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Abstract: This article presents the results of an experimental study carried out to assess the possibility
of using waste wind turbine blades as retaining wall structures for slopes and trenches. The use of
Vestas and LM-type blades as retaining wall components was assumed, based on ‘columns’ made of
Vestas-type closed profiles filled with concrete and ‘slabs’ of fragments extracted from LM-type blades.
The results of the tests and comparisons of the displacement and strain values of the components
obtained using different measurement methods are presented in this paper. The force-strain and
force—displacement relationships obtained from the tests were used to validate numerical models
of slope protection walls and excavations designed from used wind turbine blades. According to
our research, there is a high degree of variability in the strength parameters and deformation of
the composite elements made from the wind turbine blades. Therefore, in the case of this type of
material, characterized by a significant variation in carrying capacity, deformability, and the nature of
the failures, the use of different measurement methods makes it possible to obtain much of the data
necessary for assessing the reusability of wind turbine blades in building.

Keywords: wind turbine blades; repurposing; retaining wall; distributed fiber optic sensing; digital
image correlation; strength properties; strains; displacements

1. Introduction

The need to protect the environment and energy security are the reasons renewable
energy sources are becoming increasingly important. Wind turbines are one of the most
popular green energy sources that have been used worldwide for years, which are made of
composite materials and designed only for a service life of 20-25 years. Once the blades
have reached their end of life (EOL), they are decommissioned regardless of their condition.

It is difficult to accurately estimate the number of end-of-life wind turbine blades that
will be recycled in the coming years. During the past 15 years, several projections of the
amount of future wind turbine blade waste have been proposed and reported in the scien-
tific literature. For example, the ETIPWind Executive Committee predicts that in Europe,
the amount of end-of-life wind turbine blades should be greater than 66 tons by 2025 [1].
However, in the longer term, Barlow [2] estimates that the total mass of wind turbine blade
waste could be as high as 2 MT by 2050. The regional distribution indicates that China
will be responsible for most of the waste (40%), followed by Europe (25%), the rest of
the world (19%), and the USA (16%). As indicated by the large number of wind turbine
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blades found in landfill sites, the timing suggests that Europe will be the first to deal with
this issue [3].

The materials used in wind turbine blades are generally composed of the following:

Reinforcing fibers—usually glass—although they can also be carbon, aramid, or basalt;

Polymer matrix, e.g., thermosets such as epoxies, polyesters, vinyl, esters, polyurethane

(PUR), or thermoplastics;

Sandwich core, e.g., balsa wood or foams, e.g., polyethylene terephthalate (PET);

Coatings, e.g., polyethylene (PE) or PUR;

Metals, e.g., copper wiring and steel bolts.

Although material compositions vary between blade types and blade manufacturers,
typically about 80% of the weight is glass fiber-reinforced thermoset polymer composites,
which are technically difficult to recycle and convert into new materials. This means that
proper disposal of the fragments of wind turbine blades is one of the most challenging
aspects due to the size of the components, the complexity of recycling, and the low mar-
ket value. Furthermore, the storage or incineration of wind turbine blades is extremely
harmful, and these activities can result in serious health problems and environmental im-
pacts [4]. Current initiatives and research on wind turbine blade reuse are multifaceted and
include reuse, repurposing, recycling, reclamation, coprocessing, incineration, landfill, and
storage [5-10]. Each of these methods must be evaluated with respect to their overall sus-
tainability, including economic feasibility, environmental impact, and social acceptance [11].
As the composite material of wind turbine blades is strong, lightweight, and durable, it
can be used effectively in various areas of the economy, creating new components with a
relatively high value.

To address the global problem of high volumes of wind turbine blade recalls, a ‘Re-
Wind Network” has been established—a consortium of several universities such as Queen’s
University Belfast, University College Cork, Georgia Institute of Technology, and City
University of New York. The main objective of the research is to assess the feasibility of
using end-of-life wind turbine blades in a second project [12]. In 2017, the team began
the investigation by identifying wind blades for use in a pedestrian bridge demonstration
project. In addition to work related to the use of blades in bridges, the team investigated
the use of blades as poles for power transmission. The Re-Wind Network has also proposed
numerous re-purposing solutions, which can be found in the Re-Wind Fall 2022 project
catalogue [13]. Other countries in Europe and organizations such as ReBlade, Blade-Made,
and Anmet [14] have also taken initiatives to repurpose wind turbine blades.

However, achieving suitable design applications for wind turbine blades in construc-
tion is not a simple task. Before application, the wind turbine blade waste or its fragments
require a thorough assessment of the damage condition and material properties due to op-
eration under different conditions and at different times. Furthermore, from a design point
of view, wind turbine blades have variable structures, thickness, and shapes, so it is difficult
to manufacture uniform components, and ensuring consistent and unchanging material
parameters is almost impossible. Therefore, extensive material and strength testing, as well
as the development of suitable material models required for computational analyses, must
be performed before the efficient use of wind turbine blade fragments in construction.

