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Abstract: Fibre reinforced polymer (FRP) composites are widely used in many
industries due to their excellent mechanical and durability properties. This means that
an increasing amount of FRP waste, arising from production, processing and
decommissioning, needs to be processed. Common FRP composites are normally
thermoset and non-biodegradable, posing a significant environmental threat if they are
not disposed of properly at their end of life. While recycling of FRP is environmentally
desirable, almost all existing recycling methods, which are based on either thermal,
chemical or mechanical processes, are economically unviable if governmental subsides
are not available. The recycling of glass FRP (GFRP) waste, which accounts for over
95% of all types of FRP waste by weight, is even more economically challenging than
the recycling of carbon FRP (CFRP) waste due to the lesser economic value of the
former. This paper explores a novel mechanical method for recycling GFRP waste by
processing it into macro fibres for reinforcing concrete, with the resulting material
referred to as macro fibre reinforced concrete (MFRC). The mechanical properties of
MFRC were investigated. The test results showed that the addition of macro fibres had
two major effects on the concrete: (1) the workability of concrete depends strongly on
the macro fibre volume ratio, with the slump value reducing from 176 mm to 83 mm as
the macro fibre volume ratio increased from 0% to 1.5%; (2) the flexural strength and
toughness of the concrete be greatly enhanced by the addition of macro fibres, e.g., by
1.3 and 230 times when the macro fire value ratio was 1.5%. The proposed recycling
method for waste GFRP is therefore believed to be both technically feasible and
economically attractive.
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Introduction

Fibre reinforced polymer (FRP) composites are widely used in industries such as
aerospace, automotive, marine and construction due to their highly favourable
properties, including their high strength-to-weight ratio and excellent corrosion and
fatigue resistance [1]. The global FRP composite production, of which 95%-98% in
weight is glass FRP (GFRP) composites, and 75% in weight is thermosets, is expected
to increase from 10.4 million tonnes in 2015 to 12.9 million tonnes in 2021, at an
average annual growth rate of about 4%[2]. Inevitably, an increasing amount of FRP
composite waste arises from the manufacturing (e.g., leftover bits and pieces of fibres
during the pultrusion process), processing (e.g., cut-off pieces of FRP bars to fit desired
lengths), or decommissioning at the end of service life. As almost all types of thermoset
FRP waste are non-biodegradable, they pose an important environmental challenge that
has attracted increasing attention but the development of practical recycling methods is
still in its infancy[3-6].

A variety of approaches have been explored to deal with FRP waste, mainly including
landfilling, incineration and recycling. Landfilling currently remains the simplest and
most economically viable method to deal with FRP waste, especially for GFRP waste.
The cost of landfilling each tonne of solid waste was estimated to range from US$45 to
$200 in 2014 in the US [6] and from £120 to £130 in 2017 in the UK[5]. Landfilling as
a waste processing method faces increasing difficulties: a higher tax rate is likely to be
levied and relevant legislations are becoming more stringent. For example, the
European Commission revised its Landfill Directive in 2018, aiming at reducing the
amount of municipal waste sent to landfill sites to 10% or less by 2035[7]. In a
congested place like Hong Kong, landfill sites are particularly difficult to secure, and
the current sites are expected to be exhausted soon [8]. Incineration is even less popular
owing to toxic emissions during the combustion process, although some energy in the
FRP matrix is recovered. Moreover, after the incineration of the FRP waste,
approximately 50-70% in weight is left as ash, which still needs to be landfilled [3,4].

Recycling, which typically involves a thermal, chemical or mechanical process, is a
more environment-friendly method for managing various FRP wastes. The economic
feasibility of different recycling routes depends on not only the recycling method itself
but also the components of the FRP waste. It is more challenging to recycle GFRP
waste economically than carbon FRP (CFRP) waste because of the lower value of
recycled glass fibres, whose properties also degrade at high temperatures [4,5].
Therefore, both thermal and chemical-based methods have been considered to be
economically unviable for recycling GFRP[5,6].

Co-processing of GFRP waste in cement kilns has been widely investigated and has
been recommended by the European Composites Industry Association[9]. In such a
process, the GFRP waste is fed into the kiln in which the resin is burnt to provide heat



energy, and the glass fibres are reduced to cement clinkers. This route is relatively
simple, and is therefore commercially active in some countries (e.g., Japan, Germany,
Denmark and U.K.) [3,10]. However, the cost of transporting and processing GFRP
waste is usually significant, which means that this option is often less economically
attractive than landfilling at a local site if it is permitted.

