accelerometers (Dytran Instruments Inc.,
Chatsworth, CA, USA) used to record the dynamic response of the wind turbine towers during testing.

2.6. Field Testing

To evaluate the dynamic response of the tower systems under realistic environmen-
tal conditions, field tests were conducted on both the conventional steel tower and the
proposed composite tower.

As shown in Figure 8a, both towers were installed on-site using a crane, and identical
wind turbine blades with the same geometry and dimensions were mounted on each tower
to ensure consistent loading conditions. To enable a controlled comparison of the aerody-
namic response, no generators were installed on either tower. This configuration allowed
the turbine blades to rotate with minimal resistance, thereby increasing the aerodynamic
drag forces acting on the towers and enhancing the induced structural vibrations.

For the measurement of dynamic response, accelerometers, as shown in Figure 8b,
were installed at the top of both towers. The sensors were used to record acceleration
time histories in three orthogonal directions (X, y, and z), corresponding to the global
coordinate system of the towers. The acceleration data were collected under natural wind
loading conditions in the field environment. These measurements were used to capture the
vibration characteristics of the towers, including their response amplitudes and frequency
content. The field tests were conducted under natural wind conditions at Abdullah Gul
University, Kayseri, Turkiye, between 16 July and 16 August 2024, corresponding to the
summer season and capturing representative environmental conditions.

The recorded acceleration signals were processed to enable a consistent comparison
between the two tower systems. The data acquisition and signal processing procedures
included time synchronization of the signals and selection of representative time segments
for analysis. These processed datasets were then used to evaluate and compare the dynamic
behavior of the composite and steel towers.

3. Results and Discussion
3.1. Mechanical Behavior of Recycled Thermoplastic Material

The compressive stress—strain responses of the recycled thermoplastic material are
presented in Figure 9. The curves exhibit a predominantly nonlinear behavior, with no
clearly defined initial linear region. This indicates that the material does not display a
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distinct elastic regime under compression, likely due to its heterogeneous microstructure
and progressive deformation mechanisms. Owing to the absence of a well-defined linear
region, the compressive yield strength was estimated based on the deviation from the initial
response, rather than using a fixed offset criterion. As shown in Figure 9, the estimated
compressive yield strengths vary among the specimens, indicating inherent variability in
the material behavior.

Sample 1 Sample 2 Sample 3
150 P 7 150 H P 150 P
i

100 100 100

Compressive Stress (MPa)
Compressive Stress (MPa)

Compressive Stress (MPa)

0.8 1
Strain Strain Strain

Allin One
150 150

Sample 4 Sample 5

100

Compressive Stress (MPa)
Compressive Stress (MPa)
Compressive Stress (MPa)

0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Strain Strain Strain

Figure 9. Compressive stress—strain responses of the specimens. The dashed horizontal lines indicate
the estimated yield strength values.

The tensile stress—strain responses obtained from the Type-1 and Type-3 specimens
are presented in Figure 10. In contrast to the compression behavior, the tensile curves
exhibit a clearly defined initial linear region, followed by nonlinear response and eventual
softening. This well-defined linear region enables a reliable identification of the elastic
behavior in tension. Accordingly, the tensile yield strength was determined using an
offset-based criterion, as illustrated in Figure 10. The tensile responses show generally
consistent behavior across different specimen types, with only minor variations, which can
be attributed to differences in specimen geometry and material heterogeneity.

Sample 1 in Type 1 Sample 2 in Type 1 Sample 3 in Type 1

12 12 12
10
= =
s (e~ | & Joo._f---. =
S 8 ¥ o= 8.4 %
= . =76 ! ,
£ E
b7 z
= L]
g4 E
& g
2 2
0 0 0
0 001002 004 0.06 008 0.1 012 0 0010.02 0.04 0.06 0.08 0.1 0.12 0 001002 0.04 0.06 0.08 0.1 0.12
Strain Strain Strain
N Sample 1 in Type 3 N Sample 2 in Type 3 N Sample 3 in Type 3
1 12 12
10 10
= ) =
& £ decenfacan =
2 Z 8 o =85 z 8
. . a =15
2 2 z
£ g6 Z6
b & z
= = 2
g z 4 z 4
E g g
2 2
0 0 0
0 001002 004 0.06 0.08 0.1 012 0 0010.02 0.04 0.06 0.08 0.1 0.12 0 001002 0.04 0.06 0.08 0.1 0.12
Strain Strain Strain

