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Abstract: Glass fiber-reinforced plastics (GFRP) have been produced in large quantities for over half
a century and nowadays their waste has become a problem worldwide. Their recycling is difficult
because they are predominantly manufactured from thermosetting matrices that are not suitable for
secondary processing. Only few technologies are able to target full-scale utilization of residual
mechanical performance at recycling, with the replacement of gravel in asphalt concrete being one of
them. The possibility of introducing crushed GFRP (GFRP crumb) into asphalt concrete and its impact
on mechanical characteristics have been investigated in our study. As the source of GFRP, road
noise-protection fence was chosen due to large quantities of its waste accumulated in urban economy.
Several approaches to produce crumbs were attempted with only shredding being successful. The GFRP
crumb has provided excellent mechanical performance of asphalt concrete fabricated by standard
routine. In particular, the improvement in compressive modulus was 40%, even under conditions of
elevated asphalt concrete temperature at 50 °C. Besides, introduction of GFRP crumb reduced the
overall weight of asphalt concrete mixture, providing further reduction of a carbon footprint. The
results obtained indicated that recycling of GFRP waste as replacement of gravel in asphalt concrete
provides an economically and environmentally safe solution.
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1. Introduction

Glass fiber-reinforced plastic (GFRP) is a composite material composed typically of an epoxy or
other thermoset matrix reinforced by fine glass fibers. It is commonly employed in a wide range of
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applications, from automotive parts to boat hulls and aircraft components [1]. Urban infrastructure and
machinery also relies on large quantities of GFRP production. The annual global amount of GFRP
products is approximately 8 million tons [2] and growing from year to year, with the expectation to
double in the next 10-20 years [3]. The most widespread example of the application of GFRP in civil
construction is the production of wind turbine blades [4].

Both production and disposal of GFRP can have negative environmental impacts, leading to the
need for effective recycling and reprocessing methods [5]. Approximately 1.5 million tons of GFRP
waste is produced annually [6], and there is a large accumulation of waste. With the example of wind
turbine blades, one can see that the burial being the main method of GFRP recycling [4,7]. Although
GFRP is not toxic, its burial leads to an increase in landfill areas, which does not meet the sustainable
development of technology. Incineration is ecologically costly and does not put to use high residual
mechanical performance, which disposed GFRP possesses. Active research is being conducted for the
development of alternative methods for GFRP recycling [8,9]. Three major directions have been
identified: mechanical [10], thermal [11,12], and chemical [13,14] processing. Chemical and thermal
processing allows for the production of glass fiber as the end product, suitable for reuse in GFRP
production [15], concrete reinforcement [ 16], and bitumen reinforcement [ 17]. Mechanical processing
is the least labor-intensive, with the end product being GFRP crumb. GFRP crumb retains all residual
GFRP properties, and its recycling technology is expected to aim mainly at providing good
interface (adhesion) for load transfer. One such application could be as a reinforcing filler in civil
engineering. GFRP crumb is actively discussed as an additive to concrete [18—20], but has been little
studied as an additive to asphalt concrete production [21]. Partial replacement of gravel with the GFRP
crumb (the so-called dry process [9]) will help to complete the GFRP recycling cycle while bitumen
or another binder are expected to perform the role of the matrix for the GFRP crumb with the same
ease as for mineral aggregates.

Adding some percent of GFRP in the pavement can cause health problems when it is being
dismantled, as glass fibers present health hazards [22,23]. The problem is aggravated by the fact that
glass fibers are degraded only under acidic or alkaline conditions, hence survive for indefinite time.
Similar problems are being investigated in shipbuilding industry, where recycled materials contain
large amount of GFRP [24]. In the construction industry, the problem is being studied in detail in
relation to recycling of structures containing mineral wool, including glass wool [25].

We examined the effect of introduction of GFRP crumb into asphalt concrete on its strength properties.
The scrap from GFRP road noise-protection fences was chosen to fabricate crumb. Noise-protection
fences are widely applied in road construction and significant amount of their waste awaits recycling
after the end of their service life.