In addition to co-processing in cement kilns, another potentially economically viable
route is a mechanical process, through which the GFRP waste is processed by shredding,
crushing or milling into powder or fibrous products or both, which can be used as fillers
or reinforcements in construction materials and other products (e.g.,[6,11-15]). A
number of studies have been conducted to explore the feasibility of using such products
from GFRP waste to replace fine or coarse aggregate in cementitious materials
(e.g.,[11,12,16-18]). However, the studies have shown that the addition of powders
from GFRP waste into concrete as partial replacement of fine aggregate resulted in
significant reductions in the mechanical properties of the hardened concrete. For
instance, Asokan et al. [11]found that the compressive strength of concrete was reduced
by as much as 60%, when 50% of the fine aggregate in weight was replaced by a GFRP
waste powder. Correia et al. [12] conducted a similar study and found that a 5-20%
replacement of the fine aggregate in volume resulted in reductions of up to 47% in the
cylinder compressive strength. Yazdanbahksh et al. [17] cut GFRP reinforcing bars into
short cylinders (with a length-to-diameter ratio of around 1), which were then used to
partially or fully replace coarse aggregate in concrete. Compared with the grinding of
FRP waste into powder, cutting scrap FRP bars into such short cylinders requires much
less energy. They observed that the compressive and tensile strengths were respectively
reduced by up to 21% and 35% when the natural coarse aggregate was fully replaced
by the GFRP short cylinders. Alam et al. [19] used small prisms (i.e., referred to as FRP
scraps herein) cut from long strips of waste FRP to replace coarse aggregate at different
ratios (25% and 50% in volume). These FRP scraps had similar gradations to those of
the natural coarse aggregate to be replaced. Their test results showed that replacing the
natural coarse aggregate with the FRP scrap aggregate reduced the compressive and the
flexural strengths by up to about 40% and 38% respectively. It should be noted that the
FRP scraps in their study were coated with a thin layer of gel. This coating is expected
to have made the FRP scraps smooth and amplified their detrimental effect on the
mechanical properties of concrete.

In contrast to reductions in mechanical properties as a result of the addition of processed
GFRP waste powder and short scraps into concrete, incorporating fibres or slender
forms of reinforcement recycled from GFRP waste has been found to enhance the
mechanical properties, especially the tensile and flexural strengths, of concrete. Asokan
et al. [11] found that incorporation of waste fibres of 5% in volume into cladding panels
increased their flexural strengths by up to 46%. Garcia et al. [14] exploited various
mechanical processes which combine shredding, milling and sieving in different



manners to produce short fibres from GFRP waste. They reported that with the simple
addition of short fibres of 1% in weight, the greatest enhancements in the compressive
and flexural strengths of the concrete were respectively 26% and 16%. Yazdanbakhsh
et al. [18,20,21] incorporated slender reinforcing elements, which were cut from GFRP
bars or wind turbine blades, and referred to as “FRP needles” (with a length-to-diameter
ratio of about 17), to replace 5% and 10% of coarse aggregate in concrete. Their test
results showed that incorporation of FRP needles significantly increased the energy
absorption capacity under both compression and tension, but slightly reduced the
compressive strength of concrete. Similar conclusions have recently been reached by
Dong et al. [22], who added BFRP needles to sea-sand concrete. Their results showed
that both the splitting tensile strength and the flexural strength were increased by up to
32% and 14% when 5-20% of coarse aggregate was replaced by BFRP needles. Nie et
al. [23] conducted a series of tests on full-scale RC beams to investigate the effect of
GFRP needles as partial replacement of coarse aggregate in concrete on the shear
behaviour of RC beams. Their results showed that the partial replacement of 5% or 10%
led to an enhancement of 30-40% in the total energy absorbed by the RC beams during
the failure process but had a very limited effect on the shear capacity.

From the above review, it may be concluded that the addition of either powder or fibres
mechanically processed from GFRP waste into concrete leads to a reduction or a small
increase in the mechanical properties. As a result, the existing mechanical recycling
processes are not very attractive as the GFRP waste products included in concrete
function mainly as a filler material that is more likely to have a detrimental rather than
beneficial effect on the properties of concrete.