The concept of repurposing wind turbine blade waste for slopes and trenches as
retaining walls is the subject of this article. These can be ad hoc protection, e.g., for
the duration of construction works, or permanent protection related to a non-uniform
terrain level. In the longer term, due to the location of a significant number of wind farms
offshore, the analyzed solution may be used for strengthening shorelines and cliffs. The
use of wind turbine blades as strengthening elements requires the determination of their
strength parameters. Although it is relatively easy to determine the tensile and compressive
strengths of individual composite specimens, determining the load-bearing capacity of an
entire structure dedicated to protecting an excavation or slope of the earth is a significant
challenge. An alternative solution may be to develop and experimentally verify numerical
models of the designed protection systems.
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This article presents material and structural testing of individual components obtained
from waste blades from LM and Vestas wind turbines. The results obtained, particularly the
force—displacement and force—deflection relationships, will be used to validate preliminary
numerical models for the components under investigation. The FE models prepared in this
way will form the basis for the construction and validation of the final FEM model of the
slope protection and excavation designed.

2. The Subject of Analyses and Measuring Methods Applied to It Components
2.1. Retaining Wall Concept

The concept of repurposing wind turbine blade waste for slopes and trench protection
walls involves the use of two types of elements (Figure 1). These are vertical columnar
elements obtained from Vestas-type blades and horizontal plate elements obtained from
LM-type blades. The limited height of the wall above ground level is 3000 mm. The
minimum foundation depth of the columns is determined by the stability and load-bearing
capacity conditions and depends on soil conditions. The spacing of the supports is designed
in the range of 800-1600 mm in a 200 mm module. Columns are designed from a closed
composite profile obtained from Vestas-type blades. Columns with a maximum length
of up to 6 m are inserted into the soil at least to the height of the wall, depending on soil
conditions. The columns are designed with concrete filling. The boards are designed from
the side walls of Vestas-type blades. The cross-sections of the boards have a slightly curved
surface, obtained as wing fragments with dimensions of about 500 x (950-1750) mm.

View of wall (dimensions in mm) o
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(1) "columns" — from a composite closed profile with concrete filling (2) "boards" — a composite fragment from the LM type blades

Figure 1. Construction scheme of the retaining wall.
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The boards are fastened to the columns alternately due to the variable geometry along
their length. This ensures the security of the wall.

Cantilevered retaining walls can be used in trench support systems in congested areas
for temporary and permanent structures to retain backfill material along with additional
pressure in the form of buildings, vehicles, roadways, etc. [15]. The holding height is
limited because a cantilever sheet pile wall derives its stability mainly from contact stresses
developed below the dredge level along the embedded depth of the wall [16]. There are two
failure modes to consider when designing a wall: first, parts of the wall may not be strong
enough to resist the acting forces and, secondly, the wall as a rigid body can be displaced or
overturned by the earth pressure acting on it. However, it is not possible to properly design
a retaining wall, taking into account all the possible loads and failure mechanisms, without
knowing the strength and deformability of the individual components. Therefore, a reliable
assessment of these parameters must be the first step in the concept of repurposing wind
turbine blade waste for slope and trench protection walls.

2.2. Measuring Methods

Various types of measurement methods are used to measure strains and displacements
in experimental studies. Methods used in the testing of the composite fragment from
LM/ Vestas-type blades described later in this article include the following: distributed
fiber optic sensing (DFOS), linear variable differential transformers (LVDTs), resistance
foil strain gauges (RFSGs), and the ARAMIS 2D digital image correlation (DIC) system.
The use of strain gauges and inductive sensors is well known, and they have been used in
research for many years.

The DFOS fiber optic measurement technique makes it possible to achieve measure-
ments of selected physical quantities with a spatial resolution so low compared to the total
measurement length that they can be treated as geometrically continuous from an engineer-
ing point of view [17]. DFOS is a type of measuring tool that, in addition to interferometric
sensors and sensors with a Bragg grating, is increasingly used in the monitoring of various
structures [18]. Fiber optic measurement technology enables quasi-continuous measure-
ments, as it allows several measurement points to be placed along a single fiber. From an
engineering point of view, the individual measurements obtained in this way, i.e., from
sensors spaced between 5 and 10 mm apart, can be considered continuous [19]. For exam-
ple, over a length of 1 m, it is possible to obtain information about the strain’s value even
at 200 measurement points. Basic DFOS measurement equipment includes optical fibers,
monolithic fiber optic sensors, and layered sensing cables. The main physical quantity mea-
sured with DFOS is the strain [pe]. In the presented experimental tests, a 9/125 standard
single-mode fiber in its primary coating (external diameter equal to 250 um) was selected.
The technical specifications of this 9/125 standard single-mode fiber are summarized in
the literature [17]. The fiber optic signal receiving station requires a computer with the
appropriate software and a recorder—the LUNA OBR (Optical Backscatter Reflectometer).

