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ARTICLE INFO ABSTRACT

A wind turbine blade shell made of glass fiber reinforced polymer (GFRP) composite materials was mechanically
processed into slender elements referred to as “Needles”. The Needles were used to replace 5% and 10% of the
GFRP coarse aggregate, by volume, in concrete mixtures that were tested to investigate a number of important
Needles properties of fresh and hardened concrete. It was found that the Needles did not affect the stability and work-
S\Zi}zidtibine blade ability of fresh concrete negatively. Although the incorporation of the Needles did not have a notable effect on

compressive, tensile, and flexural strength of concrete, it resulted in a significant increase in energy absorption
capacity (toughness) from 1.2 J in control specimens up to 33.3 J in those with 10% Needle replacement. A
polymer burn-off test revealed that, due to the directions in which the shell was cut, in most of the Needles glass
fibers were perpendicular to the Needle axis, and therefore to the tensile stress carried by the Needles. Although
the Needles with transversely-aligned fibers improve the mechanical performance of concrete, if the cutting
directions of wind blades can be optimized so that in the majority of the Needles the fibers are primarily aligned
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longitudinally, improvements are expected to be more significant.

1. Introduction
1.1. Motivation

The use of wind energy has been increasing globally with an ac-
celerating rate. Since 1999 the production of wind power has grown 30
times and the annual installation of new wind turbines has grown 10
times greater in the United States, which is currently the 2nd largest
producer of wind power after China (Hunt et al., 2016). The rapid
growth of the wind energy industry in the last 15 years has led to a
commensurate rapid growth in the amount of wind blade waste that
will need to be disposed of in the near future.

The components of modern wind turbine blades are mostly made of
glass fiber reinforced polymer (GFRP) composite materials. GFRP ma-
terials consist of continuous or discrete glass fibers encased in a matrix
of resins that have fiber concentrations typically in the range of
12%-60% by volume (Reynolds and Pharaoh, 2010) and inorganic
fillers typically in the range of zero to 20% by volume. GFRP materials
used in load-bearing members such as wind blades have a high content
of continuous fibers (approximately 50%) and contain very low dosages
of fillers, if any. The life span of some of the most widely used load-
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bearing GFRP products are relatively short. Wind blades are typically
designed for a service life of 20 years (Beauson et al., 2014; Hardee,
2012).

Currently, the vast majority of GFRP waste in the US is landfilled.
GFRP materials are non-biodegradable and landfill disposal of GFRP is
already severely restricted in a number of countries, including Germany
and the Netherlands. It is possible that when the currently produced
GFRP materials reach the end-of-life stage landfilling regulation in the
rest of the world will be stricter. The recently inaugurated U.S.
Department of Energy’s Institute for Advanced Composite
Manufacturing Innovation (IACMI) has a mandate to increase the
ability to recycle composite materials with a goal of 80 percent re-
cyclability within the next decade (IACMI, 2016). The analyses of the
data provided by the American Wind Energy Association (AWEA) on
the annual number of in-service wind turbines, up to 2015 shows that
by 2035 wind blade GFRP waste will amount to over 700,000 tonnes
(Arias, 2016). Based on the existing growth in wind energy use it was
also estimated that by year 2055 the amount of wind blade waste will
be over 2.7 million tonnes.

Recycling GFRP is challenging since approximately 75% of GFRP
products (including all of those used in wind blades) are made with
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thermoset polymers, which do not melt in high temperature. A number
of methods for recycling FRP waste have been developed involving
chemical and/or thermal processes for reclaiming the fibers, or me-
chanical processes such as grinding or shredding GFRP into powder or
small fragments for use as fillers in the production of new materials
(Yazdanbakhsh and Bank, 2014). In addition, GFRP waste can be in-
cinerated (burnt at high temperature) for producing energy or reducing
the waste volume. Among the above-mentioned processes mechanical
recycling of GFRP is an attractive option as it has the lowest energy
demand and does not incorporate chemical processes. The energy re-
quired for mechanical recycling is between 0.5% and 5% of that re-
quired for chemical recycling and between 0.4% and 16% of the energy
used for thermal recycling (pyrolysis) (Job et al., 2016).

A small number of investigators have studied the use of mechani-
cally processed GFRP as a filler in concrete (Asokan et al., 2009;
Tittarelli et al., 2010; Tittarelli and Shah, 2013; Yazdanbakhsh and
Bank, 2014) and concrete-polymer composite materials (Ribeiro et al.,
2015). The problem with traditional mechanical processing (pulver-
izing or shredding) is that the recycled products are no longer com-
posite materials; they are mostly separate pieces of damaged fibers and
resin particles. When used in concrete, the glass fibers become further
damaged by the high alkalinity of concrete, and the resin particles that
are low in strength and stiffness, reduce the compressive strength of
concrete significantly. Cutting GFRP waste into relatively large pieces
that are useable in concrete is an attractive potential recycling option
for two reasons: (1) cutting a piece of solid material into large pieces
rather than grinding or shredding it into powder or small fragments
results in generating a smaller surface area and therefore requires less
energy, and (2) cut pieces of GFRP are composite materials (fibers
embedded in resin), rather than damaged fiber fragments and resin
particles, with mechanical properties the same as those of the GFRP
before being processed.