2. Materials and methods

Due to the harmfulness of fiberglass dust for respiratory organs and human body [22,23], crushing
of GFRP into crumbs is a separate, labor-intensive task. The employed SWP-800 shredder (Kooen
Machinery, China) had a sealed system for removing crushed material, which provides safe working
conditions for the operator. The scrap from the road noise-protection fence PHS (Flotenk, Russia) was
used as raw material to produce GFRP crumb. Before crushing, the scrap was cut by circular saw into
pieces no larger than 1 and 0.2 m in length and width, respectively, and the thickness of the PHS walls
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was 3—8 mm. At 480 revolutions per minute of blades in the shredder, the scrap was crushed into GFRP
crumb with fraction 0-20 mm. The crushing time for 100 kg of GFRP scrap was 20 min.

Asphalt concrete mixtures were prepared with road bitumen BND (Rosneft, Russia). As coarse and
fine aggregates, granite crushed stones were used, as well as granite powder and sand (NerudStroi-M,
Russia). GFRP crumb, granite crushed stones, granite powder, and sand were sifted through sieves by
vibrating platform SMJ-538 (I-mach, Russia). Technical properties of materials shown in Table 1.

Table 1. Technical properties of materials.

Material Characteristics Sieve size, In pure asphalt concrete In  modified asphalt
mm mixture (wt.%) concrete mixture (wt.%)
Granite crushed stones By GOST 8267-93, Grade M-1400 15 35 35
10 15 14
7.5 10 10
5 15 14
3 15 15
Sand By GOST 8736-2014, Grade M-800 0.63 15 15
Granite powder By GOST 16557-2005, Grade MP-1 0.315 5 5
Bitumen By GOST 22245, Grade BND 60/90 5 5
GFRP crumb Length:10-15 mm; Diameter: 0.315-0.63 mm - 1
Length: 5-10 mm; Diameter: 0.071-0.315 mm - 1
Total weight of one specimen, g 730 725

Two asphalt concrete mixtures were designed, following recommendations of GOST 9128-2013.
Their recipes are given in Table 1. Both asphalt concrete mixtures were fabricated in the following way:
Aggregates were dried out for 12 h at 160 °C.

Bitumen was thermostabilized for 2 h at 150 °C.

Coarse and fine aggregates were mixed for 10 min at 150 °C.

Bitumen was added to mineral fillers and mixed for 30 min at 150 °C.

. Prepared mixture was kept at 150 °C while samples were being fabricated.

Drler oven Olab Clarity 136 (OmnisLab, Russia) dried out aggregates before mixing. Mixer
LS-AB-10 (Novoe Delo, Russia) with temperature control up to 200 °C mixed aggregates with bitumen.
Heater PL-HR-capacity (PrimeLab, Russia) kept bitumen at the fixed temperature while samples were
being fabricated.

For samples’ fabrication, asphalt concrete mixtures were compacted into a cylindrical mold
LO-257 (Novoe Delo, Russia) with an inner diameter of d = 71.4 mm, the mold was preheated
to 90—-100 °C in Olab oven. The asphalt concrete mixture was evenly distributed into molds by bayoneting

U’:PP’.N._‘

and then densified within the molds on vibrating platform for 3 min at a frequency of 2900 + 100 min~!,
an amplitude of 0.4 £ 0.05 mm, and a vertical load on mixture 30 = 0.5 kPa. Then, specimens were
compacted with hydraulic press GHP-10 (Gigant, Russia) under pressure 20 + 0.5 MPa for 3 min. Next,
an asphalt concrete specimen was taken out of the mold and cooled down. The final height of
specimens was h = 71.4 = 0.5 mm. For each type of asphalt concrete mixture, 9 specimens were
fabricated, three for each mechanical test type.
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Asphalt concrete specimens were kept at 25 °C for 5 days before conducting mechanical tests. Three
types of mechanical tests were performed for asphalt concrete samples: compressive strength (Sc),
compressive modulus (Ec), tension strength (S7), shear strength (Ss), internal friction coefficient tan(p),
and ultimate percent compression (engineering deformation in compression); ultimate percent
compressions at compression test (dc), and at indirect tension test (d7), were examined and estimated
according to GOST 12801.

