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Abstract: E-glass fiber-reinforced polymer (FRP) composite wind turbine blades are nonbiodegradable, and their end-of-life recycling
solutions are limited. Research on reusing and repurposing applications, where minimal amounts of refabrication are needed, is being
conducted to address this issue. To design new structures from decommissioned blades, their as-received mechanical and physical proper-
ties are needed. Even though some long-term property data for FRP composites exist in the literature, very little actual data for the as-
received residual properties of decommissioned blades have been reported. The current work is aimed at developing a methodology to
obtain as-received material property data for decommissioned wind turbine blades that are being proposed for use as second-life structural
components. In this paper, details of the methods used and the test results for the key physical and mechanical properties of glass FRP
material specimens extracted from the spar cap of a decommissioned 1.5-MW GE37 wind turbine blade are reported (the blade is from a
General Electric 1.5 MW turbine which is known as a GE37 blade), including burnout testing for constituents’weight and volume fractions
as well as fiber architecture and tension, compression, and shear testing in the longitudinal and transverse material directions. Comparisons
between test results of other investigators and the experimental data obtained show promising strength and stiffness retention levels of the
material for different properties. The results show that structural integrity still exists for the tested composite materials and no deterioration,
crack propagation, or delamination was observed in the materials due to the cyclic loading levels experienced in their first life. DOI:
10.1061/(ASCE)MT.1943-5533.0004410. © 2022 American Society of Civil Engineers.
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Introduction

Wind turbines are growing in size for onshore and offshore wind
power (IRENA 2019). This poses problems for disposal at the end
of their service life because the materials used in the blades (E-glass
fiber and small amounts of carbon fiber embedded in polyester,
vinyl ester, or epoxy resin) are nonbiodegradable (Veers et al.
2003; Brøndsted et al. 2005). Because the mass of a wind turbine
blade grows exponentially with its length, millions of tons of
composite materials will need to be disposed of after the blade

service life of 20–25 years (Veers et al. 2003; Liu and Barlow
2017; Bank et al. 2021). It is expected that onshore wind turbines
in the range of 0.75–2.6 MW will reach their end-of-life (EOL) in
the period 2020–2040 (IRENA 2019). This range of power gener-
ation will result in many blades currently in service being decom-
missioned and in need of sustainable second-life applications.

Even though a variety of methods have been proposed in the
literature for recycling and reusing wind blades, none of them are
commercially viable at this time. Recycling and reuse of fiber-
reinforced polymer (FRP) composites can be divided into three
main categories: microscopic-scale, aggregate-scale, and element-
scale. The microscopic scale is characterized by chemical and ther-
mal processing to extract the fiber and the matrix for recycling in
new products; however, a significant reduction in the properties of
the recycled glass fibers has been observed (the main constituent in
wind blades). Recycled carbon fibers are giving promising results
(Job 2013; Oliveux et al. 2015). The aggregate scale is aimed at
reusing mechanically reformed (e.g., ground or cut into small
pieces) composites as fillers or aggregates in new products; how-
ever, large costs and lower mechanical properties have been found
to limit these options (Beauson et al. 2014; Yazdanbakhsh and
Bank 2014). The element scale involves reusing small or large seg-
ments of the wind blades in new element-sized applications; this is
otherwise known as repurposing.

Repurposing is the most circular option in that it recycles the larg-
est percentage of the original product and material. It is also the most
cost-effective; because cutting, shredding, and grinding to reduce size
are much more expensive than cutting alone, which is all that is
needed for repurposing. Repurposing options including small-scale,
medium-scale, and large-scale applications have been presented by
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various authors, including Goodman (2010), Jensen and Skelton
(2018), Bank et al. (2018), Suhail et al. (2019), Alshannaq et al.
(2021a, b), André et al. (2020), Joustra et al. (2021), and Anmet/GP
Renewables (2021). The results presented in the literature regarding
strength and stiffness retention of FRP composites provide further
support for proposed end-of-life applications, where it is expected
that the previously used wind blade composite material will retain
80%–90% of its original properties (Nijssen 2006; Post et al. 2008;
Lian and Yao 2010).

Very little actual data for the as-received residual properties of
decommissioned blades have been reported (Sayer et al. 2013;
Ahmed et al. 2021). Certification documents suggest the use of test
specimens manufactured in a process sufficiently similar to the
wind blade’s manufacturing process for quality control testing
(DNVGL 2015, 2016). Little attention in the literature has been
focused on strength and stiffness retention of these composites after
several fatigue cycles in their first life.

This paper presents an extensive testing plan of wind turbine
blade composites and provides strength allowables for the materials
used in the spar cap (the primary load-carrying element of the
blade) of a decommissioned 1.5-MW GE37 wind turbine blade
used in the field for 11 years. The turbine was replaced by a larger
turbine before reaching its end-of-design-life for the purpose of
increasing power generation (a process known as repowering). Test
results for the as-received strength and stiffness properties of the
composite material from the blade in tension, compression, and
shear are reported. The difficulties in testing such thick composites
and decisions associated with handling, cutting, testing, and ana-
lyzing are emphasized.