Limited research has been conducted on the properties of concrete
incorporating slender elements from cut GFRP waste. In a recent study
by Yazdanbakhsh et al. (2016), scrap from production of GFRP re-
inforcing bars (rebars) with different diameters were cut into short
cylindrical pieces with aspect ratio of one (Fig. 1), titled FRP-RA, and
used in concrete as full and partial (40% by volume) replacement of
coarse aggregate. The study found that the full replacement of coarse
aggregate with FRP-RA resulted in approximately 20% reduction in
compressive strength and splitting tensile strength of concrete, due to
the weak bond between FRP-RA particles (particularly the smooth saw-
cut base surfaces of the cylindrical pieces) and concrete matrix. In an
effort to produce recycled elements that can enhance, rather than de-
crease, the mechanical performance of concrete, GFRP rebar scrap was
cut into short rods to be used as discrete slender reinforcing elements in
concrete (Yazdanbakhsh et al., 2017). These elements, referred to as
FRP-Needles, had a diameter of 6 mm and a length of 100 mm (Fig. 2).
Incorporating FRP-Needles in concrete mixtures to replace

Fig. 1. FRP-RA used as a replacement of coarse aggregate in concrete.
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Fig. 2. FRP-Needles with a diameter of 6 mm and length of 100 mm.

volumetrically 5% and 10% of coarse aggregate (1.76% and 3.52% of
concrete) led to 22% and 33% increase in the tensile strength of con-
crete, respectively. In addition, the use of FRP-Needles in concrete re-
sulted in a significant increase in the post-peak toughness (energy ab-
sorption capacity) of concrete. Concrete specimens with 5% and 10%
Needle replacement were, respectively 5% and 9% weaker in com-
pression than the control specimens.

1.2. Needles and their fundamental difference from fibers

Fibers, particularly those made from steel and polymers, have been
primarily used to control shrinkage cracking in concrete, and also to
reduce or even replace rebars in various types of applications such as
fiber reinforce concrete (FRC) panels for architectural uses (Bentur and
Mindess, 2007), flat structural members such as airport taxiways
(Murrell, 1993), slabs-on-ground (Roesler et al., 2006) and elevated
slabs (Soranakom et al., 2007). The use of fibers in concrete is attractive
since they can be added during mixing to reduce time and labor cost for
preparing (bending, cutting and connecting) and placing traditional
steel rebars. Rigid FRP fibers have also been studied by (Patnaik et al.,
2013, 2014) and (Branston et al., 2016). However, these elements are
similar to the fibers used in concrete and do not have the proposed
properties and characteristics of Needles.

Fibers have three main shortcomings: (1) They tend to agglomerate
and form clumps in fresh concrete. Therefore, the maximum dosage of
fiber used in concrete industry is typically limited to 1.0% of the total
volume of concrete; (2) Fibers reduce the workability of concrete sig-
nificantly due to their high specific surface area resulting from their
small cross-section dimensions and high aspect ratios. (3) Although fi-
bers can enhance the post-failure toughness of concrete significantly,
because only a limited dosage of fibers can be used, their effect on the
tensile strength of concrete — an important parameter in the design of
structures such as rigid pavements - is typically low (Choi and Yuan,
2005; Nanni, 1988; Wafa and Ashour, 1992), although a number of
studies have shown that properly designed FRC can have a higher
tensile strength compared to plain concrete (Mobasher 2012). It is ex-
pected that Needles, if properly designed, eliminate the aforementioned
shortcomings.

When FRC carries increasing external load and a propagating crack
intersects a fiber, high tensile strain develops in the fiber in the zone
between the crack surfaces, resulting in a high shear stress in the in-
terface between the fiber and cementitious matrix in the zone close to
the crack. This shear stress may result in debonding which progresses
toward the end of the fiber, after which the fiber will start to move out
of its groove at one side of the crack. As shown in Fig. 3a, in order for an
inclined fiber (i.e., a fiber that lie at an angle to the crack surface) to slip
out, it must bend over crack surfaces. Even fibers made with high-
elasticity-modulus materials, such as steel fibers, bend in plastic mode
at crack surface during crack opening.
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Fig. 3.(a) Fiber pull-out and bending

during the growth of a crack in concrete. (b)
Local failure and crumbling during opening
of a crack bridged by a Needle.
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An efficient Needle is very rigid (i.e., has high flexural stiffness) and
has high strength in both tension and shear. Therefore, the only way for
a concrete crack, which is bridged by such a Needle, to grow in width
and is for the concrete encasing the Needle to crumble and/or spall on
at least one side of the crack Fig. 3b. Efficient Needles can be produced
by selecting materials with high Young’s modulus and tensile and shear
strengths, and by choosing a large enough Needle cross-section area.
Slender elements with large cross-section area (1) have specific surface
areas much lower than those of fibers and therefore, do not reduce the
workability of fresh concrete significantly; (2) when compared to fibers,
constitute a much smaller number of elements per volume; and (3) have
high flexural rigidity (EI). Therefore, they are less likely to agglomerate
and can be used in high volumetric dosage (Yazdanbakhsh et al., 2017).