2.1. Compressive strength test

Initially, specimens were thermostabilized in water for 20 min at 50 °C. After that, a test was
conducted with testing machine INSTRON 5969 (Instron, USA) in a vertical position of a specimen (axis
of sample’s cylindrical symmetry coincides with the loading direction) with the strain rate of 3 mm/min.
The loading scheme is presented on Figure 1a.

(a) Loading Strip
Pey 4
[ |
1
< | d A
[ _ AN :
P! Specimen Specimen

Figure 1. Specimen loading schemes. (a) Compression test, (b) indirect tension test, and
(c) shear strength test.

Compressive strength was found with Eq 1:
Sc=—+ (1)

where PY is the ultimate applied load required to fail specimen in compression (N), and F is the initial
cross-section area of a specimen (m?).

Compressive modulus was found with Eq 2:
se-s¢

Ec =

a
&c—¢c

)

where S¢ and €7 are compressive strength (N) and strain (mm) at the beginning of the linear part of a
stress-strain curve, S2 and &2 are at the end of the linear part.
Ultimate percent compression was found with Eq 3:

§c =2 100% 3)

where /c is the height of a sample after test (mm).
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2.2. Indirect tension strength test

Specimens were thermostabilized in water for 20 min at 0 °C. After that, a test was conducted
with testing machine INSTRON 5969 in a horizontal position of a specimen (sample’s axis of
cylindrical symmetry is perpendicular to loading direction) with the strain rate of 50 mm/min. A
loading scheme is shown on Figure 1b.

The tensile strength was determined with Eq 4:

_A
Sp="1L 4)
where Pf is the ultimate applied load required to fail a specimen in indirect tension test (N), / is the
height of a specimen (m), and d is the diameter of a specimen (m).
Ultimate percent compression was found with Eq 5:

5 ="=21100% (5)

where dr is the diameter (mm) of a sample after the test. Due to complex stress-strain state in indirect
tension test, it is difficult to measure the ultimate percent elongation experimentally. Instead, it may
be hypothesized to have a dependence similar to §7—both should increase with the increase in ductility
and decrease with the increase in brittleness. Therefore, change in §7 can also serve as an estimation
of change in ultimate percent elongation.

2.3. Shear strength test

Specimens also were thermostabilized in water for 20 min at 50 °C. After that, specimens were
put into Marshall’s breaking head and a test was conducted with testing machine INSTRON 5969 with
the strain rate of 50 mm/min. Loading scheme is shown on Figure 1c.

The shear strength was determined with Eq 6:

Ss =5 (3 — 2tan(9))S¥, tan(@) =222 (6)
As is the work done on a specimen to deform it in shear strength test (J) and Ac is the work done on a
specimen to deform it in compression test (J), as presented by Eq 7:

P P
As =2, Ac =<5 (7)

where Ps is the ultimate applied load required to fail a specimen in shear part of the test (N); es is the
ultimate strain in shear part of the test (mm), Pc is the ultimate applied load required to fail a specimen
in compression part of the test (N), and &, is the ultimate strain in compression part of test (mm).

3. Results and discussion
According to the anisotropic structure of road noise-protection fence composite, which is a
pultrusion hollow profile, after crushing, the GFRP crumb had a cylindrical shape of different sizes

with the length of the crumb being around ten times its diameter, Figure 2a. For the project, only two
types of crumb shapes were selected, namely those, whose lengths equal the size of granite crushed
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stones, Table 1. Six specimens for shear strength test and three specimens for other tests for each type
of asphalt concrete mixture were fabricated. Typical specimens’ appearance is shown on Figure 2b.