Methods that enable the analysis of changes in the state of displacement and strain
in larger areas are accepted as field methods. Among the field analysis methods, optical
methods are the most numerous and widely used [17,20]. The DIC method consists of
taking a series of images of the analyzed area of the studied structure at different loads and
then analyzing the taken images to calculate the displacements of selected points of the
analyzed area. In the research conducted, the ARAMIS 2D DIC system was used with a
single 12 MPx camera (4096 x 3000 pixels). It consists of a set of cameras that record changes
in the shape of the object under study and a suitably adapted and programmed computer
that stores and processes the recorded images. The ARAMIS system measurements are
based on the principle of digital image correlation. They allow material-independent and
contact-free measurements of displacements and strains on surfaces. In the experimental
tests presented, the GOM system was used, which includes a camera with two LED lamps
and a computer with GOM software. The use of ARAMIS requires special preparation of
the measured surface or markers.
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3. Laboratory Research
3.1. Composite Components Under Test

Assessing the possibility of using wind turbine blade fragments for slope and trench
retaining is not possible without carrying out material tests and strength tests on real-scale
components. Despite the many tests carried out [21-25], due to the complex nature of the
material (laminate) and the variability of its parameters over time, detailed test results are
not available for the wind turbine blades considered for use. The variability of the cross-
section of the composite elements and their material characteristics determine the need
to perform tests on real-scale elements, with additional consideration of the planned joint
with concrete using a composite closed profile obtained from the Vestas-type blades. The
elements tested experimentally were horizontal composite elements and vertical composite
elements, referred to in working terms as “boards” and “columns”. Components were
extracted from the wind turbine blades in the cutting process (Figure 2).

Figure 2. Cross-section of wind turbine blades.

A scheme for sampling the blades of an LM-type wind turbine is shown in Figure 3
below. Two types of board were analyzed, with fixed lengths of 150 cm, a width of 50 cm,
and thicknesses of 30 and 20 mm. Four samples were prepared which differed in the
thickness of the composite wall and were named PD-1, PD-2, PD-3, and PD-4. A view
of the prepared samples of LM-type wind turbine blades is shown in Figure 4 and their
dimensions are given in Figure 5.

Fragments with a length of approximately 150 cm and a distinct height section were
also taken into consideration in the closed profile derived from the Vestas-type blades.
Figure 6 shows the four closed profiles that were prepared for testing: four filled with
concrete (SB-1, SB-2, SB-3, and SB-4) and four empty (SP-1, SP-2, SP-3, and SP-4).

<~15m Wi 3
.f P FQ) ~ € Blade = Type "LM"
< ~
-, -
‘ \
'
~250m

Figure 3. Scheme of LM-type wind turbine blade sampling: boards.



Materials 2024, 17, 4934 6 of 23

(b)
Figure 4. Prepared samples of “boards” from wind turbine blades of type LM: PD-1, PD-2, PD-3, and
PD-4: (a) outer side of wind turbine blade; (b) inner side of wind turbine blade.

Dimensions of the LM profile samples

[mm] PD-1 PD-2 PD-3 PD-4
1 (length) 1500
w (width) 500

t1 (thickness) 30 30 20 20
u (camber) 21 24 16 19

(a) (b)

Figure 5. (a) Dimensions of the LM profile samples; (b) dimension marking.

(b)

Figure 6. Samples prepared from wind turbine blades of the Vestas type: (a) filled with concrete;
(b) not filled with concrete.

In Figure 7, the box section test elements were characterized by variations in dimen-
sions due to variations in the shape of the wind turbine blades. Their detailed dimensions
are presented in Table 1.
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0
Figure 7. Dimension markings on Vestas profile samples.
Table 1. Dimensions of the Vestas profile samples.
Dimensions of the Vestas Profile Samples
SP-1/SB-1 SP-2/SB-2 SP-3/SB-3 SP-4/SB-4
[mm] End Front End Front End Front End Front
1 (length) 1500
h (height) 110 130 130 150 150 180 180 210
w (width) 245 280 280 315 315 345 345 400
t1 (thickness) 8 8 8 8 6 6 6 9
t2 (thickness) 7 12 12 19 19 22 22 25

3.2. Concrete and Composite Material Tests

Samples were taken from the tested composite elements to determine the tensile
strength of the material. Tests were carried out on 14 samples taken from LM-type wind
turbine blades (boards) and 14 samples taken from hollow sections of Vestas-type wind
turbine blades. The samples were prepared in accordance with the ASTM D3039/D3039M
standard and tested in a classic tensile test at a rate of 5 mm/min.

In the case of LM profile samples, the average longitudinal tensile strength is 401 MPa
and the standard deviation is 37.5 MPa. The results obtained are similar to the mechanical
properties related in the literature [26-29].