2. Experimental program
2.1. Materials

The Needles used in this study were produced from the shell of a
wind turbine blade. Wind blade shells are very thick — typically, a few
inches — in the regions close to the blade root (where the blade is
connected to the rotor) and are fully made of GFRP. The areas of the
shell that are further away from the root are thinner, and in low load
carrying regions consist of low-density materials such as balsa wood or
polymeric foam covered with a very thin layer of glass fiber fabric and
resin (i.e., sandwich construction). For the present study, square pieces
of a GFRP wind blade shell with a thickness of approximately one inch
were used (Fig. 4a). The pieces were provided by the Wind Technology
Testing Center (WTTC) of the National Renewable Energy Laboratory
(NREL) and were cut off from a wind blade which had been mechani-
cally tested at the center. The information regarding the properties and
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the composition of GFRP used for producing the wind blade were
confidential and were not made available to the authors. The pieces
were curved along two parallel sides of the square and almost flat in the
direction of the other two sides (Fig. 4a).

To be able to compare the results of this study with that of the
aforementioned previous work by the authors on Needles from GFRP
rebars (Yazdanbakhsh et al., 2017) the wind blade Needles were pro-
duced to have a similar geometry. For this purpose each of the square
pieces was cut into curved rectangles with a short side length of
100 mm (Fig. 4b). The rectangles were subsequently sliced into flat
pieces with a width of 100 mm and thickness of 6 mm (Fig. 4c). Grooves
with the depth of 2 mm were cut into the surface of half of the flat
pieces. Finally, by cutting the flat pieces into slender elements with
square cross-sections (6 mm by 6 mm) and length of 100 mm, two types
of Needles, namely plain and grooved, were produced (Fig. 5). All the
above-mentioned processes were performed by using a table saw with a
diamond blade.

For concrete production a mixture of crushed granite and limestone
was used as coarse aggregate. The purchased coarse aggregate was
regraded in the laboratory using a large sieve shaker to achieve the
ASTM No. 56 gradation (nominal maximum size of 25 mm) (ASTM C33,
2013). ASTM graded manufactured (crushed) sand and Type I portland
cement were used in all concrete mixes.

2.2. Concrete production, specimen preparation and testing

Five types of concrete mixtures were produced: Control concrete
without Needles, concretes with 5% of coarse aggregate replaced vo-
lumetrically with plain and grooved Needles, and concretes with 10%
of coarse aggregate replaced volumetrically with plain and grooved
Needles. Concrete mix proportions are presented in Table 1. In the

Fig. 4. (a) Square pieces of GFRP shell cut
off from a wind blade. In each of these
pieces two side are curved (the horizontal
sides) and the other two sides are almost flat
(b) A rectangular piece of shell with a width
of 100 mm cut off from a square piece along
the curved side. (c¢) Flat pieces with a
thickness of 6 mm and width of 100 mm cut
off from the rectangular pieces.
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Table 1
Proportions of concrete mixtures (kg per one cubic meter of concrete). SSD is the ab-
breviation for saturated surface dry.

Mixture CTRL PLN-5 PLN-10 GRV-5 GRV-10
Cement 444 444 444 444 444
Water 216 216 216 216 216
Sand (SSD) 632 632 632 632 632
Coarse agg. (SSD) 950 9203 855 903 855
Needle - 34 69 34 69
Needle cont., vol% - 1.76 3.52 1.76 3.52

mixture notation “CTRL” represents control concrete, and “PLN” and
“GRV” represent plain and grooved Needles, respectively. As an ex-
ample, “GRV-10” represents the concrete mixture in which 10% of
coarse aggregate is replaced with grooved Needles. In concrete mixtures
that 5% and 10% of coarse aggregate are replaced with Needles the
volumetric Needle contents of the concretes are 1.76% and 3.52%, re-
spectively.

Cylinder and beam specimens were produced to test the hardened
concrete for compressive strength according to ASTM C39 (2015),
compressive modulus of elasticity according to ASTM C469 (2014),
splitting tensile strength according to ASTM C496 (2011), and peak
(flexural) strength and energy absorption capacity (toughness), ac-
cording to ASTM C1609 (2012). The cylinders had a diameter of
150 mm and height of 300 mm. The beams were 500 mm long and had
a square section with side length of 150 mm. Immediately after re-
moving fresh concrete from the mixer a slump test was performed
(ASTM C143, 2015) and the Needle incorporated concretes were vi-
sually monitored for signs of segregation or agglomeration of the
Needles.