Figure 2. Photo of (a) GFRP crumbs, (b) typical view of asphalt concrete specimens.

From load and deformation data, obtained by mechanical tests, the typical stress-strain curves in
compressive and indirect tensile strength tests are plotted on Figure 3. The mechanical characteristics
of studied samples were calculated by Eqs 1-7 and are shown in Table 2 (mean + std) and on Figure 4.
A comparative analysis of the influence of the GFRP crumb introduction into the mixture is presented

on Figure 5.
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Figure 3. Typical stress-strain curves of asphalt concrete for (a) compressive strength (b)

indirect tension strength.

AIMS Materials Science

Volume 11, Issue 2, 231-242.



237

The data in Table 2 show considerable scatter, with coefficient of variation up to 10% for moduli,
and up to 25% for strength, which is not surprising given a low number of repetitions (three, as stipulated
by the used standards) and variability of the materials.

Table 2. Results of mechanical testing of asphalt concrete.

Type Sc, MPa Ec, MPa Sr, MPa Ss, MPa tan(p) oc, % or, %
Pure 1.05+0.09 454+5.1 5.8+0.55 0.23+0.06 0.85+0.8 2.73+£0.07 1.96+0.22
Modified 1.15+0.07 63.8+9.8 5.65+£0.06 028+0.03 0.75+0.06 223+0.21 2.03+0.1

Comparing the curves obtained from the compression test, it is evident that the curve for the
modified asphalt concrete has the higher slope than that for the pure asphalt concrete, as shown in
Figure 3a. This indicates a higher value of compressive modulus and means that the modified asphalt
concrete is more resistant to compression. It is also confirmed by the values of S., E., and dc that were
obtained (Table 2 and Figure 4). In the indirect tensile test, the curves for pure and modified asphalt
concrete are almost identical, indicating their similar behavior under this type of load, as shown in
Figure 3b. Considering account data scatter, differences in values of Srand Jr for both types of asphalt
concrete can be considered statistically insignificant (Figure 4b). The shear strength test shows that
shear strength is improved by GFRP crumb addition while the internal friction coefficient does not
change significantly.

_i_ Sr
g %5 1.20§ o 621
o
4 65 1155 =
= o - 6.0
B 60 £
= 1103 © 58] dmmu
.% 8o % w || T TTTreessisdane 'I
1.05 ]
2 50 e Z 56
£ £ 2
g 45 1.00 5 5.4
&} o
g ! ! I —0.95 5215 } ‘ . ,
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
GFRP, wt.% GFRP, wt.%
(c (d)
2.8 } ! T L
Ty . 5C 0301 1.6
o -~ _§_
i - =3~ fr © T e [k
g T & 0.28 -3 tan(e)
D ~ko = H1.2
324 =g g 026 F1.0
a i =2} s
£ Sy G 024 @ erm T o8 €
§ 00 g el EES S e T— 85
(&) w
@ = 0.22 Lo
T ]t ———— @
E 201 gocmmar===——r- & 0.20 04
25 0.18 02
T 0.0
0.0 05 1.0 15 2.0 0.0 0.5 1.0 15 20
GFRP, wt.% GFRP, wt.%

Figure 4. Influence of GFRP crump introduction into asphalt concrete mixture on
mechanical properties: (a) compressive modulus and strength, (b) tensile strength, (c)
ultimate percent compression, and (d) shear strength and internal friction coefficient.
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A comparative analysis of the test results shows a positive influence of GFRP crumb on the
properties of asphalt concrete, which can be clearly seen in Figure 5. The greatest increase is observed
in the values of compressive modulus indicating a reinforcing effect of the modified asphalt concrete.
This may be due to higher aspect ratio of the GFRP crumb, leading to additional binding of aggregates
within the asphalt concrete. This is also consistent with the reduction in deformation of the specimens
during mechanical testing. In practice, this modification should lead to less rutting formation. It should
also be noted that the scatter of properties for modified asphalt concrete samples has a lower value for
all conducted studies than for pure asphalt concrete (Table 2 and Figure 4). Therefore, the introduction of
GFRP crumb provides a more homogeneous distribution of aggregates within the asphalt concrete mixture.