Experimental Investigation

Materials

The 1.5-MW GE37 wind turbine blade has a length of 37 m and is
made of E-glass fiber embedded in an epoxy resin matrix. Cross
sections along the wind blade have three major subcomponents:
the shell (the skin, which defines the airfoil shape), the spar cap
(the primary load-carrying component, which can be envisioned as
flanges), and the webs (the supporting component against shear and
buckling) [Fig. 1(a)]. Due to the nature of the loads on the wind
blade, the spar cap is expected to have the largest fatigue levels and
degradation in strength and stiffness and thus is considered first for
as-received property testing.

For this testing program, several spar cap blocks were supplied
to the authors from a decommissioned wind turbine blade from a
wind farm in Langford, Texas [Fig. 1(b)]. The wind turbine blade
was removed from service after 11 years. The blocks were cut from
the root-transition region as highlighted in Fig. 1(a). This region
was selected for the current work to highlight the most complex
cutting process for the thickest part of the spar cap in the wind blade
where the thickness reaches 50 mm (the thickness can be even
greater for other types of wind blades). Also, large levels of stress
are expected at this region of the blade.

Specimens Preparation

Cutting of FRP composites has attracted a lot of attention in the
last few decades. Improper cutting techniques can create defects.
Additionally, a wind blade’s complex geometry necessitates more
attention, especially when dealing with coupon-sized samples.
Thus, cutting methods, locations, and shapes are highlighted here
to illustrate how to obtain representative samples of the original
wind blade components where edge damage needs to be minimized

to reflect the current state of strength and stiffness of the tested
material.

The cutting process of wind blade composites requires special
tools that will be listed here with their respective handling steps.
However, if simpler tools are used with experience, a similar degree
of uniformity in the cut samples can be obtained. The process is as
follows:
• Use of large mechanical saws to cut large parts of different com-

ponents (the large parts are in the range of 1–10 m long by the
needed width) from the wind turbine blade structure (which can
reach more than 100 m in length).

• Separate the web from the spar cap in the large parts (for the
current work, these were already separated and were supplied
in 2.5-m-long by 0.5-m-wide parts) and using a diamond-tipped
circular saw to cut these parts into blocks (here, each block was
cut 0.6–0.8 m long and 0.5 m wide).

• Remove any excess materials from the blocks that will prevent
the blocks from lying flat on the waterjet cutter. The excess
materials (the bonding material between the spar cap and the
web) are removed using an electric planer.

• Affix the processed block to a waterjet to cut smaller FRP strips
for use in tension, compression, and shear sampling. If needed,
the block can be cut into two pieces (left and right from the
middle of the spar cap) for proper handling and laying on the
waterjet.

• Cut the strips into smaller pieces (coupons) for final testing. In
some cases, the specimen (coupon) shape is prepared using a
band saw, a table saw, or the waterjet for minimal edge damage.
These steps are shown in Fig. 1.
After cutting the wind blade strips, the process continues to cut

smaller coupons for tension, compression, and shear testing accord-
ing to relevant ASTM standards. Each test coupon has its own
shape and dimensions and needs proper handling to avoid exces-
sive damage to the coupons.

Burnout Testing

Small rectangular specimens with dimensions given in Table 1 were
cut. ASTM standards D2584 (ASTM 2018a) and D3171 (ASTM
2015b) were followed to burn the specimens and determine the
mass fractions, volume fractions, and stacking sequences.

The procedure for determining the stacking sequence is com-
pleted by destacking the fiber layers of the specimen after the resin
has burned away. Attention should be paid toward the orientation of
the specimen relative to its original orientation in the wind blade;
for the current work, the specimens for burnout were chosen to be
rectangular with the longer direction aligned with the longitudinal
direction of the wind blade. At least three specimens were tested at
each location on the spar cap block.

Tension Testing

For tension testing, ASTM D3039 (ASTM 2017c) specifies the
shape to be rectangular. The specimens’ dimensions are given in
Table 1. These dimensions were used for both longitudinal (along
the wind blade reference axis) and transverse specimens (transverse
to the reference axis). The width of the specimen was variable due
to the nature of the cut specimens (i.e., the total thickness of the
spar cap material in the longitudinal direction is the width of the
specimen) [Fig. 1(a)]. This is justified by the fact that the spar cap
material consists primarily of unidirectional layers with very thin
outside �45° layers (which will be discussed subsequently),
and therefore a transversely isotropic material can be assumed. This
cutting method is preferable to attempting to cut the coupons
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horizontally from the curved spar cap. These specimens were tested
to determine the tensile strength and elastic modulus of the wind
blade composites. The modulus values were calculated in a strain
range of 1,000–3,000 με. A total of 53 specimens were tested in the

longitudinal direction, and 13 specimens were tested in the trans-
verse direction. Additionally, 52 specimens in the longitudinal
direction and 12 specimens in the transverse direction were used
to calculate the elastic modulus.

Fig. 1. Cutting of wind blade spar cap samples: (a) location of the cut with a cross section of a single-web wind blade type; (b) large cut parts from the
spar cap; (c) initial cutting of a spar cap part into blocks using circular saw; (d) removing the bonding material using electric planer; (e) affixing the
block in the waterjet to be cut in two halves (called left and right halves); (f) left and right cutting of the block; and (g) strips cut for mechanical testing.