Figure 10. Tensile stress—strain responses of Type-1 and Type-3 specimens. The dashed horizontal
lines indicate the yield strength values, while the inclined lines represent the offset criterion used for
yield determination.
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The compression test results exhibited relatively higher variability, with one specimen
showing a lower strength value (see Table 1). This variability is attributed to the hetero-
geneous nature of the recycled material and the possible presence of small voids formed
during the pressure-free molding process. Although excluding this lower-bound value
reduces the standard deviation significantly, all results are reported to reflect the inherent
variability of the material under such manufacturing conditions. In contrast, the tensile test
results showed relatively consistent behavior, with a significantly lower standard deviation,
indicating a more stable mechanical response under tensile loading. This suggests that the
influence of such voids is less pronounced under tensile loading compared to compression.

Table 1. Summary of the mechanical properties of the recycled thermoplastic material obtained from
experimental tests, including mean values and standard deviations.

Property Mean + Std (MPa) Number of Samples
Compressive Yield Strength 3l.6 £6.1 5
Tensile Yield Strength 78 £0.6 6

Overall, the material exhibits significantly different mechanical responses under com-
pression and tension. While the compressive behavior is characterized by progressive
nonlinearity and the absence of a clearly defined yield point, the tensile response demon-
strates a distinct transition from elastic to inelastic behavior. This difference is critical for
the structural performance of the composite system, particularly under bending conditions,
where compressive and tensile stress regions develop simultaneously.

In addition, it should be noted that the proposed composite system is conceptually
inspired by reinforced structural systems, in which overall performance is governed by
the interaction between reinforcement and matrix materials rather than by predefined
minimum properties of individual components. In structural engineering practice, material
suitability is typically evaluated based on structural demand and corresponding capacity,
rather than fixed minimum thresholds.

3.2. Temperature-Dependent Compressive Behavior

The temperature variations observed under field conditions are presented in Figure 11.
These measurements were obtained by monitoring the temperature distribution across the
cross-section of a representative thermoplastic specimen exposed to outdoor conditions,
as described in Section 2.3. The results indicate that the surface temperature of the ther-
moplastic material can reach values up to approximately 55 °C under summer exposure,
particularly on sun-exposed surfaces. This observation provides a realistic reference for
evaluating the temperature-dependent mechanical behavior of the material.
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Figure 11. Distributions of the recorded field temperature histories. (a-d) Measured temperature
variations at the corresponding thermocouple locations (see Figure 3) during outdoor exposure.
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Motivated by the temperature range identified from the field measurements,
temperature-controlled compression tests were conducted to investigate the effect of tem-
perature on the compressive yield strength of the recycled thermoplastic material. The
results, obtained from three independent specimen sets tested at different temperature
levels, are presented in Figure 12. As shown in Figure 12, the compressive yield strength
exhibits a decreasing trend with increasing temperature. A fitted trend line is included to
represent the overall variation in strength with temperature. The data points corresponding
to approximately 28 °C represent room temperature conditions and were obtained from
the compression tests described in Section 2.1.1, rather than from separate temperature-
controlled experiments. The vertical dashed line at approximately 55 °C corresponds to the
upper temperature range observed in the field measurements (Figure 11), enabling a direct
comparison between laboratory results and realistic environmental exposure conditions.
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Figure 12. Effect of temperature on the compressive yield strength of the recycled thermoplastic
material. Results from three specimen sets are presented together with a fitted trend line. The dashed
horizontal line indicates the compressive yield strength corresponding to 55 °C, which represents the
maximum surface temperature observed under summer field conditions (see Figure 11).

