
1 INTRODUCTION 

Fiber Reinforced Polymer (FRP) Composites have 
become more popular in the last few decades in the 
civil engineering discipline, and since then, have 
prompted a number of research programs due to 
their high strength-to-weight ratios, high stiffness-
to-weight ratios, reduced weight relative to other 
structural materials, corrosion resistance, and dura-
bility (Bank 2006). However, some drawbacks re-
garding low stiffness exist, making these materials 
governed mostly by the serviceability limit state 
(SLS). Furthermore, degradation due to harsh envi-
ronmental and fatigue exposures might limit their 
service life (Aldajah et al. 2009, Merah et al. 2010, 
Miller et al. 2012). 

One of the major structural uses of composite ma-
terials is in the manufacturing of wind turbine 
blades. Relatively thick laminates used in the spar 
caps are bonded to a lightweight sandwich shell with 
sandwich composite webs as shown in Figure 1. The 
advanced composite construction through vacuum-
assisted resin transfer molding (VARTM) allows for 
highly complex geometries, lightweight construc-
tion, and substantial mechanical properties 
(Mishnaevsky et al. 2017). Typically, wind turbines 
have three wind blades (similar to airplane wings) 

which are connected to a rotating hub to generate 
electricity. However, due to uncertainty in terms of 
fatigue exposure, life span limits of 20-25 years are 
imposed on these structures, which leave these mate-
rials with significant expected structural capacity af-
ter decommissioning (Job 2013, Post et al. 2008, 
Lian & Yao 2010). 

A sustainability problem already exists for de-
commissioned wind turbine blades (primarily made 
of Glass-FRP materials). Thousands (currently) and 
millions (in future years) of tons of composites now 
need, and will continue to need, disposal, this poses 
a significant threat to the environment (Liu & 
Barlow 2017). These materials are non-
biodegradable and are currently being disposed of 
using landfilling and incineration. Mechanical or 
thermal and chemical methods are being studied for 
recycling. All these methods have drawbacks - in be-
ing environmentally harmful options (for the case of 
landfilling or incineration, which are also expected 
to have legislative restrictions soon) or in providing 
recycled fibers with reduced properties compared to 
composites made of virgin glass fiber (for the case 
of mechanical or thermal and chemical recycling of 
glass fiber), which eventually makes them less at-
tractive options. Furthermore, the relative short ser-
vice lives of these structures in their first life as wind 
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blades may allow for viable structural repurposing, 
defined here as using the entire wind blade or large 
cuts in load-bearing structural applications (e.g. 
bridges, poles) or consumer products (e.g. furniture, 
urban architecture) (Jensen & Skelton 2018). 

The focus of the present work is on civil infra-
structure applications, as these applications are char-
acterized by large structures under relatively low 
stress levels, constructed in environments where du-
rability and serviceability are the prominent factors 
in the design process. 

The Re-Wind Network (www.re-wind.info) is 
aimed at providing greener and sustainable ways of 
recycling, reusing, and repurposing decommissioned 
wind turbine blades. The project covers various as-
pects regarding the end-of-life applications. The 
main objective of the research is to propose a meth-
odology for dealing with end-of-life applications 
which will pave the way for implementation in the 
field by relevant stakeholders. These stakeholders 
could include national or local decision makers, 
wind turbine manufacturers and operators, or sus-
tainable energy companies. 

Extensive work is currently underway by the Re-
Wind Network. The team is focused on providing 
various options and configurations at the small, me-
dium, and large scale for reusing and repurposing of 
decommissioned wind turbine blades. A catalog 
published by McDonald et al. (2021) provides mod-
eling and visualizations of different applications. Al-
so, small and medium-scale cut parts from decom-
missioned wind turbine blades have been proposed 
by Gentry et al. (2018), Bank et al. (2018), and 
Gentry et al. (2020) for an affordable housing con-
cept with design of structural and non-structural el-
ements. Large-scale applications have been pro-
posed by Suhail et al. (2019), and Ruane et al. 
(2022) as pedestrian bridge girders (the application 
is called BladeBridge), and by Alshannaq et al. 
(2021a) and Alshannaq et al. (2021b) as a power 
transmission pole with different voltage capacities 
(the application is called BladePole). To obtain key 
aspects and characteristics of the wind blade’s ge-
ometry and properties for further analysis, work 
done by Tasistro-Hart et al. (2019) focused on using 
LiDAR scanning and point cloud data to reconstruct 
wind blade structures which is usually a proprietary 
information. The reconstruction process involved 
developing a software that provides 2D and 3D 
models to be used for further physical and mechani-
cal analyses (the software is called BladeMachine). 