This paper presents a new method of mechanical recycling of FRP wastes into small
reinforcing elements called “macro fibres” for concrete, and the effects of including
such macro fibres into concrete on its mechanical properties. A decommissioned GFRP
wind turbine blade was used to produce macro fibres in the present study. Nonetheless,
the method is readily applicable to many other types of FRP wastes. These macro fibres
are defined, for the purpose of the present study, to have a typical thickness similar to
that of a lamina (e.g., 0.4-1.0 mm), a width of several millimetres, and a length of 30-
100 mm, leading to an aspect ratio (i.e., the length-to-thickness ratio) of 30-120, which
is close to that of common steel fibres used in concrete [24].

Production of Macro Fibres from a Decommissioned GFRP Wind

Blade

The macro fibres used in the present study were mechanically recycled from a
decommissioned wind blade using a process as illustrated in Figure 1. The wind blade,



which was approximate 30 m long, was first cut into several large segments in the wind
power plant and then transported to a local factory. These large segments were further
cut in the local factory into smaller segments of 1 to 2 m long. These smaller segments
were next saw-cut into strips (referred to as macro fibres) with the following intended
dimensions: a length of about 90 mm, a width of about 3 mm, and a thickness similar
to that of the lamina of the wind turbine (the thinnest value that could be practically
achieved using the available machine). The width of macro fibres has effect on two
aspects: (1) the aspect ratio of macro fibre cross-sections, but the effect of aspect ratio
would be negligible if the width of macro fibres is much greater than their thickness;
(2) the number of macro fibres from the same amount of FRP waste, which has a
negligible effect on the mechanical performance of an MFRC specimen that contains a
sufficient number of macro fibres. As a result, the width of the macro fibres used in the
present study was chosen to be 3 mm to facilitate the cutting process of the macro fibres
and ensure that a sufficient number of macro fibres was present in each specimen. Note
that the macro fibre production procedure as executed in the present study was time-
consuming and labour-intensive, but the purpose of this study was to investigate the
feasibility and attractiveness of the recycling method. For industrial-scale applications,
this process can be improved and automated using a properly designed machine.

The actual dimensions of the manufactured macro fibres were measured and analysed
for 300 samples randomly chosen from a pile of macro fibres. Their mean values of
length, width and thickness were 89.7 mm, 3.04 mm and 0.79 mm with corresponding
standard deviations of 3.67, 0.74 and 0.20 respectively, giving an aspect ratio of about
114, which is close to the upper limit of 120 defined above for macro fibres. The
frequency distributions of the length, width and thickness of the macro fibres are
presented in Figure 2, where normal distributions with the same mean values and
standard deviations are shown for reference.

Mechanical recycling requires much less energy than chemical recycling or thermal
recycling [5,6]. The proposed recycling method generates a much smaller total surface
area than grinding into power or shredding into smaller reinforcing elements, thus
leading to the consumption of less energy than recycling methods based on gridding
and shredding. Not much powder waste (less than 10% of the total waste volume
according to the present study) is produced by the macro fibre production procedure,
mainly because the macro fibres contain both fibres and resin. Such a small amount of
powder waste can be easily handled using different methods (e.g., as filler of a small
volume fraction in concrete, asphalt-concrete and other products) without causing a
significant detrimental effect. As a result, the processing method itself is attractive in
terms of processing cost and the small amount of “un-useable” powder waste resulting
from it.



Experimental Program on MFRC
Concrete mix proportions

Four concrete mixes as listed in Table 1 were adopted. The only variable among them
was the amount of macro fibres as the main aim of this study was to investigate the
effect of macro fibres on the properties of the concrete. The volume fractions of macro
fibres in these mixes were 0, 0.5%, 1.0%, and 1.5%. The amount of macro fibres in
weight for each batch of concrete was calculated based on the design volume fraction
and the measured density of 1970 kg/m? for the macro fibres. The different batches of
concrete produced from these mixes are designated CC, MFRCO0.5, MFRC1.0 and
MFRCI1.5 respectively. River sand and crushed granite of 20 mm in maximum particle
size was used as the fine and the coarse aggregates respectively, and Type I Portland
cement was used in all the concrete mixtures. Both the aggregates and the macro fibres
were left to dry under direct sunshine before they were used in casting the concrete, and
therefore the moisture in these materials was neglected. The fact that the water
absorption capacities of the aggregates and the macro fibres were not measured does
not have significant implications for the purpose of the present study as exactly the
same constituent materials and proportions (except the amount of macro fibres) were
used in preparing the concrete, and therefore the effect of the volume fraction of macro
fibres could still be properly examined. It should however be noted that if a concrete
mix needs to be designed to closely achieve a target strength, the water absorption
capacities of the constituent materials need to be precisely known. In the present study,
the control group (mix CC), without macro fibres, was designed to have a target
cylinder compressive strength of 40 MPa and a slump of 180 mm; the actual average
cylinder compressive strength achieved was 45.7 MPa while the actual slump value was
176 mm.