Only minor deficiencies in mechanical behavior are observed after addition of GFRP crumb. This
may signify no adhesion problems between GFRP particles and bitumen. However, these problems
may arise, as stated, for example in [17]: the major failure mode in fiber-modified bitumen composites
is debonding at the interface between fibers and bitumen, especially for recycled glass. They point to
the fact that the recycled glass fibers have a smoother surface than virgin fibers. In the case discussed
here, we deal not with fibers, but with GFRP crumbs, which do not have a smooth surface. We can
hypothesize that in the studied materials the adhesion between the added GFRP particles and bitumen
is sufficient for preventing pre-mature debonding. Apart from a thermosetting polymer in GFRP, the
adhesion to bitumen and ways to improve it are also studied for different polymers (see, for
example [26-28]). Another factor, which is worth investigating in future work, is moisture effect on
different damage modes: the study by Mohammadi et al. [29] shows that increasing content of glass
particles increases the resistance of the mixture against wear and moisture damage. The underlying
phenomena, defining the increase of the moisture resistance, and possibilities of counteracting the
moisture damage using silica nano-particles investigated in detail by Fini et al. [30]. Another approach
is to apply aggregate interface coatings [31].

Compressive Strength, MPa
1.5

Tension
Deformation, %

Tension
Strength, MPa

Pure
| Modified
3.0 ‘\ /7 0.30
Compressive : Shear

Deformation, % Strength, MPa

.70 1.0
Compressive Internal Shear
Modulus, MPa Coefficient

Figure 5. Result of mechanical testing of asphalt concrete.
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4. Conclusions

We focused on recycling of glass fiber-reinforced plastics (GFRP) in the production of asphalt
concrete by the partial replacement of aggregates with GFRP crumb. The obtained results show that
the addition of GFRP crumb to asphalt concrete mixture not only acceptable but improves some of its
mechanical properties. The improvement in compressive modulus by 40%, even under conditions of
elevated asphalt concrete temperature (tested at 50 °C), demonstrates the relevance of this approach.
The top layer of modern road pavement is vulnerable to rutting phenomena, and conducted research
can help to solve the problem. Mechanical properties are more significantly improved when the
specimen is subjected to axial loading than in the case when subjected to indirect loading. This may
be because part of the GFRP crumbs, when forming the specimen, tends to orient vertically due to the
bayoneting of the asphalt concrete mixture at samples’ fabrication. In the case of volumetric filling,
this anisotropic effect in the asphalt concrete will not occur, and indirect tension strength should also
increase. Further optimization of the composition of asphalt concrete with GFRP crumb should also
lead to an increase in its mechanical properties.

In addition to the mechanical properties, the introduction of GFRP crumbs into asphalt concrete
reduces the weight of it approximately by 1%. This is also a positive factor, reducing the load on the
soil and saving energy resources during transportation, which are important components of sustainable
development.

The main result is the confirmation of the hypothesis that the use of GFRP crumbs in asphalt
concrete allows for 100% utilization of GFRP waste, instead of its disposal. This solution is also
suitable for the use of GDRP crumb from recycled GFRP waste that was previously buried in landfills.
Residual mechanical performance of the GFRP material is utilized at a full-scale compared to other
recycling methods. Secondary recycling of GFRP-crumb asphalt concrete is not expected to be
influenced by the presence of the GFRP crumbs in it, unless thermosetting nature of crumb resin is
unwanted [9]. Also, the necessity to take measures for safety against fiberglass dust at crushing should
be mentioned.
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