Table 1. Dimensions of tested specimens

Test type Dimensions (mm)

Burnout 25.4 × 50.8 mm with the longitudinal direction aligned with the length of the rectangle (to make a
reference for fiber direction)

Tension 355.6 mm long × variable width × 6.6 mm thick with gauge length of 203.2 mm
Compression 190.5 mm long × variable width × 6.6 mm thick with gauge length of 38.1 mm
Open-hole tension 304.8 mm long × 38.1 mm width × 6.6 mm thick with gauge length of 152.4 mm
V-notch shear 76.2 mm long × 11.4 mm width measured in the notch region × 6.6 mm thick. The width of the

specimen is 19.1 mm for the regions outside the v-notch
Short-beam shear 38.1 mm long × 12.7 mm width × 6.6 mm thick

Note: Some of the specimens have variable width because the width of the specimen is the total thickness of the spar cap material.
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Compression Testing

For compression testing, different ASTM standards exist, namely
D695 (ASTM 2015a), D3410 (ASTM 2016b), and D6641 (ASTM
2016a). ASTMD695 is based on the concept of end bearing (i.e., ap-
plication of the load through bearing of the specimens’ ends on the
testing machine platens). ASTM D3410 is based on shear loading
(i.e., applying an adequate gripping pressure with rough-surfaced
grips, which will transfer longitudinal shear forces to crush the speci-
men longitudinally in compression). ASTM D6641 is a combined
case in which the load is applied through both shear and end bearing
on the specimen. Much debate can be found in the literature regard-
ing the best method for testing of thick FRP samples in compression
(Camponeschi 1991; Hsiao et al. 1995; Xie and Adams 1996; Daniel
and Hsiao 1999). However, after some preliminary testing and a re-
view of the pros and cons of these different methods, ASTM D3410
was chosen for the current testing–especially because these speci-
mens were cut to the required thickness by a waterjet. However,
if thicker specimens are to be tested, it is suggested to follow ASTM
D6641 to distribute the applied load between shear and end bearing
and suppress premature failure of the specimen’s ends.

The specimens were rectangular with dimensions in accordance
with ASTMD3410, as given in Table 1. These dimensions were used
for both longitudinal and transverse specimens. The specimens were
tested to determine both the compressive strength and elastic modu-
lus of the material. The modulus values were calculated in a strain
range of 1,000–3,000 με. A total of 73 specimens were tested in the
longitudinal direction, and 11 specimens were tested in the trans-
verse direction; five specimens in the longitudinal direction were
used to calculate the elastic modulus.

Open-Hole Tension Testing

Open-hole testing is essential in characterizing the behavior of
wind blade composites when the second-life applications involve
drilling holes and connecting to the spar cap with bolts because
these materials were not originally intended for proposed applica-
tions where bolting is necessary to connect various components
(e.g., crossarms and davits in a power pole application). For
open-hole tension tests, ASTM D5766 (ASTM 2018b) was used.
The recommended specimens had a rectangular shape with dimen-
sions as detailed in Table 1. These dimensions were used for both
longitudinal and transverse specimens. However, the diameter of
the notch (i.e., hole) was fixed at 6.35 mm for the longitudinal spec-
imens, leaving a fixed width-to-diameter ratio of 6 and a diameter-
to-thickness ratio of 0.96.

For the transverse specimens, the diameter of the notch was var-
iable at 6.35, 4.76, and 3.97 mm, leaving width-to-diameter ratios
of 6, 8, and 9.6, respectively, and diameter-to-thickness ratios of
0.96, 0.72, and 0.6, respectively. This was done to investigate
the effect of these ratios on the ultimate strength of notched trans-
verse specimens. The width of the specimen was fixed at 38.1 mm
following ASTM D5766. Thus, the full thickness of the spar cap
was processed (removing excess layers) to reach this width, which
involved removing the �45° layers and some of the 0° layers, leav-
ing a notched unidirectional specimen only. Only strength values
were measured for open-hole specimens. A total of 11 specimens
were tested in the longitudinal direction, and 16 specimens were
tested in the transverse direction.

V-Notch Shear Testing

For v-notch shear testing, ASTM D5379 (ASTM 2019) was used.
Specimens had dimensions as listed in Table 1, which were used for
both longitudinal and transverse specimens. The nature of the

cutting plan (using a waterjet) with the required dimensions resulted
in specimens that contained unidirectional (0°) layers only. Also, the
cutting plan resulted in unidirectional specimens that are described in
D5379 as being taken from the 1–3 plane; thus the measurements are
based on properties in the 1–3 direction rather than the 1–2 direction,
which is more typical of thin composites. However, because the cou-
pons were cut form the interior unidirectional portion of the spar cap,
the material is considered to be transversely isotropic and the proper-
ties in the 1–2 and in the 1–3 directions are the same and are the in-
plane shear properties [Fig. 1(a) shows the 1, 2, and 3 directions].

Both strength and elastic modulus were measured for v-notch
specimens. The shear strength was calculated from ultimate (peak)
load over the cross-sectional area. The modulus values were calcu-
lated as the slope in a strain range of 2,500 − 6,500 με as per
ASTM D5379. A total of 26 specimens were tested in the longi-
tudinal direction, and 10 specimens were tested in the transverse
direction; three specimens in the longitudinal direction were used
to calculate the elastic modulus.

Short-Beam Shear Testing

Short-beam shear testing was completed according to ASTM
D2344 (ASTM 2016c). The specimens had rectangular shapes with
dimensions as detailed in Table 1. These dimensions satisfy the re-
quirements of D2344 for a length-to-thickness ratio of 6 and a
width-to-thickness ratio of 2. These dimensions were used for lon-
gitudinal specimens. Only strength values are measured for short-
beam shear specimens. A total of 14 specimens were tested in the
longitudinal direction.