Specimen Preparation and Test Methods

For each type of concrete, eight cylinders with a diameter of 150 mm and a height of
300 mm, and four prismatic beams of 150 mm x 150 mm x 550 mm were prepared. All
these specimens were cast from a single batch of concrete to ensure consistency. The
size of beam specimens used in this study was the larger of the two preferred sizes given
in ASTM C1609 [25]. The size of test specimens affects the orientation and distribution
of macro fibres near the internal surfaces of the mould; therefore, it is common for
standards for testing fibre reinforced concrete (FRC) beams (e.g., [25,26]) to specify
that the beam width and depth should be larger than three times the maximum fibre
length. However, this requirement can be waived for beam moulds with the larger of
the two preferred sizes when long fibres are used according to ASTM C1609 [25].



The concrete was mixed following the Hong Kong design code for concrete structures
[27]. The macro fibres were gradually added during the mixing process to ensure that
they would be evenly distributed. Before casting the specimens, a slump test in
accordance with ASTM C143 [28] was conducted to investigate the effect of macro
fibres on concrete workability. All specimens were demoulded 24 hours after casting
and then cured for 7 days while covered with a plastic sheet and sprayed with tap water
occasionally to keep the specimen surface wet. Thereafter, the specimens were left for
curing under indoor conditions for about three months before testing.

All tests were conducted in four consecutive days. The compressive strength of concrete
was obtained from compression tests of cylinders, which were conducted following
ASTM C39 [29] and using a universal test machine with a load capacity of 5000 kN.
The cylinder specimens were first capped using high strength gypsum to ensure that the
top and bottom faces were parallel. Each specimen was instrumented with two linear
variable displacement transducers (LVDTs) for measuring axial shortenings of the 150
mm mid-height region, and two 80 mm circumferential strain gauges at the mid-height
for measuring hoop strains. In addition, two 100 mm axial strain gauges centred at the
mid-height were installed mainly for monitoring the concentricity of loading during the
initial loading stage. All the three pairs of sensors were installed at 180° apart around
the circumference. The specimens were tested under a displacement loading rate of 0.18
mm/min until the load had dropped to 20% of its peak value. The data from the tests
for the compressive strength also allowed the modulus of elasticity and Poisson’s ratio
of the concrete in compression to be determined according to ASTM C469 [30].

Splitting tests of cylinder specimens were conducted following ASTM C496 [31] and
using the same universal test machine as for the cylinder compression tests. Two pieces
of thin plywood bearing strips, which had a thickness of 3.0 mm, a width of 25.0 mm
and a length slightly longer than the specimen, were bonded to the specimen to
distribute the applied load. A diametrical compressive force distributed along the length
of the cylinder was applied, and the resulting nominal splitting tensile stress, fis, can be
obtained from the applied load, P, using the following equation:

2P

fos =22 (1)

where / and d are the length and diameter of the specimen respectively. The loading
was applied at 1.2 MPa/min for the above nominal splitting tensile stress until failure.
The splitting tensile strength, f.., is determined from the maximum load recorded at
failure using Eq. (1).

The flexural performance of the concrete was studied following ASTM C1609 [25]
using the four-point bending test of small prismatic beams. A 500 kN electro-hydraulic
servo test machine was used. The applied load was equally distributed through a steel
loading frame to two loading points. A load cell was installed under each loading point



to monitor the load applied onto each. A roller was used at each support to reduce the
friction between the contact surfaces. The rollers might not have completely eliminated
the friction between the contact surfaces but the effect is expected to be small [see Fu
et al. [32] for a detailed discussion of the issue and how the maximum possible effect
can be evaluated]. A rectangular jig was attached to the beam and two LVDTs were
installed onto the jig to measure the net deflections at the two sides of the beam at the
mid-span (Figure 3). The specimen was loaded under displacement control at a rate of
0.05 mm/min until the mid-span deflection had reached 4.5 mm, which is larger than
1/150 of the beam span as prescribed by ASTM C1609 [25].