All these applications will require material cou-
pon testing to obtain strength and stiffness capacities 
to be checked against second-life applications and 
prove the efficacy of the proposal. This paper sum-
marizes the testing of tensile, compressive, shear, 
bearing, and pull-through properties at the coupon-
scale of the spar cap of a decommissioned 1.5 MW 
GE37 wind turbine blade that has a total length of 37 

m and has been in service for 11 years in a wind site 
in Langford, Texas. 

2 EXPERIMENTAL PROGRAM 

Any cross-section of a wind blade consists of three 
major parts forming a multicellular cross-section, 
except the root (i.e. the end of the wind blade that 
connects to the hub) which is a thin-walled circular 
cross-section. The main structural load bearing part 
is the spar cap. The spar cap is mainly made of uni-
directional GFRP. The aerodynamic shell is made of 
triaxial GFRP to resist torsional effects. The web (or 
webs) is principally made of biaxial GFRP to pro-
vide support to the shell and resist shear forces. Re-
fer to Figure 1 for visualization. 

2.1 Materials 

The materials presented here are cut from the spar 
cap of a 1.5 MW decommissioned GE37 wind blade 
that has a total length of 37 m. The goal of the cur-
rent research effort is to assess the as-received me-
chanical properties of this wind blade after 11 years 
in a wind farm in Langford, Texas for possible sec-
ond-life applications. Spar cap samples were cut 
from the wind blade in the root-transition region (i.e. 
where the cross-section changes from circular to an 
aerodynamic shape) where the thickness of the mate-
rial reaches 50 mm. The stacking sequence is char-
acterized as [(±45)2/Mat/0n/(±45)2], where n repre-
sents a variable number of unidirectional layers (e.g. 
this is equal to 97 layers for one of the specimens if 
the assumed thickness of 0° layer is 0.4572 mm). 
This was obtained through burnout testing according 
to ASTM D2548. The average fiber mass fraction is 
69% which converts to a volume fraction of 50% 
when a ρmatrix = 1.19 g/cm3 and ρfiber = 2.60 g/cm3 
are assumed. 

The cutting of tensile, compressive, shear, bear-
ing, and pull-through specimens involved the use of 
a waterjet to cut these thick composites (~50 mm). 
Since these materials are very thick, the cutting plan 
involved laying the spar cap blocks on the waterjet 
and cutting 6.6 mm thick strips to be easily tested for 
different properties. This cutting plan makes the 
longitudinal specimens represent the 1-3 direction 
rather than the 1-2 direction. However, as stated 
previously since the stacking sequence is mostly 
unidirectional, this plan is believed to provide proper 
approximation of the 1-2 properties, see Figure 1. 
Note that since the thickness of the spar cap tapers, 
the width of the specimens (i.e. the total thickness of 
the spar cap) varies from one specimen to the other, 
but was approximately 50 mm. 
 



 
Figure 1. A sketch showing the geometry of the wind blade and 
the cutting plan. 

2.2 Specimens and Equipment 

The tensile testing was performed according to 
ASTM D3039 with specimen dimensions of 355.6 
mm long × variable width × 6.6 mm thick with a 
gage length of 203.2 mm. The tensile modulus data 
were obtained through the slope of the stress-strain 
diagram over the 1000-3000 µε range. The compres-
sive testing was performed according to ASTM 
D3410 with specimen dimensions of 190.5 mm long 
× variable width × 6.6 mm thick with a gage length 
of 38.1 mm. The compressive modulus data were 
obtained over the same strain range (i.e. tension 
specimens strain range) with strain gages. Open-hole 
tensile testing was performed according to ASTM 
D5766 with specimen dimensions of 304.8 mm long 
× 38.1 mm width × 6.6 mm thick with a gage length 
of 152.4 mm and a hole diameter of 6.35 mm result-
ing in a width-to-diameter ratio of 6 and a diameter-
to-thickness ratio of 0.96. 

For the in-plane shear properties, testing was per-
formed according to ASTM D5379 with specimen 
dimensions of 76.2 mm long × 11.4 mm width 
“measured in the notch region” × 6.6 mm thick con-
taining only unidirectional glass fiber. The width of 
the specimen was 19.1 mm for the regions outside 
the v-notch. The shear modulus data were obtained 
through the slope of the stress-strain diagram over 
2500-6500 µε range, while the interlaminar shear 
properties were determined through ASTM D2344 
with specimen dimensions of 38.1 mm long × 12.7 
mm width × 6.6 mm thick containing only unidirec-
tional glass fiber. 