It is noteworthy that the maximum temperatures observed under realistic field condi-
tions approach approximately 55 °C. At this temperature level, the reduction in compressive
yield strength is relatively limited, decreasing from approximately 32 MPa at room tem-
perature to about 31 MPa. This indicates that, within the temperature range expected
under typical service conditions, the influence of temperature on compressive capacity
is not significant. However, at higher temperatures exceeding approximately 65 °C, a
more pronounced reduction in strength is observed, suggesting that elevated temperature
conditions may pose a potential risk to structural performance. Therefore, for realistic
environmental exposure scenarios, the effect of temperature on material strength can be
considered limited, while higher temperature conditions should be treated with caution.
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3.3. Experimental Validation of Analytical Model

The experimental load—displacement responses of the beam specimens are presented
in Figure 13. The curves exhibit consistent nonlinear behavior, with a gradual transition
from the initial elastic response to yielding and subsequent plastic deformation.

4() T T T T T T
5
F =315
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25T
Z
w20 \ N . .
g \ Transition to simultaneous
ot \\ yielding of reinforcement
15+ \ 4
\\
N
10 F Onset of reinforcement ]
yielding
sk 4
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Displacement (mm)

Figure 13. Load-displacement response of three specimens, showing the onset of reinforcement
yielding and the transition to simultaneous yielding of reinforcement. The dashed horizontal line
indicates the analytically predicted yield load corresponding to the transition region.

As shown in Figure 13, the onset of reinforcement yielding can be identified at approxi-
mately the point where the slope of the response begins to deviate from linearity. This stage
corresponds to the initial yielding of individual steel bars, while the thermoplastic matrix
continues to contribute to load resistance. With increasing displacement, a transition to
simultaneous yielding of reinforcement is observed, indicating that multiple reinforcement
layers reach their yield capacity. Despite this, the load-carrying capacity continues to
increase slightly, reflecting the continued contribution of the thermoplastic material, which
has not yet reached its limiting stress.

The analytical model developed in Section 2.4 predicts a yield load of approximately
31.5 kN. As shown in Figure 13, this value falls within the transition region corresponding
to the simultaneous yielding of reinforcement, indicating a good agreement between the
analytical prediction and the experimental response. This agreement demonstrates that
the analytical model successfully captures the onset and progression of yielding within
the composite section. In the analytical calculations, the geometric and material properties
used in the model (e.g., b = 60 mm, & = 60 mm, fr/Jc,y = 32 MPa, fpty = 7.76 MPa, and
fy = 420 MPa) were selected to be consistent with the experimentally characterized prop-
erties of the specimens. It should also be noted that the elastic modulus of the thermoplastic
material (E,) was not directly derived from the experimental stress—strain curves. To recall,
strain values were calculated from crosshead displacement measurements. Therefore,
they do not represent true local material strains. Instead, a representative modulus value
of 500 MPa was adopted as a reasonable engineering assumption for the thermoplastic
material. The elastic modulus of steel (Es = 200,000 MPa) was taken as a standard material
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property. A sensitivity analysis was performed by varying the elastic modulus of the
thermoplastic material between 100 and 900 MPa. The predicted flexural capacity varies
from 30.75 kN to 32.30 kN, corresponding to an overall variation of approximately 5%, and
about £2.5% relative to the reference case (Ep = 500 MPa). This limited variation indicates
that the analytical model is not highly sensitive to the elastic modulus. This behavior is
mainly attributed to the doubly reinforced nature of the composite section.

As shown in Figure 13, the load—displacement response exhibits a clear change in
stiffness, indicating the onset of reinforcement yielding, followed by a gradual transition
toward more extensive yielding. Although strain measurements in the steel reinforcement
were not recorded directly, this behavior is consistent with the expected response of a
reinforced composite section and supports the interpretation of yielding.

Furthermore, the absence of a sudden drop in load after the initial yielding indicates a
ductile response of the composite system. This behavior confirms that the combination of
steel reinforcement and thermoplastic matrix provides a stable post-yield response, which
is advantageous for structural applications. This validation demonstrates that the proposed
analytical model provides a reliable framework for the design and structural assessment of
full-scale composite tower systems.