Experimental Setup and Instrumentation

Burnout Testing

ASTM D2584 directs the use of a Bunsen flame or an electric muf-
fle furnace at 565°C� 28°C to ignite the resins in the specimens,
whereas ASTM D3171 recommends different resin digestion meth-
ods to remove the resin from the specimen and determine the mass
and volume fractions (in this instance, procedure G was used to
burn the specimen in a muffle furnace). Volume fractions were ob-
tained from mass fractions using densities for the fiber reinforce-
ment ρr ¼ 2.60 g=cm3 and the resin matrix ρm ¼ 1.19 g=cm3 with
the assumption that zero void content was present in the material
because these composites were manufactured with the vacuum-
assisted resin transfer molding (VARTM) process, which results
in minimal void contents.

Tension and Compression Testing

Tests were completed using a 245-kN MTS 810 (MTS Systems,
Eden Prairie, Minnesota) testing machine with grips powered by
69-MPa hydraulic grip pressure. A constant crosshead displace-
ment of 1.27 mm=min was used as specified by relevant ASTM
standards. Tabbing was unnecessary due to the use of serrated grip
wedges, which were sufficient to grip the specimens with superfi-
cial damage only. An Epsilon Extensometer model 3542 (Epsilon
Technology, Jackson, Wyoming) with a gauge length of 25.4 mm
was used for specimens with strain measurements on one face only,
and Texas Measurements strain gauges (FLAB-5-11-5LJCT-F,
College Station, Texas) with a resistance of 120 Ω were used for
bending level checks (strain gauges on both faces) and on compres-
sive specimens (short gauge length). The adhesive material used was
J-BWeld instant-setting two-part epoxy (J-BWeld, Sulphur Springs,
Texas) with a setting time of 1 min. A National Instruments NI
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cDAQ-9178 (Austin, Texas) data acquisition system was used with a
LabVIEW version 2018 program to help acquire simultaneous strain
and load data for specimens with strain gauges. For other specimens,
the data acquisition system integrated with the MTS testing machine
was used (specimens with no strain gauges).

Gripping pressure in the range 27.6–34.5 MPawas used for lon-
gitudinal specimens because these maintain proper integrity of the
specimen while mitigating slippage and premature failure of the
specimen. However, for transverse specimens, a gripping pressure
of 10.3 MPa was used because transverse specimens were exces-
sively damaged by high gripping pressures.

Shear Testing

The two types of shear tests were performed using a 98-kN MTS
810 testing machine. A constant crosshead displacement of
1.27 mm=min was used as specified by relevant ASTM standards.
Texas Measurements three-rossette strain gauges (FRAB-2-11-
5LJBT-F, Texas Measurements, College Station, Texas) with a resis-
tance of 120 Ω were used for strain measurements of v-notched
specimens (for shear modulus calculations). The adhesive material
used for bonding strain gauges and the data acquisition systems
are the same as those mentioned for tension and compression testing.

Experimental Results

Burnout Tests

To physically characterize the spar cap material of the 1.5-MWGE37
wind blade, the variation in volume fractions at different locations
was determined because these materials have different stacking se-
quences and different thicknesses at different locations. The spar
cap local coordinates are shown in Fig. 2(a) in which the x-axis is
coincident with the spar cap width and the y-axis is along the refer-
ence (longitudinal) axis of the wind blade. The spar cap was divided
into six different locations for burnout specimens as shown in
Fig. 2(b). Here, P1=B1=1 means Part 1, Block 1, Location 1.

Table 2 presents the results from the burnout testing. Mass and
volume fractions were determined based on procedures and equa-
tions presented in ASTM D2584 and D3171. There were no sig-
nificant changes in the fiber volume fractions across the spar cap
block shown in Fig. 2. However, slightly larger values are expected
in the central region where the largest thickness of the mostly uni-
directional laminate exists, as indicated in Table 2.

Fig. 3(a) shows the destacked P1=B1=1ð3Þ and P1=B1=1ð4Þ sam-
ples as an example (where the numbers 3 and 4 are the repetitions for
the burnout samples). All the tested specimens from the spar cap
(from the 1.5-MW GE37 at the root-transition region) had the same
stacking sequence of ½ð�45Þ2=Mat=0n=ð�45Þ2�, where n represents
the number of unidirectional layers [Fig. 3(b)]. The mat layer ob-
served in Fig. 3(a) on the inside (bottom) of the spar cap is only
visible for some samples where extra strengthening was required
at the shell–spar cap connection and was not considered a fixed layer
in the stacking sequence. The major variability in properties of the
GE37 spar cap material along the wind blade’s reference axis comes
from the tapering in the longitudinal (0°) layers. No changes in the
outside multidirectional layers along the same line in the longitudinal
direction of the wind blade were observed except near the tip, where
the thicknesses of different parts were reduced. This was also con-
firmed at other stations along the wind blade (other than the root-
transition region) by visual inspection of the cross sections.