The flexural performance of prismatic concrete beams is evaluated using parameters
derived from the load-deflection curve. These parameters include the specimen
toughness and information at three key points on the load-deflection curve: at the peak
load, and at the deflections of 1/600 and 1/150 of the beam span. The load values at
these points are denoted as follows: load P, and the corresponding deflection o, at the
peak load; loads Psoo and P50 respectively at the deflections of 1/600 and 1/150 of the
beam span. The flexural strengths at these three key points are denoted by f,, (= peak
strength) and fs00 and fi50 (= residual strengths respectively at the deflections of 1/600
and 1/150 of the beam span). The flexural strength is determined from the
corresponding load using the following equation:

f=PL/bd’ (2)

in which P and f are the load and the corresponding flexural strength; b and d are the
average width and depth of the specimen at fracture, respectively. The specimen
toughness, 7750, is defined as the area under the load-deflection curve with the
deflection up to L/150.

Results and Discussions
Workability of fresh concrete

The workability of fresh concrete with recycled macro fibres was measured using the
slump test. Before casting the specimens, the slump test was conducted three times for
each mix (in a single batch). The test results are shown in Table 2 and Figure 4. It is
clear that the slump reduced almost linearly with the increase of macro fibre content.
Similar to other types of fibre reinforced concrete, the addition of macro fibres increases
the total surface area that needs to be coated by a water film, leading to a reduction of
free water for cement hydration. The presence of fibres also increases the shear strength
of fresh concrete. Both factors result in a reduction of the slump. Optimization of the
mix design, such as including superplasticizer, fly ash and a higher amount of macro
fibres, may be required for practical applications, but it is beyond the scope of this paper.



Visual examinations indicated that no segregation occurred during the mixing and
placing of the four concrete mixes.

Failure modes and properties in compression

The failure modes of the cylinders tested under compression are shown in Figure 5. The
control group specimens (without macro fibres) failed with a small number of wide
cracks and several large pieces spalling off (Figure 5a), while specimens with macro
fibres retained its integrity better with fewer large pieces of concrete spalling off (Figure
5b). The macro fibres in the concrete bridged cracks and constrained the relative sliding
of macro shear crack faces, thus resulting in a more distributed crack pattern and a more
gradual failure process. Such a trend became more prominent when the macro fibre
content increased.

The key compression test results are presented in Table 3, which includes the
compressive strength, the axial strain corresponding to the compressive strength, the
modulus of elasticity in compression and the Poisson’s ratio. Compared with the control
specimens, the addition of macro fibres enhanced only very slightly the compressive
strength: by 4.4%, 3.9% and 3.6% for the concretes with 0.5%, 1.0% and 1.5% macro
fibres respectively. Specially, the highest compressive strength was observed in the
concrete with a 0.5% macro fibre content; a further increase in the content of macro
fibres led to a very small reduction in the compressive strength. This phenomenon is
similar to what was observed by Yazdanbakhsh et al.[18], in which a moderate dosage
of FRP needles increased slightly the compressive strength compared with the control
specimens without FRP needles, but this increase became smaller when the dosage of
the FRP needles further increased. This phenomenon may be explained as follows. The
macro fibres in the concrete have three effects: (1) absorbing a small amount of free
water and thus slightly decreasing the water/cement ratio [33]; (2) constraining the
development of cracks [34,35]; (3) introducing weak interfaces between the macro
fibres and concrete. When the former two effects dominate, an increase in the
compressive strength would be observed; otherwise a reduction would be evident. The
effects of macro fibres on the elastic modulus and the Poisson’s ratio are small with the
maximum differences (i.e., between the largest value and the smallest one) being 3.4%
and 1.4% respectively.

Figure 6 shows the compressive stress-strain curves of the test specimens, in which the
axial strain was calculated from the average readings of the two LVDTs divided by the
gauge length, and the compressive stress was converted from the applied compressive
load divided by the cross-sectional area of the specimen. Clearly, the ascending
branches of the compressive stress-strain curves of different concrete groups are almost
the same, showing that the small amount of macro fibres (<1.5% in volume) had a
negligible effect on the elastic modulus of the concrete. The effect was more prominent



on the post-peak softening behaviour, because the macro fibres could bridge the wing-
cracks and therefore cause a more gradual descending branch. The softening process
tends to be more gradual in general when the concrete contains more macro fibres
[35,36]. The differences between the descending branches of the specimens in the same
group are large, which is similar to that observed in Kazmi et al. [35]. Such a large
scatter in the descending branch may be mainly attributed to the inherent random nature
of both concrete cracking and distribution of macro fibres.