For each of the five concrete mixtures two batches of concrete were
produced since with the largest available mixer one batch was not
sufficiently large to produce all the required test specimens. The first
batch of each mixture was used to produce eight cylinders. Four of the
cylinders were used for performing compressive modulus of elasticity
tests followed by compressive strength tests and the other four were
used for splitting tensile strength tests. The second batch was used to
produce three beams used for measuring peak strength and toughness.
In addition, from the second batch of each Needle-incorporated mixture
one cylinder was cast to be tested for compressive strength. The com-
pressive strength of concrete from both batches of each mixture were
compared to detect potential discrepancies in production.

The orientation of the Needles (similar to that of stiff fibers) near
mold surfaces is affected by the process of molding, leading to non-
random alignments. Some standards of testing FRC beams (ASTM
C1609, 2012; ASTM C1399, 2015) require that the dimensions of the
mold be at least three times the length of fibers. However, ASTM C1609
allows waiving the “three times fiber length” requirement when longer
fibers are used to permit casting specimens with desired dimensions.
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Fig. 5.(a) Plain Needles. (b) Grooved
Needles (front and side views). (c) A bucket
of plain Needles used in the present study
for concrete production.

All the specimens were tested on the same date; 28 days after
casting. The specimens for the modulus of elasticity test were removed
one day earlier from the environmental chamber, towel-dried, kept in
the laboratory environment for few hours so that their surfaces became
dry, and then each instrumented with two wire strain gages mounted
circumferentially at diametrically opposite points at the mid-height of
the specimen. The average reading of the two strain gages during the
compression test were used to calculate the modulus of elasticity ac-
cording to ASTM C469. The load-displacement responses were recorded
during both compressive strength and splitting tensile strength tests.

The beam specimens were tested at the facilities of GCP Applied
Technology in Cambridge, MA. Three days before testing, the beams
were securely packed, transported from New York to a laboratory at
GCP Applied Technology, and immediately immersed in saturated
limewater. The setup for measuring the toughness of concrete beams
consisted of a third point bending test configuration with a rectangular
jig surrounding the specimen and clamped to the beam’s lateral surfaces
at mid-depth directly over the supports, which form a span of 450 mm
(Fig. 6). Two linear variable differential transformers (LVDT) were
mounted on the jig at mid-span at both sides of the beam to measure
deflection and provide feedback to the actuator of a servo-controlled
hydraulic testing machine, thereby constituting a closed-loop dis-
placement-controlled bending test setup that can accurately measure
displacement after the peak load. Toughness T;2, was calculated, ac-
cording to the ASTM C1609, as the area under the load-deflection curve
up to the deflection of 3 mm, which is the beam span divided by 150.
Equivalent flexural strength ratio Rf;s, was calculated according to the
standards prescribed formula:

150-T3
f,bd

RP s = -100%

®

Fig. 6. Closed-loop bending
toughness.

test setup for measuring concrete flexural strength and
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Table 2
Slump test results presented in millimeter.

Batch CTRL PLN-5 PLN-10 GRV-5 GRV-10
1 125 115 125 115 110
2 160 110 110 120 95

where f, is the peak strength calculated according to f, = PL/bd?. P and
L are the peak load and beam span, respectively. b and d are the average
width and depth of the beams, respectively. D is the nominal depth of
the beam. In addition, residual strengths fé?)o and fgo at net deflections
of L/600 (0.75 mm) and L/150 (3.00 mm) were measured. Since the
equivalent flexural strength ratio Rf,s, is the toughness normalized by
the peak strength and dimensions of the beam cross-section, this unit-
less parameter is useful for comparing the results of different studies on
concrete reinforced with different types of randomly distributed dis-
crete slender elements performed on beam specimens with different
section sizes and peak strength values.

In order to observe the alignment of glass fibers in Needles the resin
matrix of a number of the plain Needles were burnt off following the
procedure of ASTM D2584 (2011). During the test each Needle spe-
cimen is placed on a crucible and is kept in a muffle furnace at 565 °C
until the polymeric binder fully burns off and disappears.

3. Results and discussion
3.1. Workability and stability of fresh concrete

The slump test results are presented in Table 2, and show that the
differences in the slump values of the mixtures, and of the two batches
of each mixture, are within the margin of error. The only slump value
that stands out among the results is that of the second batch of control
mixture, which is 35 mm higher than the slump of the first batch. This
difference, although not very significant is possibly due to a minor
mismeasurement during the production process. The results in Table 2
show that the slump of GRV-10 mixtures are slightly lower than that of
PLN-10 mixtures (on average 15 mm). The difference is due to the
higher surface area and rougher surface of the grooved Needles.