It is expected for the spar cap composites of recently manu-
factured wind turbine blades to have relatively large fiber volume
fractions because these blades were designed for relatively large

loads and large fatigue levels and were produced using high-quality
VARTM (Brøndsted et al. 2005). The results obtained herein
(i.e., Vf ¼ 50%) are comparable to those for the materials tested
by Samborsky et al. (2012) (i.e., Vf ¼ 58%) with a relatively sim-
ilar stacking sequence (i.e., the current stacking sequence is
½ð�45Þ2=Mat=0n=ð�45Þ2� which is mostly unidirectional (n ¼ 97
layers if the assumed thickness of 0° layer is 0.4572 mm), whereas
Samborsky et al. (2012) tested thick unidirectional specimens with
a stacking sequence of ½080�).

Summary of All Test Results

Table 3 summarizes the results for various tests conducted in the
current study. Some modulus and strain at failure data are not
reported because no strain gauging was used.

Tension Tests

Longitudinal Tension
All the tested specimens were equipped with an extensometer on one
side. However, five specimens were equipped with strain gauges on
both sides as recommended per ASTM D3039. Fig. 4(a) shows a
specimen with the installed strain gauges in the testing machine.
The strain gauges were applied for two purposes; to check the
alignment of the grips (avoiding excessive bending on the tested
specimen) and to measure the longitudinal tensile modulus of the
composite material (also as a double check on the extensometer

Fig. 2. Spar cap block with (a) defined local coordinates; and
(b) locations of burnout specimens.
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strain measurement). The limit of bending of the specimen was set
to a range of 3% to 5% at moderate strain levels (>1,000 με) ac-
cording to ASTM D3039. The stress–strain curve of one of the
tested five specimens is shown in Fig. 4(b). As can be seen, small
amounts of bending exist (reaching 4.7% at failure), satisfying the
requirements of ASTM D3039. Fig. 4(c) shows the mode of fail-
ure of the tested specimen. Failure is characterized by a tensile
crack in the �45° layers with multiple longitudinal cracks in the
0° layers. Table 3 summarizes the results of the longitudinal ten-
sion tests.

Transverse Tension
The same procedure was used for transverse tension specimens;
however, only the extensometer was used. The specimens had some
degree of curvature because the spar cap has inherent curvature in
the transverse direction. Fig. 5(a) shows the mode of failure of one
of the tested specimens, and Fig. 5(b) shows the stress–strain dia-
gram of the specimen. As can be seen from Fig. 5(a), a transverse
crack occurred in the gauge length perpendicular to the applied load

[the thin line in Fig. 5(a)]. Table 3 summarizes the results of the
transverse tension tests.

Compression Tests

Longitudinal Compression
Fig. 6(a) shows a specimen with installed strain gauges on both
faces in the testing machine. The limit of bending of the specimen
was set to a maximum of 10% up to failure according to ASTM
D3410, which recommends a minimum of five specimens to be
tested. The stress–strain curve of one of the tested five specimens
is shown in Fig. 6(b). As can be seen, small amounts of bending
existed (reaching 1.6% at failure), which conforms to the require-
ments of the ASTM D3410 standard. Small sudden changes in the
strain values occurred at ultimate load due to the failure of the
specimen. No sudden divergence in strain readings was observed,
implying that no global buckling occurred. The mode of failure is
shown in Fig. 6(c), which was characterized by inclined cracks ini-
tiated at the grip end (due to stress concentrations) and extended
through the gauge length. Fig. 6(d) shows the stress–strain curves
for all five tested specimens with strain gauges. Table 3 summarizes
the longitudinal compression results.

Transverse Compression
The same procedure was used for transverse compression speci-
mens; however, no strain gauging was used. Fig. 7(a) shows the
mode of failure of one of the tested specimens, and Fig. 7(b) shows
the stress–strain diagram of the specimen. The mode of failure was
characterized by an inclined crack driven by shear failure of the
resin matrix. This specific mode of failure was also observed by
Samborsky et al. (2012) for transverse compression testing of uni-
directional specimens and is believed to be due to the pure com-
pression stress state in the specimen, which is transformed into
shear stress at 45°, failing the matrix in shear before reaching its
compressive strength. Table 3 summarizes the results of transverse
compression results.

Open-Hole Tension Tests

Longitudinal Open-Hole Tension
Fig. 8(a) shows the longitudinal open-hole specimen with the
extensometer for strain measurements in the testing machine,
and Fig. 8(b) shows the stress–strain curve. The extensometer read-
ing was affected by the first crack and the deformation of the hole.
Thus, the extensometer reading was eliminated from the stress–
strain curve, and no strain data at failure were obtained thereafter.
The mode of failure is shown in Fig. 8(c).

As can be seen, the mode of failure of unidirectional notched
composites in the longitudinal direction included cracks along
the load direction with large deformations of the notch (changing
from circular to oval shape). Table 3 summarizes the results of
longitudinal open-hole tension tests.

Table 2. Mass and volume fractions of the spar cap for P1=B1 samples

Specimen number Mm [COV (%)] Mr [COV (%)] Vm [COV (%)] Vr [COV (%)]

P1=B1=1 0.32(0.52) 0.68(0.24) 0.51(0.37) 0.49(0.38)
P1=B1=2 0.31(0.69) 0.69(0.31) 0.50(0.50) 0.50(0.50)
P1=B1=3 0.33(1.97) 0.67(0.96) 0.52(1.42) 0.48(1.51)
P1=B1=4 0.32(0.12) 0.68(0.06) 0.51(0.09) 0.49(0.09)
P1=B1=5 0.31(0.79) 0.69(0.36) 0.50(0.57) 0.50(0.57)
P1=B1=6 0.33(4.18) 0.67(2.03) 0.51(3.00) 0.49(3.17)

Note: COV = coefficient of variation; ρm = density of epoxy resin matrix = 1.19 g=cm3; and ρr = density of glass fiber = 2.60 g=cm3.