Splitting failure modes and tensile properties

Figure 7 shows two typical splitting failure modes respectively for specimens of the
control group and those with macro fibres. The specimens of the control group, which
had no macro fibres, broke suddenly into two halves along the loaded diametrical plane
at the peak load. By contrast, the specimens with macro fibres could continue to resist
a higher load after the appearance of the major crack because of the bridging effect of
macro fibres. They were eventually split into two halves with many bridging fibres seen.
After the appearance of the splitting crack, noises due to either macro fibre rupture or
pull-out were continuously emitted. An inspection of the failed specimens did confirm
that some macro fibres were pulled out from the concrete (Figure 7b).

The splitting tensile strength test results are shown in Table 4 and Figure 8. When the
macro fibre volume fraction increased from 0 to 0.5%, 1.0% and 1.5%, the average
splitting tensile strength of concrete was significantly enhanced from 3.19 MPa to 3.87
MPa, 4.12 MPa and 4.86 MPa, respectively, i.e., an increase of 21%, 29% and 52%
respectively. Figure 8 shows that the splitting tensile strength increases approximately
linearly with the increase of macro fibre volume fraction, suggesting that the
enhancement in splitting tensile strength could be even higher if the volume fraction of
macro fibres was further increased. Clearly, the addition of macro fibres in the concrete
mix has a much greater beneficial effect on the splitting tensile strength than the
compressive strength. This is consistent with the behaviour of concrete reinforced with
other types of fibres, and shows that the macro fibres were more effective in
constraining the development of Mode I cracks than other types of cracks.

Flexural failure modes and properties

Figure 9 shows the failure modes of all the beam specimens tested in flexure. All
specimens failed by the formation and development of a major flexural crack in the
constant moment region. The reference specimens broke suddenly into two pieces very
shortly after the appearance of a major flexural crack. The MFRC specimens failed in
a more ductile manner, which is similar to the failure mode of two-way concrete slabs
with macro polypropylene fibers observed by Ding et al. [37]. The load increased



continuously after the appearance of the major crack, and then dropped gradually after
the peak. Some noises of macro fibre rupture or pull-out were heard during the failure
process. The two halves of an MFRC specimen were still connected by some macro
fibres after failure.

Figure 10 shows the load-deflection curves of all the beam specimens, in which the load
is the average of the two load cell readings, and the deflection is the average of the two
LVDT readings. All the curves start with a linear ascending branch, representing the
load-deflection curve before the cracking of concrete. The stiffness of the linear
ascending branch is almost the same for all specimens, indicating that the presence of
macro fibres had little effect on the elastic modulus of concrete. After the appearance
of a major crack, the macro fibres started to be mobilized to resist tensile forces and
bridge the crack, leading to further increases in load (hardening) and then large
deformations after the peak load (softening). Large differences are apparent in both the
strength and the descending branch of the beam specimens, which are mainly attributed
to the randomness of concrete cracking behaviour as well as the number and distribution
of macro fibres across the major crack.

The load-deflection curves may be classified into three patterns as shown in Figure 11.
Pattern I represents the curves of the reference specimens, characterized by an abrupt
drop in the load to zero immediately after the appearance of the major flexural crack.
Because the load dropped suddenly, so the post-peak curves of these specimens are not
available.

Three of the four specimens of the MFRCO0.5 group had a load-deflection curve of
Pattern II, which has the same strength as the reference specimens and is further
characterized by a softening branch following a linear ascending branch. At the
initiation of the major flexural crack, part of the tensile force resisted by the lower part
of concrete in the beam was released. The released tensile force had to be taken up by
the macro fibres across the crack. Due to the low fibre content, the number of fibres
was small so these fibres either gradually debonded from concrete or ruptured
immediately after the appearance of the major crack. It may be noted that one of the
specimens in this group exhibited an ascending branch after the initiation of the major
crack, probably because the distribution of macro fibres across the crack in this
specimen was more advantageous than that in the other three specimens.

Specimens with a higher macro fibre content (i.e., the MFRC1.0 and MFRC1.5 groups)
exhibited a load-deflection curve of Pattern III, which is characterized by a hardening
branch following a linear ascending branch. Note that the presence of fibres did not
affect the cracking load. A relatively large number of macro fibres crossing the crack
in these specimens meant that they could resist the entire tensile force released by the
cracked concrete, and in addition had the capacity to allow the applied load to increase



further. After the peak load, the macro fibres crossing the crack started to debond or
rupture, resulting in the softening branch of the load-deflection curve.