The proposed composite system is conceptually inspired by reinforced structural
systems, where the overall performance is governed by the interaction between the re-
inforcement and the matrix material rather than by predefined minimum properties of
individual components. In such systems, including reinforced concrete, design is typically
based on structural demand (e.g., forces and moments) and corresponding capacity, rather
than fixed minimum material thresholds. Accordingly, for the composite system investi-
gated in this study, the suitability of the material is evaluated based on its ability to meet
the structural performance requirements of the tower through analysis and experimental
validation, rather than through predefined minimum mechanical property values.

3.4. Comparison of Steel and Composite Towers

The dynamic responses of the steel and composite towers under wind loading were
experimentally evaluated using accelerometers installed at the top of each tower. The
towers were positioned at the same field test site, with an approximate spacing of 7 m, and
the acceleration time histories were recorded with a sampling interval of 0.02 s. To enable a
consistent comparison, the recorded signals were synchronized through appropriate time
alignment. Subsequently, selected 600 s segments of the measured acceleration responses
in the X and Y directions for both towers are presented in Figure 14.

As shown in Figure 14, both tower systems exhibit generally similar dynamic responses
under wind excitation. However, the composite tower demonstrates a tendency for faster
decay of vibration amplitudes in certain time intervals. This behavior suggests a higher
inherent damping capacity of the composite system compared to the conventional steel
tower. Such enhanced damping characteristics can be attributed to the internal energy
dissipation mechanisms of the thermoplastic-based composite material. The dynamic
behavior of the towers can be described by the classical equation of motion:

mit(t) + cu(t) + ku(t) = F(t) (20)

where m, ¢, k, and F(t) represent mass, damping coefficient, stiffness, and the wind-
induced loading, respectively. An increase in damping leads to a reduction in vibration
amplitudes; therefore, the observed faster attenuation in the composite tower suggests
improved dynamic performance under wind loading.

To further investigate the dynamic characteristics, Fourier transforms were applied
to the measured acceleration responses, and the resulting frequency spectra are presented
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in Figure 15. In field measurements, the interpretation of spectral amplitudes may be
influenced by factors such as sensor alignment, measurement noise, and minor differences
in wind exposure. Therefore, the positions of spectral peaks along the frequency axis are
considered more reliable indicators for comparison.
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Figure 14. Selected 600 s segments of the measured acceleration responses in the X and Y directions
for both towers: (a) steel tower in the X direction, (b) steel tower in the Y direction, (c) composite
tower in the X direction, and (d) composite tower in the Y direction.
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Figure 15. Frequency spectra obtained from the Fourier transform of the acceleration responses
shown in Figure 14: (a) steel tower in the X direction, (b) steel tower in the Y direction, (c) composite
tower in the X direction, and (d) composite tower in the Y direction. The dashed elliptical regions
highlight the differences in the locations of the dominant spectral peaks corresponding to the natural
frequencies of the tower systems.
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From the frequency-domain analysis shown in Figure 15, the first natural frequency of
the steel tower is approximately 2.89 Hz, while that of the composite tower is approximately
3.08 Hz. Similar trends are observed for higher modes. For instance, the second and third
mode frequencies are approximately 17.43 Hz and 34.17 Hz for the steel tower, and 19.06 Hz
and 35.87 Hz for the composite tower, respectively. These results are consistent with the
design expectations. Although both towers were designed to have comparable bending
stiffness, the composite tower has a lower total mass (approximately 410 kg compared to
560 kg for the steel tower). According to fundamental dynamic principles, a reduction in
mass for a system with similar stiffness results in higher natural frequencies.

In practical conditions, it is difficult to ensure identical wind loading on two different
structures, making direct comparisons based on displacement or force response not straight-
forward to apply in a consistent manner. Therefore, the focus of the field measurements
was placed on dynamic properties such as natural frequencies and vibration characteristics
obtained from acceleration records and FFT analysis, which are considered to provide a
more consistent and meaningful basis for comparison.