Fig. 3. (a) Stacking sequence of Specimens P1=B1=1ð3Þ and
P1=B1=1ð4Þ, with the top to bottom of spar cap from left to right;
and (b) thicknesses of layers in a representative specimen having a
½ð�45Þ2=Mat=0n=ð�45Þ2� stacking sequence.
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Transverse Open-Hole Tension
Fig. 9(a) shows the transverse open-hole specimen with extensom-
eter in the testing machine, and Fig. 9(b) shows the stress–strain
curve. The mode of failure is shown in Fig. 9(c). As can be seen,
the mode of failure of unidirectional notched composites in the
transverse direction included a crack across the notch perpendicular

to the load direction. Table 3 summarizes the results of transverse
open-hole tension tests.

Figs. 10(a and b) show the change in the transverse tensile
strength with varying width-to-diameter (w=D) ratios and diam-
eter-to-thickness (D=h) ratios, respectively. The error bars re-
present ±1 standard deviation. As can be seen, there were no

Table 3. Review of experimental results

Property N

Strength Modulus Strain at failure

Mean (MPa) COV (%) Mean (GPa) COV (%) Mean (%) COV (%)

Longitudinal tension 53 597 9.1 36.8a 5.3a 1.94b 7.8b

Transverse tension 13 33.6 11 10.7c 4.2c 0.29d 6.6d

Longitudinal compression 74 504 7.9 42.7e 6.0e 1.22e 3.8e

Transverse compression 11 114 1.8 — — — —
Longitudinal open-hole tension 11 584 5.1 — — — —
Transverse open-hole tension 16 22.4 10 — — 0.24 9.0
Longitudinal shear (v-notch) 26 60.8 3.7 4.57f 2.7f — —
Transverse shear (v-notch) 10 27.9 8.9 — — — —
Longitudinal short-beam shear 14 55.0 6.5 — — — —

Note: For transverse compression, transverse v-notch shear, and longitudinal short-beam shear, no strain gauges were used, and thus no modulus or strain at
failure data were reported. For longitudinal open-hole tension, extensometer readings were affected by the first crack and the deformation of the hole, and 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 gauges
detached before complete failure and thus no strain at failure data were reported; N = number of specimens; and COV = coefficient of variation.
aNumber of specimens is 52 (47 with extensometer and 5 with strain gauges).
bNumber of specimens is five (for specimens with strain gauges only).
cNumber of specimens is 12.
dNumber of specimens is 9.
eNumber of specimens is five (for specimens with strain gauges only).
fNumber of specimens is three (for specimens with strain gauges only).
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significant effects of width-to-diameter ratios and diameter-to-
thickness ratios on the transverse tensile strength. It is important
to mention that ASTM D5766 recommends the use of the gross
cross-sectional area of the specimen for stress calculations of
open-hole specimens (i.e., disregarding the hole) and thus these
charts were constructed based on this recommendation. However,
when net area was used, the same observation was confirmed
(i.e., no significant effects).

V-Notch Shear Tests

Longitudinal V-Notch Shear
According to ASTMD5379, to determine the in-plane shear modu-
lus of FRP composites, shear strain rosettes need to be installed on

the specimen. Fig. 11(a) shows a specimen with an installed shear
strain rosette, and Fig. 11(b) shows the mode of failure of the speci-
men. The mode of failure was characterized by two horizontal
cracks at the notch and waving of the 0° layers in the gauge region,
abbreviated as the HGN mode in ASTM D5379. The strain gauge
was applied to measure the in-plane shear modulus of the spar cap
composite. It was assumed that strain gauges on both sides of the
specimens were not needed due to expected low levels of twist
(ASTM D5379 requires checking twisting levels) because the spec-
imens were cut using a waterjet, which creates specimens with
higher quality cutting compared with manual cutting.

The stress–strain curve of one of the tested specimens is shown
in Fig. 11(c). As can be seen, nonlinear behavior was observed
in the stress–strain curve, as expected for shear properties of
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composite materials (El-Hajjar and Haj-Ali 2004). The strain gauge
detached from the specimen before complete failure, and thus the
figure does not show the full stress–strain curve; however, the data
collected were sufficient for modulus calculations, and no strain at

failure was measured for any of the specimens tested with strain
gauges.

The load-displacement curve of the tested specimen is shown in
Fig. 11(d). As can be seen, the first two drops in the load were
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Fig. 8. (a) Specimen in the testing machine; (b) tensile stress–strain diagram; and (c) mode of failure of a representative longitudinal open-hole
tension specimen.
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linked to the formation of the two horizontal cracks at the notch.
Table 3 summarizes the results of the longitudinal v-notch shear
tests.

Transverse V-Notch Shear
Fig. 12(a) shows a representative mode of failure, and Fig. 12(b)
shows a representative load-displacement diagram of the specimens
tested for transverse v-notch shear properties. As can be seen, fail-
ure occurred in a sudden drop at ultimate load due to the formation
of cracks shown in Fig. 12(a). These cracks are inclined at 45°
angles resulting from the state of pure shear, which in turn results
in tensile and compressive stresses along the inclined planes,
causing eventual failure of the material. Even though this specific
mode of failure was not reported in ASTM D5379, the basic me-
chanics of materials analysis (provided previously) demonstrates
that this mode of failure can be considered acceptable. All the tested

transverse specimens had this type of failure. Table 3 summarizes
the results of the transverse v-notch shear tests.