The insignificant effect of Needles on concrete workability is a re-
markably advantageous characteristic for a discrete reinforcing ele-
ment. In fiber reinforced concrete high range water-reducing chemical
admixtures (superplasticizers) are used to avoid the need to increase the
water to cementitious material ratio in concrete. Only a limited dosage
of superplasticizers can be used in concrete, beyond which setting time
and entrapped air content can increase significantly. Using the allow-
able dosage to counteract the effect of fibers on workability is a misuse
of superplasticizers; when superplasticizers are used in concrete
without fibers, less cementitious binder (paste) is required to achieve
the desired target compressive strength and workability, and the de-
mand for portland cement can be reduced by 25% (Jeknavorian, 2012),
which is a major contribution to the environmental sustainability of
concrete.

During mixing, removal of concrete from mixers, and casting it was
visually observed that the incorporation of Needles did not result in any
noticeable segregation of concrete or separation of Needles from the
mixtures. The distribution of the Needles in concrete was relatively
random and no agglomeration was observed. This finding was further
confirmed by observing the fractured surfaces of hardened concrete
specimens after mechanical testing. The above-mentioned observations
were similar to those from the previous study of the authors on Needles
made of GFRP rebars (Yazdanbakhsh et al., 2017).

3.2. Mechanical performance of concrete in compression

The result from measuring the compressive strength and the
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Table 3
Results of testing concrete cylinders in compression. f, and E are the compressive strength
and modulus of elasticity of concrete. Subscript m represents the mean values.

Mixture Batch- f., MPa  f,,, MPa Change E,GPa Ep, GPa Change

specimen in fom, % in E,,, %
CTRL 1-1 36.1 36.0 - 24.7 25.9 -

1-2 36.7 27.4

1-3 36.3 23.1

1-4 35.0 28.4
PLN-5 1-1 33.2 35.5 -15 29.2 29.1 12.5

1-2 36.0 28.0

1-3 36.0 27.5

1-4 36.8 31.8

2-1 34.3 34.3 - - - -
PLN-10 1-1 35.6 36.1 0.1 29.2 27.4 5.8

1-2 35.1 26.8

1-3 35.5 27.6

1-4 38.1 26.0

2-1 35.6 35.6 - - - -
GRV-5 1-1 38.8 38.6 7.2 26.6 27.6 6.3

1-2 38.9 26.9

1-3 37.5 31.6

1-4 39.2 25.4

2-1 37.2 37.2 - - - -
GRV-10 1-1 34.2 34.4 —4.6 22.6 24.7 —4.7

1-2 34.6 23.6

1-3 35.2 29.1

1-4 33.6 23.5

2-1 34.7 34.7 - - - -

modulus of elasticity of concrete are presented in Table 3 The average
compressive strength of specimens from the first batch of each Needle-
incorporated mixture and compressive strength of the single cylinder
from the second batch are very close, indicating that the two batches
from each mixture have the same compositions and properties.

The results show that the incorporation of both plain and grooved
Needles in concrete — particularly the former — has an insignificant
impact on the compressive strength of concrete. Replacing 5% and 10%
of coarse aggregate with plain Needles resulted in 1.5% reduction and
0.1% increase in the compressive strength of concrete, respectively.
Replacing 5% and 10% of coarse aggregate with grooved Needles re-
sulted in 7.2% increase and 4.6% reduction in the compressive strength
of concrete, respectively. These changes are within the expected margin
of error and do not indicated any beneficial or detrimental impact of the
Needles on compressive strength of concrete. According to the authors’
previous study (Yazdanbakhsh et al., 2017) the incorporation of Nee-
dles from GFRP rebars on compressive strength of concrete was small
but clearly negative; 5% and 9% reduction due to the replacement of
5% and 10% of coarse aggregate with Needles. As opposed to the wind
blade Needles used in the present study, rebar Needles have a round
section without sharp edges (Fig. 2) leading to a weaker bond with
cementitious mortar and poor interlock with coarse aggregates.

The test results suggest that the use of Needles, except in the GRV-
10 specimens, lead to a small increase in the modulus of elasticity of
concrete. The moduli of elasticity of PLN-5, PLN-10 and GRV-5 speci-
mens were 12.5%, 5.8% and 6.3% higher than that of control speci-
mens. The average modulus of elasticity of GRV-10 specimens was 4.7%
lower than that of control specimens. The small impact on modulus of
elasticity can be contributed to the low volumetric dosage of Needles in
concrete (1.76% or 3.52%).

3.3. Mechanical performance of concrete in tension

Test results show that the splitting tensile strength decreases as a
result of incorporating Needles in concrete (Table 4). The splitting
tensile strength of PLN-5, GRV-5, and GRV-10 specimens were 14%,
13%, and 8% lower than that of the control concrete. The control and
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Table 4
Results of splitting tensile strength test.