In the case of samples with a Vestas profile, the longitudinal tensile strength was
characterized by high variability. Eight specimens, between 23 and 26 mm thick, taken
from the top or bottom surfaces of the boxes failed within the strength machine mounts,
while only one failed correctly in the center. The samples taken from the sides of the boxes,
between 7 mm and 11 mm thick, all failed as recommended by the ASTM D3039/D3039M
standard, shown in the photograph in Figure 8. Based on the Dixon test from the population
surveyed, three outliers were rejected. The average longitudinal tensile strength of the
Vestas-type elements obtained from the tests was only 297 MPa, with a standard deviation
of 52.9 MPa.

Four Vestas profiles (SB-1, SB-2, SB-3, and SB-4) were filled with concrete of the
strength parameters shown in Table 2.
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Figure 8. View of Vestas-type blade samples after destruction.

Table 2. Average compressive strength (6 samples), flexural tensile strength (3 samples), and modulus
of elasticity of concrete (3 samples) for filling Vestas profiles.

Compressive Strength Tensile Strength Modulus of Elasticity
Average gtar}da}rd Average Star}da}rd Average Star}dérd
eviation Deviation Deviation
fem [MPa] o [MPa] £ [MPa] o [MPa] Ecm [MPa] o [MPa]
35.1 0.49 4.03 0.35 36.4 1.99

The strength parameters of the concrete used to fill the box sections extracted from Vestas
wind turbine blades, shown in Table 2, are characterized by a very low dispersion coefficient.

3.3. Monitoring System and Course of the Study

The individual elements of the designed retaining wall that were the subject of the
experimental tests, i.e., boards and columns, were tested for bending in a horizontal
position. The board elements on the test bench were always arranged in the same way,
i.e., with a downward curve. During the experimental tests, force, deflections, and strains
were measured. Resistance foil strain gauges and distributed sensing fibers were used to
measure strains. Both pieces of measuring equipment were installed on the surface of the
bottom board (Figure 9). In the case of hollow sections, which would be used as a column
in the retaining wall, strain gauges made of resistance film were installed on the bottom
surface and diffuse sensor fibers were installed on the side surface (Figure 10).

| F | | *F |
- — —l L

] optical fibre 1/2 |

'
2 OF1
N T1 TD2 T3
| by .
S |
] TS2 TK2 OF2

500 250 500 250 L 350 — 800 o 350 J

- AR S measurement length
(a) (b)

Figure 9. Distribution of RFSGs and optical fibers on LM profile samples PD-1, PD-2, PD-3, and PD-4:
(a) scheme of distribution of RFSGs; (b) scheme of distribution of optical fibers.
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v '

|
| | | | . optical fibre 1/2 D |
\
| [ ' r
& OF1
“ Tl TD2 T3
I - -~ =
g ]
N Ts2 K2 | | OF2
500 250 500 250 _ 150 B 1200 _ 150 ~
- o - = - measurement length
(a) (b)

Figure 10. Distribution of RFSGs and optical fibers on Vestas profile samples: (a) scheme of distribu-
tion of RFSGs; (b) scheme of distribution of optical fibers.

Four inductive sensors were used to measure vertical displacement. Their locations
are shown in Figure 11; this scheme of sensor positions was used in the testing of all LM and
Vestas samples. To avoid damaging the sensors due to the fragile failure of the composite
materials tested, it was decided to remove them at an early stage of the test.

F

14/13 12/11

14 12

150

I3 I1

150 200

inductive sensors

(a) (b)

Figure 11. Distribution of inductive sensors: (a) photo of the sample; (b) scheme of distribution.

350 800 350

The use of the DIC ARAMIS 2D system to measure displacements required the ap-
propriate preparation of the measured surface. The lateral surface of the test components
was measured, which was clearly visible to the cameras of the ARAMIS system. On these
surfaces, sticker markers were also used as measuring points (Figure 12).

The elements were loaded with a static scheme similar to four-point bending. However,
due to the susceptibility of the composite to failure by punching, the load was applied
uniformly over a significant contact area (Figures 11 and 12).

During the experimental tests, force, deflections, and strains were measured. All re-
search was carried out in the laboratory of the Faculty of Civil Engineering, Environmental
Engineering, and Architecture at Rzeszow University of Technology (Poland).
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Figure 12. View of the Vestas profile sample ready for DIC measurements by the ARAMIS 2D system.

4. Results and Discussion

In this section, the results of the selected tests are presented. The examples were
selected in such a way as to show the versatile capabilities of all different measurement tech-
niques: foil strain gauges, distributed sensing fibers, inductive sensors, and the ARAMIS
digital image correlation system.

4.1. Measurement Results of Components PD-1, PD-2, PD-3, and PD-4—"Boards”

The strain—force relationship obtained from the resistance foil strain gauges (RFSGs)
for the selected board (PD-1) is shown in Figure 13.

200
180

F [kN]

\ 160

\ 140

\ 120

100

401\ T, TD2 T3
\ b &

-12 -08 -04 0 04 08 12 1.6 2 24 28 32 36 4

| —T1 —TD2 —TS2 —TK2 —T3| e [%]
Figure 13. Strain—force relationship obtained from RFSGs for the PD-1 element.