Longitudinal Short-Beam Shear Tests

Fig. 13(a) shows the specimen in the short-beam shear fixture, and
Fig. 13(b) shows the mode of failure of the specimen. This mode of
failure was characterized by two interlaminar shear cracks at mid-
height of the specimen at the supports where the shear forces were
the largest. All the tested longitudinal specimens had this type of
failure. Excessive failure underneath the point load was observed;
however, the fixture used was based on recommendations from
ASTM D2344 for short-beam shear.

Fig. 13(c) shows a representative load-deflection curve for lon-
gitudinal short-beam shear. As can be seen, the load-deflection
curve continued until the displacement reached 6.6 mm, which
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is the specimen’s thickness. This is one of the limits that ASTM
D2344 specifies to end the test if no drop of 30% in the load is
observed. However, in the discussion section of D2344, it empha-
sized that when the interlaminar shear failure occurs, this is the
point to be used for strength calculations (i.e., if interlaminar shear
failure is not observed, the results do not represent short-beam
shear interlaminar properties), and thus the first drop in the curve
[highlighted in Fig. 13(c)] was used for short-beam interlaminar
shear strength calculations. Table 3 summarizes the results of
the longitudinal short-beam shear tests.

Characteristic Values of As-Received Mechanical
Properties for Second-Life Analysis and Design

ASTM D7290 (ASTM 2017a) provides a procedure to determine
characteristic values of FRP composites for civil engineering struc-
tural applications. The characteristic value is a statistically based
material property representing the 80% lower confidence bound
on the 5th-percentile value of a specified population; this value ac-
counts for statistical uncertainty for a finite sample size. The char-
acteristic value is intended to determine the materials structural
resistance values (i.e., strength allowable) in the design stage. Also,
it establishes bases for qualification and acceptance criteria. ASTM
D7290 is based on a two-parameter Weibull probability distribution
function (Zureick et al. 2006). In some design codes, the character-
istic value is taken as mean minus three standard deviations; for
example, this is used for FRP bars as concrete reinforcement ac-
cording to ASTM D7957 (ASTM 2017b). However, the D7290
is considered more statistically valid given its consideration of
sample size. The statistical uncertainty originating from the small

sample size (a minimum of 10 tests) is accounted for by introducing
a data confidence factor.

Table 4 compares the characteristic values obtained from ASTM
D7290 with two and three standard deviations from the mean. The
characteristic values obtained from ASTM D7290 when compared
with the two and three standard deviations from the mean fell
mostly between the two values (closer to the lower limit) and in
some cases below the lower limit. This gives a reasonable confi-
dence level from the typically used three standard deviations from
the mean of the normally distributed data. These characteristic val-
ues (obtained at the root-transition region of a 1.5-MWGE37) com-
bined with values obtained at other stations along the wind blade
and results from large-scale structural testing (future work by the
authors) will form the basis for reliability-based design of structural
reuse applications, where reliability indices (β) will be obtained for
various limit states and expected failure modes. It is important to
mention that the ASCE standard for design of composite structures
instructs to use characteristic values for both strength and stiffness
in the design process, which will be in future work (ASCE,
forthcoming).

Fatigue in Wind Blade Composites

State of As-Received Mechanical Properties of GE37
Material

Table 5 compares the state of the as-received properties of GE37
with data obtained from (1) Sayer et al. (2013) for a 100-kW
DEBRA-25 wind blade with a total length of 11.6 m and an 18-year
fatigue life with samples taken between 2.0 and 2.4 m from the root,
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and (2) Ahmed et al. (2021) for a 100-kW wind blade with a total
length of 9.8 m and age of 20 years (i.e., 14 years in service and
6 years left out of service) with samples taken between 1.6 and
4.6 m from the root. DEBRA-25 was developed in the 1980s by the
German Aerospace Research Establishment (DFVLR) with layups
ranging between 10 and18 unidirectional layers (0°), 4 and 5 of
�45° layers, and 2 of 0°=90° layers; no specific layup or fiber mass
or volume fractions have been reported by Sayer et al. (2013). For the
100-kW wind blade tested by Ahmed et al. (2021), the fiber mass
fraction was in the range of 55%–60%, which is equivalent to 38%–
43% fiber volume fraction and layups of ½�45=ð0=90Þ3=� 45=
Mat�, ½�45=ð0=90Þ3=ð�45Þ2=Mat�, and ½�45=ð0=90Þ6=ð�45Þ2=
Mat� at 6.6, 4.6, and 1.6 m from the root, respectively.

It can be observed from Table 5 that the results of GE37 provide
a promising retention of mechanical properties after the first life of
the wind blade. It is important to mention that the GE37 is from
newer generation of wind blades that have better production proc-
esses compared with those tested by Sayer et al. (2013) and Ahmed
et al. (2021) and thus was expected to show better retention of
mechanical properties. Table 5 is intended for comparison purposes
of the trends expected in fatigued wind blade composites even
though these are not for the same power generation level as the
GE37 material tested. Other data obtained from the literature
(e.g., after Samborsky et al. 2012) were on witness panels which
might have not included the influence of manufacturing effects
(e.g., ply drops, fiber misalignment, and dry areas) and thus were
not compared herein. For example these manufacturing effects are
required to be introduced into the test specimens by the certification
document DNVGL (2015). Testing composites of the same wind
blade tested here (i.e., 1.5-MW GE37) at zero-year life would
give a more comprehensive understanding of strength and stiffness
retention levels. However, this may not be possible.