Mixture Batch-specimen fur» MPa Setm> MPa Change in fem, %

CTRL

|
9]

2.65
3.68
3.46
3.58

3.35 -

o e

PLN-5 2.98
3.03
2.77

2.77

2.89 —-14

N )
I

PLN-10 3.10
3.76
3.12

3.43

3.35 0

o e
| ol

GRV-5 2.93
2.67
3.10

2.94

291 -13

o
|

GRV-10 3.12
3.31
3.03

2.90

3.09

|
@ N U @ N U ® N o u @ N U, @ N O

[
|

PLN-10 specimens had the same average splitting tensile strength.
These results are in complete contrast with those from investigating
GFRP rebar Needles, which as stated earlier, significantly increased the
splitting tensile strength of concrete (22% and 33%, for replacing 5%
and 10% of coarse aggregate with Needles, respectively). These findings
led to the hypothesis that the tensile strength of wind blade Needles is
less than that of rebar Needles. The hypothesis was examined by per-
forming the ASTM D2584 burn-off test on over 10 randomly selected
plain Needles.

The results of the burn-off test revealed that in the majority of the
Needles glass fibers are aligned transversely — i.e. perpendicular to the
Needle axis (Fig. 7a). Only in few of the Needles the majority of the
glass fibers were alighted longitudinally - i.e. parallel to the Needle axis
(Fig. 7b). In the GFRP rebar Needles studied by the authors
(Yazdanbakhsh et al., 2017) all the glass fibers are aligned parallel to
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the axis of the Needles (Fig. 7c). The results of the burn-off tests showed
that the glass fiber content in wind blade Needles is approximately 73%
by weight (57% by volume). The glass content of GFRP rebar Needles is
approximately 70% by weight (53% by volume) according to both the
test results and the measurements by the manufacturer of the rebars.

Simplified rules of mixture (Bank 2006) and typical mechanical and
physical properties of vinyl ester resin and E-glass fibers were used to
estimate the mechanical properties of the Needles with longitudinally
and transversely aligned glass fibers. The estimated value of the tensile
strength of rebar Needles is 1050, which is very close to the average
value of 1025 MPa recently reported by the rebar manufacturer from
testing 8 rebar specimens in tension. The tensile strength values for
wind blade Needles with longitudinally and transversely aligned fibers
were estimated to be 1150 MPa and 34 MPa, respectively. In addition,
the modulus of elasticity values of the aforementioned Needles were
estimated to be 41 GPa and 8 GPa, respectively. The substantial impact
of fiber alignment on the mechanical performance of Needles explains
the insignificant effect of using wind blade Needles, in which the fibers
are predominantly transversely-aligned, on the mechanical perfor-
mance of concrete. The direction of fibers in different zones of a wind
blade shell is selected by designers based on the required structural
performance and the geometry of the wind blade. The knowledge of the
blade design and the primary direction of fibers in different zones of
blade shell can help to select cutting directions that lead to higher
numbers of Needles with longitudinally-aligned fibers.

The load-displacement results from splitting tensile strength tests
are presented in Fig. 8. The curves were horizontally shifted to account
for the initial flexibility of the wooden strips used at the zones of
contact between the specimens and testing fixtures. In control speci-
mens the load dropped abruptly after reaching the peak value (Fig. 8).
Two of the PLN-5 specimens, and all of the PLN-10 specimens, con-
tinued to carry load for deflections beyond 6 mm after the peak load
(Fig. 8a). The energy absorption performance of the specimens with
grooved Needles was inferior to that of the specimens with plain Nee-
dles. Fig. 8b shows that none of the GRV-5 specimens resisted any
significant deflection after the peak load. Only one of the GRV-10
specimens continued to carry load beyond the deflection of 6 mm. The
reason for the better performance of plain Needles possibly is their
higher cross-sectional area; since the grooves are cut off from the sur-
face, the cross section of the Needles in the zones next to the grooves

Fig. 7. Three burnt-off Needles. (a) A wind blade Needle with trans-
versely-aligned fibers. (b) A wind blade Needle with longitudinally-
aligned fibers. (c) A GFRP rebar Needle. All the fibers are precisely
along the Needle axis.
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Fig. 8. Load-displacement results from splitting tensile strength testing of concrete specimens with (a) plain and (b) grooved Needles, compared with the results of control specimens.

Al

Fig. 9. A control specimen tested for splitting tensile strength after failure.

are smaller (by 33%) than that of a non-grooved section. Although
grooves help to improve the mechanical bond between the Needles and
concrete matrix, they generate several weak zones along the axis of the
Needles.

Fig. 9 shows a control cylinder specimen after the completion of the
splitting tensile strength test, which as expected, was split into two
separate pieces. As shown in Figs. 10-13, despite the formation of
cracks, none of the Needle-incorporated specimens disintegrated into
separate pieces. Fig. 10 shows that all the GRV-5 specimens failed due
to the formation and growth of one crack. As can be seen in Figs. 11-13,
the majority of the rest of the specimens (GRV-10, PLN-5, and PLN-10)
failed due to the formation of more than one crack, indicating a more
uniform distribution of stress in concrete. It also can be observed that
the lateral expansion (opening) of these specimens, particularly PLN-5
(Fig. 12) and PLN-10 (Fig. 13) are higher than those of GRV-5

specimens, as confirmed by the load displacement results presented in
Fig. 8.