The highest strain values were obtained for foil strain gauges placed at the mid-span of
the element and measuring longitudinal strain, i.e., T1 and TD2. Negative transverse strains
measured with the TS2 strain gauge indicate localized deformation of the bottom surface
of the tested boards. This is because the applied load was not distributed over the entire
width of the element and the initial shape of the element (camber downwards). Analogous
strain—force relationships were obtained for the other tested board elements. To compare
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the results obtained, the selected strain values for all tested boards are summarized in
Table 3. The maximum strain observed at 186 kN load (element PD-2) was equal to 1.78%.

Table 3. Strain value at the mid-span of the elements obtained from RFSGs and in the center of the
optical fibers (OFs).

Yielding Strains of

Particular Loading Steps [kN]

A Max F PD-4 Max F PD-3 F F F Max F PD-1 MaxF PD-2
the Strain Gauge [%]
20 42 50 100 156 186 195
T1 0.12 0.27 0.33 0.82 1.40 1.65
PD-1 th.
TD2 0.14 0.31 0.37 0.88 1.44 1.64
30 mm
OF 0.15 0.33 0.40 0.93 1.61 -
T1 0.11 0.25 0.31 0.74 1.38 1.78 -
PD-2th. =y 0.15 032 038 : : : :
) 30 mm
:% OF 0.16 0.34 0.41 0.92 1.53 - -
& T1 0.21 -
PD-3th ™oy 041 :
20 mm
OF 0.73 1.25
T1 0.85
PD-4 th. D2 0.50
20 mm
OF 1.04
- No result due to optical fiber or RFSGs failure
Load greater than the breaking load on the component
Figure 14 shows the strain distributions registered during the selected stage of the test
for element PD-1, obtained from the optical fiber (OF). Extreme values were registered in
the mid-span of the element. The maximum strain observed at a load of 156 kN was equal
to 1.61% (16 100 pe). The maximum strains of the elements PD-1, PD-2, PD-3, and PD-4,
measured by the optical fibers (OF) for selected load stages, are summarized in Table 3.
2
—_ 0
218 PD-1 maximum strain 1 . 6 1 % 10
21.6 — —-i_:./— 20
g 1.4 30
N1.2 40
[ \ ——50
0.8 / \\ —_—0
0.4 M —80
0.2 —9()
0 100
0.2 1 —110
-0.4 —120
-0.6 i 130
-0.8 O — 140
-1 O —150
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 156

Length [cm]
Figure 14. Strain distributions measured by DFOS fiber for the PD-1 element.

Comparing the results in Table 3, it can be seen that in each case, the strains measured
at each load value are lower than those measured with the fiber optic sensors. However,
the maximum differences in the results obtained do not exceed 20% and, in the case
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of maximum strain values, 11%. The locations of the measurement sensors in the two
measurement techniques, i.e., the different distances of the strain gauges and optical
fibers from the axis of the board and its camber, can influence the differences in the
results obtained.

The displacement—force relationship for the PD-1 element obtained during the tests
is shown in Figure 15. Displacements were measured using inductive sensors and the
DIC system. When the pre-estimated displacements were exceeded, the inductive sensors
were removed because of the possibility of damage to the measuring sensors by separating
composite fibers.

0 5 10152025

25 50 75 100 125 150 175 200 225
lF vertical displacement u [mm]

11-2/1-1

Z £ l

P-1 P-2 P-3 @)
Figure 15. Displacements of the tested element PD-1.

The maximum displacements of the elements PD-1, PD-2, PD-3, and PD-4, measured
by the DIC system for selected load steps and selected markers P-1, P-2, and P-3, are
summarized in Table 4.

Both 30 mm thick boards (PD-1 and PD-2) showed significant agreement between the
results obtained, i.e., the failure load, measured strains, and displacements. The situation
was different for the 20 mm thick boards. The failure load for the PD-3 component was
more than double that of PD-4. This phenomenon is also evident in the measured strains
and displacements. The reason for this may be the different failure mechanisms of the PD-3
and PD-4 components, shown in Figure 16. In the PD-4 element, delamination occurred
in the middle of the height, while in the PD-3 element, delamination occurred on the
outer layer of the composite. The failure mechanism of the PD-1 and PD-2 boards was
analogous to that of PD-3, i.e., due to delamination of the top layer of the element in the
compression zone.
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Table 4. Displacement of the points P-1, P-2, and P-3 obtained for selected load steps of the composite
board measured by the DIC system.