It is important to mention that the designs of glass-FRP
composite structures are deflection-controlled and that stiffness re-
tention is perhaps more important than strength retention for such
designs (Bank 2006; Ascione et al. 2016; ASCE, forthcoming).

Residual Property Data

To get a better idea of the current state of decommissioned wind
turbine blades, the experimental results need to be compared with
residual strength values after fatigue cycles (i.e., static tests after
fatigue). Mandell et al. (2002) and Wahl et al. (2002) presented
trends in residual tensile strength after fatigue for R ¼ 0.1 and R ¼
0.5 stress ratios. They found that at least 50% was retained after
200,000 cycles. Their data were for a laminate with a stacking se-
quence of ½90=0=� 45=0�S, whereas the current program is for a
laminate with a stacking sequence of ½ð�45Þ2=Mat=0n=ð�45Þ2�.
Residual properties testing with the same stacking sequence is
scarce in the literature; thus, these results are intended for compari-
son purposes.

However, Post et al. (2008), Lian and Yao (2010), and Ferdous
et al. (2020) emphasized in their analytical, numerical, and exper-
imental studies that only 10%–20% reduction in strength and stiff-
ness values occurred for E-glass FRP composites that gradually
degraded over the life span with a sudden drop only at the ultimate
stage (i.e., the full capacity of the laminate). However, second-life
applications do not necessarily require a detailed prior knowledge
of the original state of the wind blade or of its in-service loading
history for analysis and design purposes but rather a thorough char-
acterization of the obtained as-received properties (Table 3) and
their characteristic values (Table 4).

Conclusions

This paper presented an extensive experimental program for testing
composites of a decommissioned wind turbine blade for possible
second-life applications. The following findings are emphasized:
• ASTM standards widely used with composites are intended for

flat and thin composite specimens; however, the current work
deals with thick and curved spar cap specimens. The handling,
cutting, and testing procedures were detailed for these complex
specimens.

• Promising retention of tensile, compressive, and shear strength
and stiffness properties were obtained for these composites
when compared with as-received properties of older-generation
wind blades.

• Many structural designs of glass FRP composites (e.g., second-
life applications proposed for these wind blade materials) are

Table 4. Comparison of the two and three standard deviations from the mean with the characteristic values of the tested materials

Property μ − 2σ (MPa) μ − 3σ (MPa) xchar (MPa) Status of xchar relative to μ − 2σ and μ − 3σ

Longitudinal tensile strength 488 434 483 Between
Longitudinal tensile modulus 32.9 × 103 30.9 × 103 31.5 × 103 Between
Longitudinal open-hole tensile strength 525 496 511 Between
Transverse tensile strength 29.3 27.7 27.6 Lower
Transverse tensile modulus 9.78 × 103 9.33 × 103 9.51 × 103 Between
Transverse open-hole tensile strength 17.7 15.4 16.3 Between
Longitudinal compressive strength 425 385 427 Upper
Transverse compressive strength 110 108 104 Lower
Longitudinal shear strength (v-notch) 56.2 54.0 54.0 Lower bound
Transverse shear strength (v-notch) 22.9 20.5 20.5 Lower bound
Longitudinal shear strength (SBS) 47.8 44.3 43.2 Lower

Note: μ = sample mean; σ = sample standard deviation; and xchar = sample characteristic value.

Table 5. Comparison of as-received mechanical properties of GE37 with
data in the literature

Property
Spar cap
of GE37

Sayer et al.
(2013)a

Ahmed et al.
(2021)b

Longitudinal tensile strength (MPa) 597 477 350
Longitudinal compressive
strength (MPa)

504 447 225

Short-beam shear strength (MPa) 55.0 32.3 —
Longitudinal tensile modulus (GPa) 36.8 26.7 15.6
Longitudinal compressive
modulus (GPa)

42.7 26.2 —

aData from Sayer et al. (2013).
bData from Ahmed et al. (2021).
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controlled by serviceability limit states, and the stiffness reten-
tion levels observed here are perhaps more important than
strength retention for such designs.

• Statistical analysis of the experimental data provides the confi-
dence level in the material properties when ASTM D7290 is
followed. The obtained characteristic values are comparable
to the common practice of using three-standard deviations from
the mean as a measure of nominal material properties.

• The strength and stiffness retentions were obtained for compo-
sites from spar cap specimens, where relatively large fatigue lev-
els exist (the spar cap is the primary structural component of the
wind blade) and showed promising capability. However, shell
and web sandwich materials still need to be addressed in future
work for various limit states of sandwich structures.

• The characteristic values obtained in this work for the 1.5-MW
GE37 composite wind blade at the root-transition region, com-
bined with future work of obtaining properties for other stations
along the wind blade and results from large-scale structural test-
ing, will form the basis for reliability-based design of the pro-
posed second-life applications. Reliability indices (β) will be
obtained for various limit states and failure modes.
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