Considering that wind loading typically contains dominant energy at lower frequen-
cies, the higher natural frequencies of the composite tower reduce the likelihood of res-
onance. Therefore, from a dynamic performance perspective, the composite tower can
be considered a promising alternative structural system compared to the conventional
steel tower.

4. Conclusions

This study investigates the structural applicability of steel-reinforced recycled thermo-
plastic composites as an alternative system for wind turbine tower applications through
integrated experimental, analytical, and field-based evaluations.

The mechanical characterization of the recycled thermoplastic material revealed dis-
tinct differences between compressive and tensile behavior. While the compressive response
exhibited gradual nonlinearity without a clearly defined elastic region, the tensile behavior
showed a well-defined linear region, enabling a more reliable determination of yield prop-
erties. These characteristics highlight the importance of considering asymmetric material
behavior in structural design.

The temperature-dependent analysis demonstrated that, although the compressive
yield strength decreases with increasing temperature, the reduction remains limited within
the realistic service temperature range. Field measurements indicated that maximum
surface temperatures reach approximately 55 °C, at which the strength reduction is minor.
However, a more pronounced degradation was observed at temperatures exceeding ap-
proximately 65 °C, suggesting that elevated temperature conditions should be considered
in extreme scenarios.

The analytical model based on the transformed-section approach was validated
through three-point bending tests of composite beam specimens. The predicted yield
load showed a good agreement with the experimentally observed transition to simulta-
neous yielding of reinforcement. This agreement confirms that the proposed analytical
framework can reliably capture the flexural behavior and load-carrying mechanisms of the
composite tower system for wind turbine applications.

To further demonstrate the applicability of the proposed system, a full-scale composite
wind turbine tower was successfully designed and manufactured. Field measurements
conducted under natural wind loading conditions demonstrated that the composite tower
exhibited comparable dynamic behavior to the conventional steel tower. In addition, the
composite system showed enhanced damping characteristics and slightly higher natural
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frequencies due to its lower mass, contributing to improved dynamic performance and
reduced susceptibility to resonance.

Overall, the results indicate that steel-reinforced recycled thermoplastic composites
represent a promising and sustainable alternative for wind turbine tower applications.
The combination of satisfactory structural performance, improved dynamic behavior, and
potential for reduced environmental impact highlights the viability of this material system
for future structural applications.

The long-term performance of the proposed composite system under cyclic loading
and environmental exposure represents an important aspect for practical applications.
While the present study focuses on the initial mechanical characterization and structural
performance, the effects of repeated loading and long-term environmental conditions,
including thermal cycling, may influence the material behavior and should be investigated
in future studies. In addition, polymer-based materials are known to be susceptible to
ultraviolet (UV) radiation, which may lead to degradation mechanisms such as chain
scission, embrittlement, and reduction in mechanical strength over time. In the present
study, although the test specimens were used in their original form, the full-scale com-
posite tower was painted white to reflect solar radiation and reduce UV exposure. This
approach is expected to mitigate UV-induced degradation effects in practical applications.
Nevertheless, detailed investigation of long-term UV effects remains an important topic for
future research.

Beyond wind turbine tower applications, the proposed composite system also shows
potential for broader use in civil engineering structures. In particular, its application in
bending-dominated structural elements such as beams and slabs may provide advantages
due to its relatively low self-weight and enhanced energy dissipation characteristics. The
reduced structural mass may influence the dynamic properties of structural systems, result-
ing in favorable changes in natural frequencies and seismic response. However, further
research may be required to comprehensively evaluate the performance of such systems
under seismic loading conditions. Therefore, the proposed system offers a promising
foundation for the development of lightweight and sustainable structural solutions beyond
wind energy applications.

It is noted that, beyond material properties, detailed design considerations such as
reinforcement configuration and spacing for such composite systems remain open research
topics and may be addressed in future studies.

It should also be noted that long-term effects such as creep behavior of the thermoplas-
tic material were not explicitly considered in this study. While such effects may influence
structural performance over extended service periods, they can be addressed through
appropriate design considerations. A detailed investigation of creep behavior is beyond
the scope of this study and is recommended for future research.
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