Particular Loading Steps [kN]

Disp]acement (u) [mm] Max F PD-4 MaxF PD-3 F F F Max F PD-1 MaxF PD-2
20 42 50 100 156 186 195
P-1 10 21 26 70 137 161
PD-1 th. P2 11 25 31 87 169 200
30 mm
P-3 9 20 25 68 134 179
P-1 9 19 23 62 125 160 166
PD-2 th. P-2 11 25 30 81 161 206 216
%) 30 mm
g P-3 7 16 20 56 110 149 156
2 P-1 94 167
PD-3 th. P2 134 233
20 mm
P-3 100 179
Dt th P-1 116
-4 th.
0 mm P-2 155
P-3 123

delamination in the middle

(b)
Figure 16. Failure mechanism of the components: (a) PD-3; (b) PD-4.

4.2. Measurement Results of Components SP and SB—Empty and Concrete-Filled Closed Profiles

The strain—force relationships obtained from RFSGs for the selected “closed profiles’
SP-4 and SB-4 are shown in Figure 17.

Analogous strain—force relationships were observed for all closed profiles tested. For
the empty closed profiles (SP-1, SP-2, SP-3, and SP-4), strain gauges T1 and TD2 always
showed the maximum longitudinal tensile strain, while strain gauge TS2 showed the
maximum transverse compressive strain. Negative transverse strains in the TS2 gauges are
the result of local deformation of the bottom surface of empty closed profiles. In contrast,
in the concrete-filled elements, only the element with the smallest cross-section, SB-1, was
measured with a negative transverse strain. In the other elements (SB-2, SB-3, and SB-4),
the TS2 strain gauges indicated tensile strain.

7
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Figure 17. Strain—force relationships obtained from RFSGs for the SP-4 and SB-4 elements.

The maximum tensile strains in the empty closed profiles were observed in elements
SP-1 and SP-2 and were as follows: 0.36% and 0.38%. In the concrete-filled elements, the
measured strain was up to 1.24% for element SB-1. The maximum compressive strains
were measured in elements SP-2 and SP-3 and were 0.54% and 0.51%, respectively.

The strain distributions registered during the selected stage of the test for selected
elements of the same cross-section—empty SP-4 and concrete-filled SB-4—obtained from
the optical fibers (OFs) are shown in Figures 18 and 19. The asymmetry of the strain
distributions shown in Figures 18 and 19 is due to the variable cross-section of the test
closed profiles. The marked lack of symmetry observed during the tests along the bottom
and top lines of the strain distributions shown in Figures 18 and 19 is an indication of where
damage is most likely to occur. Local variations in the strain distribution (local minima)
observed in the hollow elements are caused by the curvature of the upper surface of the
profile and the change in the load pattern during the tests. As a result of the deformation of
the profile, the load pattern changes from initially linear to two-point.

By analyzing the measured strains for all closed profiles, it was seen that despite the
different failure loads, the maximum deformations for SP-1, SP-2, and SP-3 were similar.
For example, the maximum tensile strains ranged from 0.15% to 0.24% for optical fiber
measurements and from 0.25% to 0.31% for strain gauge T1 measurements. The same
was true for strains in the compressed zone, which ranged from —0.22% to —0.27% for
optical fiber measurements. In contrast, the strain values obtained for the SP-4 element
were lower than those for the other empty closed profiles. Furthermore, due to it having
the largest cross-sectional area of the profile and wall thickness, the highest failure load
value was expected for the SP-4 profile. During the research, it became apparent that a
higher destructive force was obtained for the SP-3 element. In the case of concrete-filled
elements, it was observed that with increasing dimensions of the cross-sectional elements,
the measured strains decreased. In the elements filled with concrete, SB-1, SB-2, SB-3, and
SB-4, at a force of 600 kN, the tests were stopped for technical reasons (it was not possible
to apply a higher load). The concrete-filled profiles did not fail.
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Figure 18. Strain distributions along the length of the bottom optical fibers at particular loading steps
for SP-4 and SB-4.

The displacement—force relationships for selected elements of the same cross-section—
empty SP-4 and concrete-filled SB-4—obtained during the tests are shown in Figure 20.
Analogous to the boards, the displacements were measured using inductive sensors and
the DIC system.

The maximum displacements of the SP-1, SP-2, SP-3, SP-4, SB-1, SB-2, SB-3, and SB-4
elements, measured by the DIC system for selected load steps and selected markers P-1,
P-2, and P-3, are summarized in Table 5.

By analyzing the results in Table 5, it can be seen that the maximum measured dis-
placements of all tested empty closed profiles (SP-1, SP-2, SP-3, and SP-4) were very similar,
ranging from 18 to 23 mm. For the SB-1, SB-2, SB-3, and SB-4 concrete-filled elements, the
displacements for a maximum force of 600 kN correlated with the stiffness of the tested
elements. The largest displacement of 44 mm was measured for the SB-1 element with the
smallest cross-section, and the smallest displacement of 13 mm was measured for the SB-4
element with the largest cross-section.
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Figure 19. Strain distributions along the length of the top optical fibers at particular loading steps for
SP-4 and SB-4.