3.4. Flexural performance of concrete specimens

The results of the third-point bending test on the beam specimens
are presented in Table 5. During testing three of the specimens (two
PLN-5 beams and a GRV-5 beam) the servo-controlled hydraulic testing
machine stopped abruptly due to a technical problem. Therefore, for
those specimens test results are not reported. However, the available
results are sufficient to make conclusive assessments of the impact of
the Needles on the flexural performance of concrete.

The incorporation of Needles in concrete led to small reductions in
the peak strength fp. The average peak strength decreased from 5 MPa
in control specimens to 4.5 MPa in PLN-5 specimens (11% reduction),
4.6 MPa in PLN-10 specimens (9% reduction), and 4.7 MPa in GRV-10
specimens (6% reduction). The average peak strength of GRV-5 speci-
mens was 5.0 MPa (no reduction). The above-mentioned reductions,
although slightly less, resemble those from the splitting tensile strength
test and similarly can be attributed to the direction of fibers in the
Needles.

Fig. 14 shows the fractured surface of a GRV-10 specimen. A small
amount of force was required to open the crack that led to failure.
Several fractured Needles were observed at the crack surface level.
Magnified images of three of those Needles are shown in the Fig. 14. It
can be clearly observed that in the fractured Needles fibers are trans-
versely aligned.

The results presented in Table 5 show that replacing 5% and 10% of
coarse aggregate by volume with the plain Needles led to the increase of
average equivalent flexural strength R}, from 1.1 to 14.0 and 32.3,
respectively. When grooved Needles were used the average equivalent
flexural strength for 5% and 10% replacements were 12.6 and 24.7,
respectively. Table 6 presents selected results from a number of past
studies on FRC, with values of equivalent flexural strength, Rf;s, for
different values of D similar to that of PLN-10 specimens in the present

Fig. 10. GRV-5 specimens tested for splitting tensile strength after failure.
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Fig. 13. PLN-10 specimens tested for splitting tensile strength after failure.

Table 5

150

Results of testing the flexural performance of concrete beams. f, is the peak strength, f610500 and f5, are the residual strength values at net deflections of L/600 and L/150 (0.75 mm, and

3.00 mm), respectively. T{5; is the toughness, and R}>(s, represents the equivalent flexural strength ratio. Subscript m represents the mean values.
Mixture Batch-specimen fp fpm 61053 115500 Tllgg TIISng R%,sfso RTI“,S{]SOm
(MPa) (MPa) (MPa) (MPa) ) )

CTRL 2-2 5.1 5.0 0.0 0.0 1.3 1.2 1.2 1.1
2-3 4.8 0.0 0.0 1.0 1.0
2-4 5.2 0.0 0.0 1.4 1.2

PLN-5 2-2 - 4.5 - - - 14.1 - 14.0
2-3 4.5 1.0 0.0 14.1 14.0
2-4 - - - - -

PLN-10 2-2 47 46 2.2 11 47.0 33.3 446 32.3
2-3 4.0 1.2 0.6 24.7 27.6
2-4 5.1 1.6 0.5 28.3 24.7

GRV-5 2-2 4.9 5.0 0.6 0.1 11.5 14.3 10.4 12.6
2-3 - - - - -
2-4 5.2 0.8 0.2 17.1 14.7

GRV-10 2-2 4.7 4.7 0.8 0.2 16.0 26.3 15.2 24.7
2-3 4.5 1.6 0.4 26.9 26.8
2-4 5.0 1.7 1.0 36.0 32.0

study. PLN-10 results were selected as benchmark for comparison since
they had the highest toughness values. The results presented in the
table shows that RP,s, values similar to that of PLN-10 specimens have
been achieved by using (1) steel fibers with volumetric dosages in the
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range of 0.2%-1.0%, (2) glass fibers with volumetric dosages in the
range of 1.0%-2.0%, and (3) polymeric fibers with volumetric dosages
in the range of 0.4%-0.5%. Although these dosages are smaller than the
3.52% Needle content in NDL-10 concrete, the reported increases in
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Fig. 14. Fractured surface of a GRV-10 specimen. A number of the
Needles have been failed in tension. The magnified views of the failed

Table 6

Needles show that fibers are transversely aligned.

Results of a number of past investigations on FRC specimens with equivalent flexural strength values similar to that of PLN-10 specimens in the present study. T and Ef are the tensile
strength and modulus of elasticity of fibers, respectively. Ly and Dy are the length and nominal diameter of fibers, respectively. D is the beam depth and is equal to the beam width.