The key flexural test results are summarized in Table 5. It should be noted that the
results of some specimens were excluded from calculating the average values as the
ultimate loads of these specimens (i.e., outlier specimens) deviate by more than 20%
from the average value of all specimens of the same group. As seen in Table 5, it is
more likely to have such an outlier case when the specimen is more susceptible to large
random variations in the number and distribution of macro fibres due to a relatively
small number of macro fibres in the specimen. The average flexural strengths were 6.40
MPa, 10.11 MPa and 12.18 MPa respectively for MFRC specimens with 0.5%, 1.0%
and 1.5% macro fibres; these are 16%, 83% and 135% higher than that of the reference
beams respectively. The residual flexural strengths at deflections of 1/600 and 1/150 of
the span (i.e., fs00 and fi50) also increased with an increase in the fibre content. For all
specimens in the MFRCO0.5, MFRC1.0 and MFRCI1.5 groups, the average values for
Jfs00 were 4.47 MPa, 9.12 MPa and 10.85 MPa respectively, and for f750 are 2.09 MPa,
4.08 MPa, and 5.14 MPa respectively. These are substantially higher compared with
the corresponding values of 0.21 MPa and 0.16 MPa respectively for the control
specimens. Similarly, the average toughness of the specimens in the control group was
only 0.97 J, while the average toughness were 82.3 J, 151.3 J, and 182.4 J, for specimens
with 0.5%, 1.0% and 1.5% macro fibres, respectively. Therefore, it can be concluded
that the flexural performance, including the flexural strength, deformation capacity and
toughness, were significantly improved by the incorporation of macro fibres; and the
enhancement was more significant when the volume fraction of macro fibres was higher.

Conclusions

This paper has explored a novel mechanical recycling method for FRP wastes in which
waste FRP components are processed into macro fibres for use as distributed
reinforcing elements in concrete. The effects of incorporating macro fibres into
concrete on the mechanical properties of concrete have been investigated through
compression, splitting and bending tests. The following conclusions can be drawn from
the results and discussions presented in the paper:

e The addition of macro fibres significantly reduced the workability of concrete, but
the concrete incorporating macro fibres of 1.5% in volume still had a slump of over
80 mm without adding any superplasticizer.

e The compressive strength of concrete increased slightly, by up to 4.4%, as a result
of including no more than 1.5% macro fibres into the concrete. The descending
branch of the compressive stress-strain curve tended to become more gradual with
the addition of macro fibres, so a higher toughness resulted from a higher dosage of
macro fibres.



e The splitting tensile strength increased approximately linearly with the increase of
macro fibre content. The concrete with a 1.5% macro fibre content achieved an
average splitting tensile strength of 4.86 MPa, which is 52% higher than that of the
reference specimens without macro fibres.

e The addition of macro fibres resulted in a significant enhancement of the flexural
performance of concrete beams, including the peak strength, the residual strength
as well as the toughness. Concrete beams with a 1.5% macro fibre content showed
average values of strength and toughness that are 1.3 and 230 times those of
specimens in the control group.

e A large scatter was observed in the test results of specimens of the same group,
which is mainly attributed to the inherent random nature of both the number and
distribution of macro fibres. Specimens with a relatively small number of macro
fibres are more susceptible to random variations in the number and distribution of
macro fibres and hence the test results.

e All prismatic beam specimens failed by the formation and development of a major
crack in the constant moment region. The specimens with macro fibres failed in a
more ductile manner than those in the control group. The load-deflection curves of
control specimens are characterized by an abrupt drop in the load to zero following
a linear ascending branch up to the cracking of concrete, while those specimens
with macro fibres showed either a hardening or a softening branch following a linear
ascending branch.
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Table 1. Concrete mix proportions (kg/m?)

Mixture
Component CC MFRCO0.5 MFRCI1.0 MFRCI1.5
Cement 539
Water 255
River sand 610
Coarse aggregate 996
Recycled macro fibers 0 9.85 19.70 29.55
Volume ratio of 0 0.5% 1.0% 1.5%

recycled macro fibers

Table 2. Slump of each concrete mixture (mm)

Test No.
Type 1 2 3 average
CC 178 175 174 176
MFRCO0.5 152 142 137 144
MFRCI1.0 116 108 109 111