Bearing testing was performed according to 
ASTM D953; since the material is thick which pre-
sented difficulties testing with single or double shear 
fixtures. Pin-bearing specimens were 101.6 mm long 
× 101.6 mm wide × variable thickness with a hole 
diameter of 25.4+1.6 mm. Two pin diameters were 
used (i.e. 19.1 mm and 25.4 mm). These two bolt 
dimensions were selected since the research team 
had access to two different types of blind bolts with 
these dimensions. It is important to mention that 
blind bolt technology is intended to be used in sec-
ond-life applications since these wind blades are hol-
low and do not have easy access to the inside cavity. 
The two blind bolts used were; the RS BlindNut by 
RS (2021) and the BlindBolt technology by 

BlindBolt (2021). While for pull-through testing, 
ASTM D7332 was used with specimen’ dimensions 
of 139.7 mm long × 139.7 mm wide × variable 
thickness with a central hole diameter of 25.4+1.6 
mm. The blind bolts used were 24-mm BlindBolt 
and 19.1-mm RS BlindNut. Note that two different 
thickness ranges were used; a thin material ranging 
from 25.4-35.6 mm coming from the spar cap be-
tween 29-32 m from the root of GE37, and a thick 
material ranging from 40.6-55.9 mm coming from 
the spar cap in the root-transition region of GE37. 

For tensile, compressive, bearing, and pull-
through testing, a 250-kN 810 MTS testing machine 
using 69 MPa hydraulic grip pressure, while for 
shear testing, a 100-kN 810 MTS testing machine 
was used. A constant crosshead displacement of 1.27 
mm/min was used according to relevant ASTM 
standards. Epsilon Extensometer model 3542 with a 
gage length of 25.4 mm and Texas Measurements 
strain gages were used for strain measurements. A 
National Instruments NI cDAQ-9178 was used to 
acquire simultaneous load, displacement, and strain 
data. Note that longitudinal and transverse testing 
was performed for all tested properties except inter-
laminar shear properties for transverse specimens. 
Theses specimens do not satisfy the ASTM D2344 
requirement of at least 10% 0° layers in the span di-
rection. 

2.3 Results 

The results and number of specimens are summa-
rized in Table 1. The following notes are empha-
sized: 

• Number of specimens for longitudinal tension 
modulus is 52 (47 with extensometer and 5 
with strain gages). 

• Number of specimens for longitudinal tension 
strain at failure is 5 (for specimens with 
strain gages only). 

• Number of specimens for transverse tension 
modulus is 12 (for specimens with exten-
someter only). 

• Number of specimens for transverse tension 
strain at failure is 9 (for specimens with ex-
tensometer only). 

• Number of specimens for longitudinal com-
pression modulus and strain at failure is 5 
(for specimens with strain gages only). 

• Number of specimens for v-notch longitudi-
nal shear modulus is 3 (for specimens with 
strain gages only). 

• Unit of pull-through data is (kN). 
• For transverse compression, transverse v-

notch shear, longitudinal short-beam shear, 
bearing, and pull-through, no strain gages 
were used thus no modulus or strain at fail-
ure data were reported. 



• For longitudinal open-hole tension, exten-
someter readings were affected by the first 
crack and the deformation of the hole, thus 
no strain at failure data were reported. Also, 
modulus values have no meaning and thus 
were not reported. 

• For longitudinal v-notch shear, strain gages 
detached before complete failure and thus no 
strain at failure data were reported. 

• N stands for “Number of Specimens”. 
• L stands for “Longitudinal”. 
• T stands for “Transverse”. 

Figure 2 through Figure 8 show the specimens in 
the testing machine and their modes of failure for 
various tests. 
 
Table 1. Summary of results. 