Two failure mechanisms were observed in the empty closed profiles. In elements
SP-1 and SP-2, the failure was caused by the buckling of the compression chord of the box
section. The authors of the publication [27] obtained an analogous failure mechanism for
composite boxes of wind turbine blades. For elements SP-3 and SP-4, on the other hand,
the failure was caused by delamination of the bottom chord at the support—as shown
in Figure 21.
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Figure 20. Displacements of tested elements SP-4 and SB-4.

O

Table 5. Displacement of the points P-1, P-2, and P-3 obtained for selected load steps of closed profiles.

Deflection [u] of

Particular Loading Steps [kN]

Max F SB-1, SB-2,

the Selected DIC Max F SP-1 Max F SP-2 max F SP-4 Max F SP-3 SB-3. SB-4
Markers [mm] -
114 254 285 305 600
P-1 18
3 SP-1 P-2 -
&éj P-3 14
5 P-1 12 21
£ SP-2 P-2 12 23
é P-3 11 20
= P-1 9 18 19 20
pe SP-3 P2 9 19 21 2
; P-3 8 17 18 19
g P-1 9 17 18
S SP-4 P-2 9 18 19
P-3 9 18 19
P-1 7 16 18 20 38
SB-1 P-2 8 19 22 23 44
£ P-3 6 14 16 81 31
g P-1 7 13 14 15 26
g SB-2 P2 8 15 16 18 31
E P-3 7 12 13 14 24
o P-1 4 7 8 8 15
= SB-3 P-2 4 8 9 9 17
2 P-3 3 6 6 7 12
= P-1 3 6 6 6 11
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Figure 21. Failure mechanism of the empty closed profiles.

4.3. DFOS vs. DIC—Comparison of Component Deflection Line

Based on the strain profiles along the whole length, it is possible to determine the
displacement of an analyzed section using the “trapezoidal method” [30]. This algorithm
does not require knowledge of the properties of the material (e.g., elasticity module). It is
based solely on the results obtained from virtual interconnected meters. The length of these
meters is equal to the defined spatial resolution [10 mm], while the height is the distance
between the optical fibers. A detailed description of the methodology is given in [30] and
the general equation can be written as follows:

u= f(Eb, Et, hf/ 1f/ bC)/ (1)

where u—displacement of the measuring section [mm]; e;,—strain of the top optical fiber
of the measuring section [1¢]; e,—strain of the bottom optical fiber of the measuring
section [ ]; hy—distance between optical fibers [mm]; li—spatial resolution [mm]; b.—
boundary conditions (e.g., initial displacement and rotation angle or displacements in
two known locations).

The trapezoidal method is based on the analysis of the deformation of a single trape-
zoidal, defined by the spatial resolution and distance between upper and lower optical
fibers—Figure 22.

—fCuUtra] 4

X1s

—_—

~ l+4]

|
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Figure 22. The concept of the trapezoidal method.
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Once the displacement is calculated within the individual trapezoids, move to the
next one and add the displacement value.

Figures 23 and 24 show a comparison of the deflection lines of the closed profiles
obtained from the DIC and DFOS measurements. The deflection lines shown in the figures
were determined for the axis of the element. The boundary conditions, i.e., the angle of
rotation on the support and the vertical displacements required to determine the deflection
line according to Formula (1), were derived from the DIC measurement technique.

measurement length [cm]

10 20 30 40 50 60 70 8 90 100 110 120 130 140 150

Figure 23. Comparison of deflection lines for the empty closed profile SP-4 and selected load steps.

measurement length [cm]
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Figure 24. Comparison of deflection lines for the concrete-filled closed profile SB-4 and selected
load steps.

Figure 23 shows a comparison of the deflection line for the SP-4 element (closed empty
profile) and selected load steps.

Similarly, Figure 24 shows a comparison of the deflection line obtained by the DIC
and DFOS methods for the selected element filled with concrete, SB-4.
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The maximum difference in the measured values for both methods did not exceed
1 mm. In the case of elements filled with concrete, greater compliance was achieved than
for the empty elements. This is due to the boundary conditions and the different angles of
rotation of the empty elements over the supports.

4.4. Comparison of Results for Empty and Concrete-Filled Closed Profiles

Figure 25 shows the load-displacement relationships for all the closed profiles obtained
from the inductive sensors.

400

Force F [kN]

0 -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 -11 ~12 -13 -14
vertical displacement u [mm]

Figure 25. Load-displacement relationships for all the closed profiles.

The horizontal axis shows the averaged displacement values obtained from the four
sensors arranged according to Figure 15. The vertical axis shows the load realized. Since,
for safety reasons, the inductive sensors were removed during the tests, the load range
presented is limited. The relationship shown in the figure is linear, typical of elements in
the elastic range. Using this fact, the bending stiffness of the section under consideration
can be determined from the measured deflections from Equation (2):

M
u= [, ledx )

where u—beam deflection; M;—bending moment value caused by the unit virtual force;
M—bending moment value caused by the external loads; I—span length; B—stiffness
of section.