Ref. Fiber material Fiber shape Ty Ef Ly Ls/Df Content D fe Ip T2, RP1so
MPa GPa mm - Vol% mm MPa MPa J %
LaHucik et al. (2017) Modified Olefin Surface-embossed 640 10 48 67 0.4% 150 57 4.4 36.5 33
Poly propylene Surface deformed 550 7 50 75 0.4% 150 48 4.0 30.0 29
Steel Hooked 1500 207 60 55 0.2% 150 50 5.1 47.0 37
High C Steel Helical 1700 207 25 50 0.4% 150 41 4.2 31.0 29
Bashar et al. (2016) Steel Hooked 1100 200 60 80 0.5% 100 32 3.3 6.8 31
Steel Hooked 1100 200 60 80 0.8% 100 31 3.8 8.2 32
Liu et al. (2016) PVA Straight 1600 39 6 222 0.5% 102 59 6.1 8.6 36
Igbal et al. (2015) Steel Hooked 2500 200 13 65 0.5% 100 64 4.4 10.0 34
Tassew and Lubell (2014) Glass Straight 2000 76 13 722 2.0% 50 50 7.1 1.7 29
Glass Straight 2000 76 19 1056 1.0% 50 51 4.1 1.2 34
Lin et al. (2014) Steel Crimped 1100 200 38 33 2.0% 100 85 8.2 17.1 31
Won et al. (2012) Steel Hooked 1100 200 30 60 0.7% 100 49 5.0 16.7 30
Steel Hooked 1100 200 30 60 1.0% 100 49 5.6 21.7 34
50 50
a b
——PLN-5 ——GRV-5
40 H 40
——PLN-10
Z 30 Z 30
i) o
(5] <
& 20 o
— — 20
10 | 10
0 1 1 1 T 0
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 2.5 3

Displacement, mm

Displacement, mm

Fig. 15. Load-displacement results from third point bending tests of concrete specimens with (a) plain and (b) grooved Needles. The curves for the control specimens are not shown to
avoid congestion. In control specimens, the load drops suddenly and vertically after reaching the peak value.

toughness caused by using Needles are significant considering that in
most of the Needles fibers are transversely-aligned. It is expected that if
the wind blade shell was cut along the fibers, so that the fibers in all the
Needles were longitudinally-aligned, the flexural resistance of the beam

are not shown in the figure. For each type of Needle (plain or grooved),
the 10% replacement of coarse aggregate with Needles led to a higher
residual strength, compared to 5% replacement. This finding can be
confirmed quantitatively by the values of average residual strengths

specimens would be notably higher. oy, and f3 measured at deflections of L/600 and L/150 (Table 5). In

The load-displacement results of testing the Needle-incorporated PLN-5 and PLN-10 specimens the values of fi> are 1.0 MPa and
concrete beams are presented in Fig. 15. Control beam specimens had 1.7 MPa, respectively, and the values of ﬁ;é)m are 0.0 MPa and 0.7 MPa,
no residual strength and therefore the results of testing those specimens respectively. In GRV-5 and GRV-10 specimens the values of fgggm are
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Fig. 16. A Needle in a PLN-5 beam specimen bridging a crack that has grown in width.
The concrete surrounding the Needle has crumbled and spalled.

0.7 MPa and 1.4 MPa, respectively, and the values of f/30 are 0.2 MPa
and 0.5 MPa, respectively. In addition, the results show that for 10%
Needle replacement ratio the residual strength (and therefore tough-
ness) of specimens with plain Needles is higher than that of specimens
with grooved Needles.

Fig. 16 shows a plain Needle at the bottom (maximum tension zone)
of a PLN-5 beam specimen after the completion of the bending test. The
Needle is bridging the crack that led to the beam failure. The image
clearly demonstrates that when a crack that is bridged by a Needle
grows in width, the concrete matrix surrounding the Needle crumbles
and spalls. The Needle shown in the figure did not break in tension,
since a relatively short segment of the Needle was at one side of the
crack and pulled out from the surrounding matrix. If the Needle was
intersected by the crack near its mid-length, it would very likely break
during loading — provided the fibers are transversely-aligned - as did
the Needles shown in Fig. 14.

4. Conclusions

The findings of the present study show that the Needles produced by
cutting a GFRP wind turbine blade shell increased the toughness of
concrete significantly despite the fact that fibers were transversely
aligned in the Needles. If the wind blade shells can be cut into Needles
that primarily constitute longitudinally-aligned fibers, it is expected
that the improvement in toughness will be more significant and that the
tensile strength of concrete will increase. Prior knowledge of wind
blade design or results from performing burn-off tests on samples taken
from shells can help to optimize the cutting directions during Needle
production. A similar study needs to be performed on wind blade
Needles with longitudinally aligned fibers. In addition, the properties of
Needles produced from different types of wind blades should be in-
vestigated.

Although in GFRP Needles the glass fibers are embedded in and
protected by resin, a comprehensive study on durability and long-term
performance of concrete incorporating GFRP Needles should be per-
formed. The Needle dimensions in the present study were selected
based on concrete specimen size limitations and also for the purpose of
comparison with a previous study by the authors on Needles with si-
milar dimensions. A fundamental study needs to be performed to de-
velop models that can determine the optimized dimensions of the
Needles based on the properties of the Needle material and the struc-
tural application of Needles in concrete.
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