Property N 
Strength 
(MPa) 

Modulus 
(GPa) 

Strain at 
Failure 
(%) 

Tension (L) 53 597±54.4 36.8±1.95 1.94±0.15 

Tension (T) 13 33.6±3.58 10.7±0.45 0.29±0.02 

Compression (L) 74 504±39.8 42.7±2.54 1.22±0.05 

Compression (T) 11 114±2.05 - - 
Open-Hole (L) 11 584±29.5 - - 
Open-Hole (T) 16 22.4±2.33 - 0.24±0.02 
V-Notch Shear (L) 26 60.8±2.26 4.57±0.12 - 
V-Notch Shear (T) 10 27.9±2.47 - - 
Short-Beam Shear (L) 14 55.0±3.57 - - 
Bearing – 19.1 mm pin (L) 10 302±17.4 - - 
Bearing – 19.1 mm pin (T) 10 212±9.50 - - 
Bearing – 25.4 mm pin (L) 10 296±32.2 - - 
Bearing – 25.4 mm pin (T) 10 246±10.3 - - 
Pull-though – Thin BB 10 65.6±6.50 - - 
Pull-though – Thick BB 10 84.5±2.62 - - 
Pull-though – Thin RS 10 130±6.48 - - 
Pull-though – Thick RS 10 132±5.90 - - 

 

 
a) 
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Figure 2. Tensile specimen in the testing machine; a) with ex-
tensometer before testing, and d) after testing. 
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Figure 3. Compressive specimen in the testing machine; a) be-
fore testing, and b) after testing. 
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Figure 4. Open-hole tensile specimen in the testing machine; a) 
with extensometer before testing, and b) after testing. 
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Figure 5. V-notch shear specimen; a) in the fixture before test-
ing, and b) after testing. 
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Figure 6. Short-beam shear specimen; a) in the fixture before 
testing, and b) after testing. 
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Figure 7. Pin-bearing specimen; a-b) in the fixture before test-
ing, c) specimen before testing, and d-e) after testing. 
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Figure 8. Pull-through specimen; a) in the testing fixture before 
testing, and b-d) after testing. 

3 DISCUSSION 

Table 2 shows a comparison between the obtained 
results and the data presented in the literature for fa-
tigued wind blades after Sayer et al. (2013) for a 100 
kW DEBRA-25 and after Ahmed et al. (2021) for a 
100 kW wind blade. According to Ahmed et al. 
(2021), the 100-kW wind blade was made from glass 
fiber with a fiber weight fraction in the range of 55-
60%, which is equivalent to a fiber volume fraction 
of 38-43%. While according to Sayer et al. (2013), 
the DEBRA-25 was made from glass fiber embed-
ded in epoxy resin, however, no mass or volume 
fraction was reported. Note that (L) stands for “Lon-
gitudinal” and (SBS) stands for “Short-beam shear”. 
The GE37 results provide promising strength and 
stiffness values for potential second-life applications 
by outperforming the data of 100 kW wind blades. It 
is important to mention that larger capacity fatigued 
wind blade testing (i.e. in the range of 1.0-2.0 MW) 
is not available in the literature, to the authors 
knowledge, and thus 100 kW wind blade’s data are 
presented for comparison purposes. Also, blades that 

have experienced a larger number of fatigue cycles 
(i.e. beyond 11 years) still need testing to make 
proper conclusions about strength and stiffness re-
tention. 
 
 
Table 2. Comparison of test results to data from the literature. 

Property 
Spar 
Cap of 
GE37 

Sayer 
et al. 
(2013) 

Ahmed 
et al. 
(2021) 

Tensile Strength - L (MPa) 597 477 350 

Compressive Strength - L (MPa) 504 447 225 

Shear Strength - SBS (MPa) 55.0 32.3 - 

Tensile Modulus - L (GPa) 36.8 26.7 15.6 

Compressive Modulus - L (GPa) 42.7 26.2 - 

4 CONCLUSIONS 

This paper presents results of tests of the GFRP ma-
terial spar cap of a 1.5 MW decommissioned GE37 
wind turbine blade for tensile, compressive, shear, 
bearing, and pull-through properties. The following 
conclusions can be drawn from the results: 

• Strength and stiffness properties of the GE37 
after 11 years in a wind farm provide values 
which outperform the data published previ-
ously on 100 kW fatigued wind blades. More 
testing with age and capacity is still needed 
to judge strength and stiffness retention lev-
els. 

• Data presented herein can be used for struc-
tural analysis and design, and pave the way 
toward reliability-based strength reduction 
factors for second-life applications of de-
commissioned wind turbine blades. 

• Bolts through the thick spar cap of a 1.5 MW 
GE37 wind blade for second-life applications 
can achieve full-capacity of the bolt itself 
when blind bolting techniques (i.e. RS 
BlindNut and BlindBolt) are employed. 
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