Taking the bending moment calculated at the center of the span as M, the lowest bend-
ing stiffness of the element By, can be determined. On the basis of the calculations carried
out, it can be concluded that the stiffness of the concrete-filled elements is 2.3 to 3.3 times
greater than that of the hollow elements.

Concrete-filled elements are characterized by significantly higher load-bearing capaci-
ties. Destruction of the hollow element with the smallest cross-section, SP-1, occurred at a
force of 114 kN, while for the concrete-filled element, a load of 600 kN was achieved. The
strain distributions of the concrete-filled and empty elements shown in Figures 18 and 19
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also differ. In the hollow members, the largest tensile deformations were observed at
the supports, while in the filled members, they were observed in the span. Additionally,
the strain distributions show that the empty elements were highly sensitive to local con-
centrated loads (kinks in the strain distributions at the point of concentrated forces; see
Figures 18 and 19). This sensitivity was not seen in the filled elements.

4.5. Summary

The presented research results indicate the possibility of using waste wind turbine
blades for the construction of retaining walls while highlighting the advantages and disad-
vantages of such a solution. The research confirmed the authors’ initial assumption that
fragments of LM-type blades could be used as filling elements and closed profiles filled
with concrete from Vestas-type blades could be used as the main load-bearing elements,
or “columns”. The results in Figures 17-20 and 23-25 show a significant increase in the
stiffness of the filled elements compared to the empty ones. Furthermore, the obvious
benefit of the increasing cross-sectional area of the filled elements is useful to exploit by
appropriate positioning on the cantilevered retaining wall. The results in Table 3 show a
very strong influence of the thickness of the LM-type blade fragment used. As with the
“columns”, the “boards” of LM type in the retaining wall should be placed in accordance
with the increase in soil pressure, thus allowing them to be used efficiently.

A major difficulty in carrying out the research was the irregular shape of the frag-
ments extracted from wind turbine blades and the significant variation in their physical
parameters, which is a characteristic feature of glass fiber composite components. The
irregular shapes can be exploited effectively by matching the elements to the internal forces
of the retaining wall. However, problems in connecting these elements to each other cannot
be avoided because of their shape. The high variability of the physical parameters forces
a design with a correspondingly high safety factor, particularly as the tests carried out
showed the variable and difficult-to-predict nature of element failure (Figures 16 and 21).

5. Conclusions

This paper describes the material and structural testing of individual components
obtained from used LM- and Vestas-type wind turbine blades for reuse as slope and trench
reinforcement components.

A detailed analysis of the strength and deformability of blade components based on
several reference techniques was the subject of this article. High agreement was observed
between the results obtained from foil strain gauges and fiber optic sensors when comparing
the measured strains of composite boards extracted from LM-type wind turbine blades.
The maximum measured strains for a board thickness of 20 mm ranged from 1.04 to 1.25%,
depending on the component, while for a board thickness of 30 mm, they ranged from
1.64 to 1.78%. In contrast to the measured strains, the failure forces in the tested boards
were characterized by considerable variability. For the 20 mm thick boards, they were
20 kN and 42 kN, while for the 30 mm boards, they were 186 kN and 195 kN. The measured
maximum displacements for the three elements (PD-1, PD-2, and PD-3) were very close,
ranging from 200 to 233 mm, while much lower values were recorded for the PD-4 board.
According to the research, there is a high degree of variability in the strength parameters
and deformation in the composite planks made from LM-type wind turbine blades due to
the various failure mechanisms.

In the case of closed profiles extracted from Vestas-type blades, the test results obtained
for the concrete-filled elements are very promising. These elements are characterized by
high strength and low deformation. The observed stiffness of concrete-filled elements
compared to empty ones was more than twice as high. On the contrary, the increase in load
capacity relative to the weakest elements (SP-4 and SB-4) was more than five times greater.
The measured displacements and strains correlated to the cross-sections of the individual
concrete-filled elements showed deflections ranging from 10 to 44 mm, while tensile strains
measured by optical fibers ranged from 0.24% to 0.76%.
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It is evident from the comparison of the measurement methods that the new DFOS and
DIC measurement techniques provide more information. For the closed profile elements
under study, which were characterized by cross-sectional variability, this was particularly
important. The strain distributions along the lengths of the bottom and top of the elements,
obtained from the optical fibers, were characterized by a different shape and a lack of
symmetry, which made it possible to predict the location of the damage during the mea-
surements. In the case of only RFSGs, such a precise analysis would be impossible. As the
study has shown, the use of non-contact measuring techniques is very important in the
case of components characterized by sudden brittle failure, such as wind turbine blades.
Measurement of deflection up to failure was not possible in the tests due to damage to
the inductive sensors. This could be achieved by using the DIC system, a non-contact
measuring technique.

The information on the stiffness of the hollow and concrete-filled composite elements,
the failure forces, the deformation behavior, and the failure mode obtained from the various
measurement techniques used will allow future validation of numerical models for the
design of slope protection walls and excavations using used wind turbine blades.
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