MFRC1.5 83 85 81 83




Table 3. Key results of compression tests

Type Specimen fc fc,m Eco Ecom E En v v
No.  (MPa) (MPa) (%) (%)  (GPa) (GPa) m
cC 1 5.1 0.259 206 0217
2 46.4 0274 20.1 0207
3 a5y BT ga79 0265 g6 292 5y 0215
4 45.5 0.249 29.5 0215
MFRCO.5 ! 475 0286 20.6 0.220
2 472 0272 314 0226
3 475 YT 9o 0270 g 3020 hgg 0215
4 48.8 0253 318 0216
MFRC1.0 ! 48.4 0281 28.5 0.208
2 478 0293 30.8 0232
3 470 73 gas9 0209 356 3020 5y 0217
4 46.9 0.243 30.9 0216
MFRC1.5 ! 478 0.301 28.3 0212
2 482 0.286 30.7 0.193
3 16 VA onsz 0 507 26 (o5 0214
4 45.8 0.267 28.8 0.220

Note: f. — compressive strength; &., — strain at compressive strength; £ — modulus of elasticity in

compression; v — Poisson’s ratio; fc ., €com» Em and v, — mean values.



Table 4. Splitting tensile strength, fi,. (MPa)

Specimen No.

e 1 2 3 4 average

e 3.1 3.77 2.80 3.08 3.19
MFRC0.5 3.85 3.69 3.94 4.01 3.87
MFRC1.0 4.49 3.90 3.87 424 412
MFRCI1.5 4.40 4.98 4.59 5.45 4.86




Table 5. Key results of four-point bending tests

Peak Deflection Residual Residual Residual Residual
strength
No. load f at peak load load strength  strength  Toughness
B, (MpPa) load Psoo Piso So00 fis0 Tis0 (J)
(kN) Sp (mm)  (kN) (kN)  (MPa)  (MPa)
CC-1 32.7 5.33 0.05 0.00 0.62 0.00 0.10 0.98
CC-2 34.0 5.54 0.05 2.19 0.99 0.36 0.16 0.84
CC-3 35.1 5.72 0.05 1.72 1.31 0.28 0.21 1.09
Mean 34.0 5.53 0.05 1.30 0.97 0.21 0.16 0.97
MFRCO0.5-1 423 6.89 0.45 34.0 22.5 5.53 3.66 113.1
MFRCO0.5-2 36.2 5.90 0.06 20.9 3.2 3.40 0.52 51.6
MFRCO0.5-3 65.2" 10.63" 0.46" 46.5" 6.4 7.57 1.05" 90.5"
MFRCO0.5-4 30.6 4.99" 0.05" 17.8 7.0 291" 1.14" 48.5"
Mean 39.3 6.40 0.25 27.4 12.8 4.47 2.09 82.3
MFRC1.0-1 65.9 10.74 0.31 64.6 23.8 10.53 3.87 158.0
MFRC1.0-2 62.8 10.23 0.79 61.9 34.5 10.08 5.62 174.3
MFRC1.0-3 48.1" 7.84" 031" 38.7" 25.8" 6.31" 4.20" 135.1°
MFRC1.0-4 71.4 11.64 0.58 58.6 16.2 9.54 2.63 137.9
Mean 62.1 10.11 0.56 55.9 25.1 9.12 4.08 156.7
MFRC1.5-1 60.0" 9.75" 0.33" 45.9" 18.7* 7.50" 3.05" 115.9°
MFRC1.5-2 76.5 12.45 0.68 69.5 31.5 11.33 5.14 187.4
MFRCI1.5-3 81.5 13.28 0.44 74.0 31.1 12.06 5.06 205.7
MFRC1.5-4 81.3 13.25 0.61 76.7 44.7 12.49 7.29 220.9
Mean 79.8 12.18 0.58 66.5 31.5 10.85 5.14 204.6
Notes:

Pspo=Residual load at mid-span deflection of L/600; P;sp=Residual load at mid-span defection of L/150; fgo():Residual strength at

mid-span deflection of L/600; f750=Residual strength at mid-span deflection of L/150; Tspp=Area under the load-deflection curve
from 0 to L/150.

* The value of this specimen was excluded from calculating the mean value as its ultimate load deviates by more than 20% from
the average of the same group, and seems to be unreliable possibly due to an unreasonable number and distribution of macro fibers.
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Figure 5 Compression failure modes of cylinder specimens: (a) CC; (b) MFRCO0.5;
(c) MFRC1.0; (d) MFRC1.5
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Figure 6 Compressive stress-strain curves
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Figure 7 Typical splitting failure modes: (a) reference specimens; (b)) MFRC
specimens
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